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Abstract: Background: The effectiveness of transcranial direct current stimulation (tDCS) in the
upper limb (UL) motor rehabilitation of stroke has been widely studied. However, the long-term
maintenance of its improvements has not yet been proven. Methods: A systematic search was
conducted in MEDLINE/Pubmed, Web of Science, PEDRo, and Scopus databases from inception
to April 2021. Randomized controlled trials were included if they performed a tDCS intervention
combined with UL rehabilitation in stroke patients, performed several sessions (five or more),
and assessed long-term results (at least three-month follow-up). Risk of bias and methodological
quality were evaluated with the Cochrane RoB-2 and the Oxford quality scoring system. Results:
Nine studies were included, showing a high methodological quality. Findings regarding UL were
categorized into (1) functionality, (2) strength, (3) spasticity. All the studies that showed significant
improvements retained them in the long term. Baseline functionality may be a limiting factor
in achieving motor improvements, but not in sustaining them over the long term. Conclusion:
It seems that the improvements achieved during the application of tDCS combined with UL motor
rehabilitation in stroke were preserved until the follow-up time (from 3 months to 1 year). Further
studies are needed to clarify the long-term effects of tDCS.

Keywords: physical therapy; rehabilitation; stroke; transcranial direct current stimulation; up-
per limb

1. Introduction

Cerebrovascular accident is defined by the World Health Organization as “the set
of rapidly progressive clinical signs due to a focal, sometimes global, alteration of brain
function that lasts more than 24 h or causes death without any other apparent cause
than its vascular origin” [1]. The abnormal neurorepair factor that occurs after a stroke,
as well as the limitations of functional recovery that arise after rehabilitation protocols,
cause alternatives to be considered in order to increase the margin for improvement of
the patient by increasing the modulation on cortical plasticity [2]. Noninvasive brain
stimulation techniques (NIBS) have potential utility to control and modulate the excitability
of intracortical neuronal circuits [2], maintaining their effect compared to stimulation
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time [3], which is one of the outstanding justifications for their use. The application of
transcranial direct current stimulation (tDCS) seems to modify the discharge threshold
of cortical neurons, without the need to apply high intensities, since with low-amplitude
currents (0.5-2 mA), it penetrates cortical tissues [4]. tDCS has the function to modulate
cortical excitability in a polarity-dependent manner, since cathodic stimulation decreases
cortical excitability, while anode stimulation increases it. Even so, it is necessary to consider
the great interindividual variability [4], as well as the dependence of the activity levels
of the stimulated tissues [5,6]. The tDCS represents a relatively inexpensive, simple, and
portable technique, with great potential for use in the rehabilitation of stroke [7,8].

Studies carried out with tDCS suggest that, in any of its assemblies, this intervention
may improve motor function and the functionality in activities of daily life after a stroke [9],
being a potentially useful and safe rehabilitation tool for the upper limb (UL) motor
recovery in people following stroke [10,11]. The tDCS produces mechanisms like long-term
potentiation (LTP). It has been hypothesized that these changes can be due to modifications
at the dendrite level (glutamatergic receptors such as the n-methyl-D-aspartic receptor,
NMDA) [12] and an enhancement of brain-derived neurotrophic factor (BDNF) [13] release.
However, these modifications induced by tDCS in isolation do not lead to significant
and permanent synaptic changes if they are not combined with voluntary activity such
as rehabilitation [14]. Although the physiological changes involved in LTP are being
investigated, it is unclear whether the motor and functional gains of UL following tDCS
in combination with rehabilitation in poststroke individuals are sustained over the long
term (3 months or longer). For this reason, a systematic review is needed to clarify its
efficacy [15,16]. Therefore, this review aims to determine whether the improvements
achieved in upper limb function during tDCS and rehabilitation are diluted or maintained
after cessation of tDCS.

2. Materials and Methods
2.1. Design

This review was reported following the PRISMA recommendations for reporting sys-
tematic reviews [17] (Table S1 in Supplementary Material). The review protocol was not reg-
istered due to delays with registrations in PROSPERO caused by the SARS-CoV-2 pandemic.

2.2. Search Strategy and Database

To carry out the bibliographic search, the following databases were consulted on
15 April 2021: Medline/PubMed, PEDRo, Scopus, and Web of Science. The following
keywords were used in combination with Boolean operators: “tDCS”, “transcranial-direct-
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current-stimulation”, “stroke”, “cerebrovascular accident”, “upper-limb”, “hand”, “upper

v

extremity”, “rehabilitation”, and “physical therapy” (Table S2 in Supplementary Material).

2.3. Screening Process and Eligibility Criteria

The title and abstract were evaluated by two different researchers (VNL; MdVG) and
discrepancies were resolved by a third researcher (FMR). The same process was conducted
for full-text screening.

Inclusion criteria: The literature search was limited to randomized clinical trials
(RCT) and pilot randomized controlled trials in English and Spanish that carried out a
tDCS intervention in combination with rehabilitation (including physical therapy (PT) or
occupational therapy (OT)) of the UL in stroke patients, performed several sessions (five or
more sessions), and measured the long-term results (at least three months of follow-up).
Studies were not limited by year of publication.

Exclusion criteria: studies were excluded if they did not analyze measures of the UL,
if they did not include at least one control group treated with tDCS and a placebo group,
and if they included pathologies other than stroke.
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2.4. Data Extraction

Standardized methodology was used to extract data from studies that met the inclu-
sion criteria. Data on the first author, year of publication, design, number of patients, type
of measurement tools, type of therapy applied, protocol for tDCS application, electrode
placement, and study results were extracted.

2.5. Methodological Quality Assessment and Risk of Bias

In order to analyze the methodological quality of each individual study, the Oxford
quality scoring system was used [18]. This scale includes items related to randomization,
masking, and the description of the losses to follow-up, with the highest score (highest
methodological quality) being 5 and the lowest score (lowest methodological quality)
being 0 [18]. In order to analyze the risk of bias of each individual study, the RoB-2 (the
revised Cochrane risk-of-bias tool for randomized trials) was used [19]. It is a valid tool that
evaluates domains related to random sequence generation, allocation concealment, blinding
of participants and personnel, blinding of outcome assessment, incomplete outcome data,
selective reporting, and other bias. Each item may be classified as a risk of bias that is “high
risk”, “low risk”, or “some concerns” [19]. The entire methodological process was carried
out by two different researchers, and any discrepancy was resolved by a third researcher.

3. Results

A total of 773 studies were retrieved. Duplicate studies were eliminated, leaving a total
of 171 studies, on which a critical reading of the title and abstract was carried out. After
the first screening, there was a total of 26 studies, which were obtained and read in full text
together with three studies included through reading the bibliography of two systematic
reviews. Finally, 9 studies [20-28] were included in the review after performing a second
screening, with a total of 368 subjects (255 men/113 women). The whole screening process
is shown in the PRISMA flow diagram (Figure 1).
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Figure 1. Flowchart of the selection process.

3.1. Quality Assessment

Regarding methodological quality, of the nine included studies, eight [20-23,25-28]
showed “high” (5 points) methodological quality according to the Oxford quality scoring
system, and one study [24] showed a methodological quality rated as “moderate” (score of
4) (Table S3 in Supplementary Material). All studies were double-blind. Regarding the risk
of bias, seven studies showed low risk in all measured domains [20,21,23,25-28] (selection
bias, performance bias, detection bias, attrition bias, reporting bias, and other bias). The
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other two studies [22,24] showed some concerns regarding blinding of participants and
personnel (Figure 2).
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Figure 2. Risk of bias of included studies.

3.2. Study Characteristics

The individual characteristics of each study are summarized in Table 1.

Table 1. Subjects and intervention characteristics.

Population (Number, . Participants’
Study Men/Women, Age) Design Characteristics Protocol Therapy
. Chronic, 54.125 months, Anodal, 9, daily, 20 min, .
Allman et al., 2016 [20] 24 (17/7), 63.5 years bii‘fgﬁ‘;ﬁ%gg‘;’ﬁf d L/R, cortical and 1mA, 35 cm?, M1, tDCS 215 E ()40 min
4 subcortical, 37.66 points before rehabilitation y
Acute, ischemic, Medial
ST o 20, e e
Bornheim et al., Randomized, triple 20 min, 1 mA, 25 cm?, tDCS+PT+OT (2h
50 (33/17), 62.98 years R Artery, Internal Capsule, .
2020 [21] blind, sham-controlled M1, before daily)
L/R, WMFT—47.9 e
N . rehabilitation
points, handgrip
strength—18.06 Kg
Randomized, dual-site, Ch'rorﬁic, 4.3'9 tmcl)(nths, Azr(;odgl, 36’ 3A)Ap§1’5wee2k,
Edwards etal,, 2019 [22] 82 (50/32), 67.8 years double blind, dom ok TN bofore T tDCS + RAT (60 min)
ham-controlled ominant hemisphere, , Detore
s 25.45 points rehabilitation
Acute, 19.09 days, L/R,
cortical and subcortical Cathodal, 10, daily, 10
Randomized, double (partial anterior min, 1.5 mA, 35 cm?, tDCS + PT (2
Fusco et al., 2014 [23] 11(5/6), 58.36 years blind, sham-controlled circulation, total M1, before days/week, 45 min)
anterior circulation, rehabilitation
lacunar), 24.72 points
Subacute, 3.67 months,
1schem1c stroke, L/.R’ Multimodal, 30, daily,
Randomized, double cortical and subcortical 20 min, 2 mA, 35 cm
Hesse et al., 2011 [24] 96 (59/37), 64.97 years . ’ (partial anterior 4 4 ! tDCS + RAT (20 min)
blind, sham-controlled T R M1, during
circulation, total s
rehabilitation

anterior circulation,
lacunar) 7.97 points
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Table 1. Cont.
Population (Number, . Participants’
Study Men/Women, Age) Design Characteristics Protocol Therapy
. . Chronic, 15.6 months . .
Pilot randomized, S 4 Multimodal, 6, daily, 25 .
Khedr etal, 2013 [25] 40 (26/14), 58.36 years double blind, ﬁ/ liif"{“ﬁaié‘_‘dﬁ min, 2 mA, 35 cm?, M1, PS5 inB)@O min,
sham-controlled subcortical, hand-grip 1 h before rehabilitation atly
strength—1.67 Kg
. Multimodal, 10, daily,
Prospective, Subacute, 25.43 months, 20 min, 2 mA, 25 cm?, {DCS + OT (30 min

Kim et al., 2010 [26]

18 (13/18), 57.27 years

randomized, double
blind, sham-controlled

L/R, cortical and
subcortical, 37.07 points

M1, before and after
RHB

before and 10 min after)

Koh et al., 2017 [27]

25 (15/10), 56.1 years

Randomized, double
blind, sham-controlled

Chronic, 14.6 months,
L/R, cortical and
subcortical, 23.8 points

Bi-hemispheric, 24, 3
per week, 30 min, 1.5
mA, 25 cm?, M1, before
RHB

tDCS-SM + OT (20 min)
+ PT (30 min), 3 times
per wek

Triccas et al., 2015 [28]

23 (14/9), 63.4 years

Randomized, double
blind, sham-controlled

Subacute and chronic,
31 months, L/R, cortical
and subcortical, 19.6

Anodal, 18, 2-3 per
week, 20 min, 1 mA, 25

tDCS + RAT (40 min)

. cm?2, M1, before RHB
points

Abbreviations: L/R—Left and right hemisphere; M1—primary motor cortex; mA—Milliamperes; OT—Occupational therapy; PT—
Physiotherapy; RAT—Robotic Arm Training; RHB—Rehabilitation; tDCS—transcranial direct current stimulation; tDCS-SM—transcranial
direct current stimulation with sensory modulation; WMFT—Wolf Motor Function Test; * No numerical indication of baseline UEFM in the

original study.

3.2.1. Subject and Studies

The years of completion of the studies span from 2011 to 2020. Regarding the follow-up
time of the results, five studies followed up for three months [20,23-25,28], three followed
up for six months [22,26,27], and one followed up for one year [21]. The design of the
studies was RCT, all being double blind except for one triple blind [21]. Among the studies,
one performed a parallel RCT [21] and another was a pilot RCT [25].

Of the 368 subjects (255 men/113 women), therapy was performed in stroke patients
of all stages; two studies included acute patients [21,24], four included subacute patients
[23-26,28], and four included chronic patients [20,22,27,28]; mean time since injury was
25.93 months. The mean age of the subjects was 60.86 years. Studies included people with
ischemic and hemorrhagic strokes of the cortical (left or right) and subcortical territory.

Subjects” functionality was assessed at baseline in most studies using the Fugl-Meyer
Upper Extremity Test (UEFM) [20,22-24,26-28], presenting a range of functionalities be-
tween 4-70 points; the mean score on the UEFM was higher than 30 in two studies [20,26],
and lower than 30 in five studies [23-25,27,28]. One study used the Wolf Motor Function
Test (WMFT) [21] and two studies used the hand-grip force [21,25] (Table 1).

3.2.2. Treatment

The applied treatment methods among the included studies were varied: five ap-
plied tDCS and PT [20,21,23,25,27], among which two studies also performed OT in-
tervention [21,27]; three studies performed PT intervention based on robotic arm train-
ing [22,24,28]; and one applied OT. Regarding the method of application of tDCS, two
variables were differentiated: one was the type of stimulation applied (anodic, cathodic,
or bi-hemispheric) and the other was the time of application of rehabilitation (during or
after tDCS). Regarding the type of stimulation, three performed anodic tDCS [20,21,28],
one performed bi-hemispheric tDCS [27], one performed cathodic tDCS [23], and three
made a comparison between the different application variables [24-26].

According to the time of application of rehabilitation, seven [20-23,25,27,28] studies
applied the tDCS before the therapy, one study applied it simultaneously [24], and one
study applied it before and after rehabilitation [26]. Regarding the intensity, time of
application of the tDCS, and number of sessions, three studies applied an intensity of
1mA [20,21,28], two studies applied an intensity of 1.5 mA [23,27], and four studies applied
an intensity of 2 mA [22,24-26]. The current density applied varied depending on the size of
the electrodes and the current intensity (current density: mA/cm?). Six studies used 35-cm?
electrodes [20,22-25,28], while 3 studies used 25-cm? electrodes [21,26,27]. The current
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density ranged between 0.028-0.08 mA /cm?, being 0.028 mA /cm? in 2 studies [20,28],
0.04 in one study [21], 0.043 in one study [23], 0.057 in three studies [22,24,25], 0.06 in one
study [27], and 0.08 in one study [26].

One study applied a 10-min stimulation [23], six performed a 20-min stimulation
[20-22,24,26,28], one performed a 25-min stimulation [25], and one performed a 30-min
stimulation [27]. The number of sessions varied from 6 to 30, with each study applying a
different number of sessions (Table 1).

3.2.3. Measurement Tools

Primary and secondary measures applied in the included studies related to the UL
were reflected. Among the nine included studies, eight analyzed the functionality of the
UL [20-24,26-28], four analyzed the muscular strength of the UL [22-25], and three ana-
lyzed the spasticity of the UL [21,24,27]. The measurement tools used are detailed in Table 1.

3.3. Study Results

The results of the studies that obtained significant improvements both at the end of
the study and at follow-up will be shown below. All the studies that showed significant
improvements in favor of the use of tDCS in combination with rehabilitation at the end of
the study, and retained them during the follow-up period. Study results are summarized
in Table 2.

3.3.1. Functionality of the UL

Among the eight [20-24,26-28] studies that analyzed the functionality of the UL, three
showed significant improvements [20,21,26], which were maintained for three months [20],
six months [21], and one year, respectively [26]. The study by Allman et al. [20] showed
significant improvements in the Action research arm test and WMFT by applying 9 sessions
of anodic tDCS at a current intensity of 1 mA (35 cm? electrodes, density—0.028 mA /cm?)
before PT. These results were maintained at the 3-month follow-up, correlating with
increased activity during movement of the affected hand and increases in gray matter
volume in the ipsilesional motor and promoter cortex in the anodic tDCS stimulation
group compared with the control group. The study by Bornheim et al. [21] showed
statistically significant improvements after tDCS after applying 20 sessions of anodic tDCS
(1mA/25 cm?-0.04 mA/ cmz) following PT and OT in all motor functional outcomes and
somatosensory functions at the 1-year follow-up. The study by Kim et al. [26] showed
that at the 6-month follow-up, the cathodic tDCS (20 sessions of anodic tDCS (2 mA /25
cm?-0.08 mA /cm?) before and after OT) group maintained significant improvements in
UEFM compared with the sham group.

3.3.2. Strength of the UL

Among the four studies [22-25] that analyzed UL strength, the study by Khedr
et al. [25] showed significant improvements in force production, as measured by the
medical research council scale, which were maintained at the 3-month follow-up after
applying 6 sessions of anodic or cathodic tDCS (2 mA /35 cm?-0.057 mA /cm?) prior to
rehabilitation. These findings were related to a greater increase in cortical excitability of
the affected hemisphere in the real tDCS versus sham tDCS groups.
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Table 2. Main results of the studies.
Study Follow-Up Outcome Measures Results * Risk of Bias
Follow-up Baseline End of treatment Last follow-up
UEFM Anodal Mean (SD): 38.90 (15.89) Anodal Mean (SD): 50.36 (11.16) Anodal Mean (SD): 48.18 (14.35)
Allman et al., 2016 [20] Three months Sham Mean (SD): 36.42 (17.38) Sham Mean (SD): 45.54 (14.62) Sham Mean (SD): 43.15 (16.29) Low Risk
ARAT Anodal Mean (SD): 20.27 (17.37) Anodal Mean (SD): 29.91 (21.54) Anodal Mean (SD): 30.45 (20.92)
Sham Mean (SD): 26.27 (20.17) Sham Mean (SD): 32.54 (21.54) Sham Mean (SD): 31.31 (21.84)
WMET Anodal Mean (SD): 38.91 (20.21) Anodal Mean (SD): 47.18 (17.46) Anodal Mean (SD): 48.36 (18.19)
Sham Mean (SD): 39.65 (25.39) Sham Mean (SD): 48.00 (23.42) Sham Mean (SD): 43.09 (23.78)
Main effect for time: F = 173.1, p = 0.0001
. UEFM Main effect for treatment: F = 2.5, p = 0.123 X
Bornheim etal,, 2020 [21] One year Time-by-treatment interaction: F = 28, p = 0.0001 Low Risk
Main effect for time: F = 358.8, p = 0.0001
WMFT Main effect for treatment: F = 6.6, p = 0.015
Time-by-treatment interaction: F = 56.6, p = 0.0001
UEEM Anodal Mean (SD): 25.7 (16.3) Anodal Mean (SD): 32.0 (18.8) Anodal Mean (SD): 32.3 (18.8)
Sham Mean (SD): 25.3 (16.3) Sham Mean (SD): 33.4 (19.2) Sham Mean (SD): 35.1 (19.3)
Edwards etal, 2019 [22] Six months WMET Anodal Mean (SD): 56.0 (47.2) Anodal Mean (SD): 68.5 (23.2) Anodal Mean (SD): 72.7 (54.5) Some concerns
Sham Mean (SD): 60.0 (48.3) Sham Mean (SD): 67.1 (54.0) Sham Mean (SD): 51.8 (57.8)
MRC No mean difference reported
T1-TO changes
UEFM Cathodal Mean (SD): 4 (5); p = 0.045
Fusco et al., 2014 [23] Three months Sham Mean (SD): 4 (7); p = 0.003 Low Risk
Main effect for time: p = 0.130
MF Main effect for treatment: p = 0.612
Time-by-treatment interaction: p = 0.882
Main effect for time: p = 0.007
9HPT Main effect for treatment: p = 0.655
Time-by-treatment interaction: p = 0.372
Anodal Mean (SD): 7.8 (3.8) Anodal Mean (SD): 19.1 (14.4) Anodal Mean (SD): 23.2 (18.3)
UEFM Cathodal Mean (SD): 7.9 (3.4) Cathodal Mean (SD):18.9 (10.5) Cathodal Mean (SD): 23.5 (14.5)
Sham Mean (SD): 8.2 (4.4) Sham Mean (SD): 19.2 (15.0) Sham Mean (SD): 22.5 (17.1)
) Anodal Mean (SD): 3.5 (3.6) Anodal Mean (SD): 11.9 (12.5) Anodal Mean (SD): 11.7 (14.4)
Hesse etal,, 2011 [24] Three months MRC Cathodal Mean (SD): 2.9 (3.4) Cathodal Mean (SD): 13.7 (10.4) Cathodal Mean (SD): 13.5 (10.3) Some concerns
Sham Mean (SD): 3.4 (3.2) Sham Mean (SD): 12.8 (12.1) Sham Mean (SD): 13.5 (14.3)
Anodal Mean (SD): 1.6 (2.9) Anodal Mean (SD): 3.3 (3.6) Anodal Mean (SD): 3.6 (6.9)
MAS Cathodal Mean (SD): 1.0 (1.8) Cathodal Mean (SD): 3.5 (4.9) Cathodal Mean (SD): 3.5 (5.0)

Sham Mean (SD): 1.4 (2.7)

Sham Mean (SD): 3.5 (4.0)

Sham Mean (SD): 3.8 (5.5)

Khedr et al., 2013 [25]

Three months

Hand-grip strength

No mean difference reported, p = 0.175

Low Risk




Sensors 2021, 21, 5216 8 of 13
Table 2. Cont.
Study Follow-Up Outcome Measures Results * Risk of Bias
Main effect for time: F = 16.95, p < 0.001
. . Main effect for treatment: F = 0.65, p = 0.537 :
Kim etal,, 2010 [26] Six months UEFM Time-by-treatment interaction: F = 3.55, p = 0.017 Low Risk
Cathodal: p < 0.05
UEEM Bi-hemispheric Mean (SD): 20.4 (6.2) Bi-hemispheric Mean (SD): 6.0 (1.5) Bi-hemispheric Mean (SD): 4.3 (1.5)
Sham Mean (SD): 27.2 (9.4) Sham Mean (SD): 1.3 (1.8) Sham Mean (SD): 0.2 (1.7)
Koh et al., 2017 [27] ;Egl;ii:&i ARAT Bi-hemispheric Mean (SD): 2.1 (2.1) Bi-hemispheric: 0.5 (0.5). Bi-hemispheric: 0.7 (0.6) Low Risk
Sham: 4.7 (9.1) Sham: 0.0 (0.6) Sham: —0.7 (0.7).
. Bi-hemispheric Mean (SD): 1.4 (0.7) Bi-hemispheric Mean (SD): —0.1 (0.1) Bi-hemispheric Mean (SD): 0.1 (0.1)
MAS (Elbow flexion) Sham Mean (SD): 1.3 (0.3) Sham Mean (SD): —0.2 (0.2) Sham Mean (SD): —0.1 (0.2)
UEEM Anodal Mean (SD): 24.91 (16.01) Anodal Mean (SD): 33.64 (16.25) Anodal Mean (SD): 32.09 (16.65)
Triccas et al., 2015 [28] Three months Sham Mean (SD): 37.09 (13.57) Sham Mean (SD): 44.82 (16.29) Sham Mean (SD): 44.18 (18.08) Low Risk
Effect Of time: X? = 16.636, df = 2, p < 0.001
ARAT Effect of group: X2 =1.403,df=1, p=0.236

Time-by-group: X? =2.293,df =1, p = 0.130

* Data is presented as mean (standard deviation) unless otherwise specified. Abbreviations: 9HPT—9-hole peg test; ARAT—Action Research Arm Test; MAS—Modified Ashworth Scale; MF—manual force;
MRC—Medical Research Council; UEFM—Fugl-Meyer upper extremity score; WMFT—Wolf motor function test.
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3.3.3. Spasticity of the UL

Among the three studies [21,24,27] that analyzed UL spasticity, the study conducted
by Bornheim et al. [21] showed significant improvements that were maintained at the
1-year follow-up.

4. Discussion

The aim of this review was to establish the long-term maintenance of the effects of
tDCS on UL motor performance when applied to stroke patients. When pooled together, the
high heterogeneity of stimulation parameters, study designs, and outcome measures make
it difficult to draw firm conclusions. So far, tDCS in combination with rehabilitation seems
to achieve long-term maintenance of the improvements achieved in UL motor performance
in stroke patients, as shown in this review, since for the studies that during its development
achieve improvements in the UL motor performance that are maintained at the follow-up
time. These results should be taken with caution, since the tDCS technique presents a high
interindividual variability of response, as reflected by the similarities of outcome between
different real and simulated stimulations. Next, the effect of tDCS and rehabilitation on the
maintenance of UL motor improvements in people with stroke will be analyzed according
to the characteristics of the subjects and the stimulation parameters.

4.1. UL Functionality

The tDCS has so far shown limited effectiveness in poststroke rehabilitation of the
UL functionality, being a useful and promising tool in this regard, although with great
interindividual variability [4]. The included studies that show improvements in functional-
ity are maintained in the long-term during the follow-up period, raising the question of
whether it is necessary to carry out activities to improve functionality after cessation of
tDCS, or whether the improvements are maintained without UL rehabilitation.

4.2. UL Strength

The application of tDCS has been shown to improve force production in people
with stroke, as postulated by Sun et al. [29] in a meta-analysis. In the present review, a
study observed that after the improvement in strength production following tDCS and
rehabilitation treatment (as measured by the medical research council), these gains were
preserved at a 3-month follow-up.

4.3. UL Spasticity

One of the studies included in the present review refers to significant improvements
in spasticity (assessed by the Modified Ashworth Scale) associated with the application
of tDCS and rehabilitation, in addition to the preservation of its long-term effects, but the
existing literature states that there is moderate-to-low-quality evidence for no effect of
tDCS on improving spasticity in people with stroke [30].

4.4. Subject Characteristics

The results do not reflect a clear association between patient profile and maintenance
of long-term improvements. The application of tDCS has been shown to be a potentially
useful tool in the rehabilitation of all stroke phases (with limited effects so far) [10], with
previous studies claiming to find improvements in the functionality of the UL in people
with cortical, subcortical, and both-hemisphere (dominant or nondominant) strokes [8].
Therefore, it seems likely that if these patients achieve improvements in UL functionality,
such functionality will be maintained over a time span of 3 months to 1 year according to
the results of the studies included in the present review. Baseline function may be a limiting
factor in achieving UL motor improvements after stroke [31], but not in maintaining these
improvements in the long term; four studies were included that showed improvements
both at the end of the study and at the end of the follow-up period [20,21,25,26], in three
[20,21,26] of which the subjects had high baseline functionality, whereas in one [25] the
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baseline function was poor. In the four [20,21,25,26] studies the significant improvements
achieved were maintained in the long term.

4.5. Treatment Characteristics

The type of stimulation analyzed in the present review was anodic and cathodic tDCS,
both of which have previously been shown to be beneficial for UL motor rehabilitation in
people who have suffered a stroke (especially cathodic stimulation) [32]. These types of
stimulation seem to maintain the improvements achieved during tDCS and rehabilitation
treatment in the follow-up period. In the case of bi-hemispheric stimulation, it has shown
evidence of improvement in UL motor rehabilitation after stroke, where improvements
have not yet been shown to be maintained after cessation of tDCS.

The timing of tDCS application is perhaps the least-studied factor with respect to
the application protocol. Two models have been established: the Online model, in which
tDCS is applied at the same time as rehabilitation, and the Offline model, in which tDCS is
applied before rehabilitation. The included studies that maintain long-term improvements
apply an Offline model, so they could not be compared in order to establish which is
more effective in retaining improvements. In the literature, it seems that the Offline model
is more beneficial in terms of improving manual movement accuracy and reaction time
applied on the left dorsolateral prefrontal cortex in healthy people [33], so it could be the
most recommended model.

The studies included in the present review applied PT and OT, both showing the
same results. The type of rehabilitation to be applied seems irrelevant in the long-term
maintenance of motor improvements in the UL. What does seem to be decisive is the
combination of tDCS and rehabilitation, since the application of tDCS could increase the
possible neuroplastic changes derived from rehabilitation. Authors such as Elsner [10]
have suggested that an effective motor rehabilitation of the UL in people with stroke is the
basis for achieving results after the application of tDCS.

The stimulation parameters of the studies that achieved long-term maintenance of
improvements ranged from 20 to 25 min; intensities were 1 or 2 mA, with current densities
between 0.028-0.08 mA /cm?2; the numbers of sessions were 6 [25], 9 [20], 10 [26], and
20 [21]. Stimulation parameters are not comparable due to large heterogeneity. All of these
protocols were based on the most widely recommended parameters for UL stimulation
according to Jeffery et al. [34]. One factor that could affect the long-term maintenance
of motor improvements could be the number of sessions, since these have a nonlinear
cumulative effect on the duration of the immediate aftereffects of stimulation. Some
animal studies claim that the summation of sessions over time will have a cumulative
effect [35,36], with results in human studies suggesting the same [37] and finding evidence
that consecutive, daily tDCS sessions have a greater cumulative effect over time than the
same number of sessions distributed weekly [38]. However, the studies that maintained
improvements in the long term show a disparate number of sessions, ranging from six to
20, so this does not seem to be a determining factor. If motor improvements are achieved
after treatment, it seems that these will be maintained regardless of the number of sessions.

4.6. Methodological Quality and Risk of Bias

Regarding the evaluation of methodological quality, all the studies included in the
review except one [24] had the highest score in the Oxford quality scoring system; thus,
they are studies of high methodological quality. The study that obtained a moderate rating
was due to performing an inadequate blinding method in the patients, since it did not
describe how the sham tDCS was applied. Concerning the assessment of risk of bias, eight
studies showed low risk in the Cochrane Library criteria risk of bias tool, while two studies
showed performance bias risk. Moreover, two studies showed some concerns due to not
mentioning the blinding of the evaluators [22], and not describing how the sham tDCS was
applied [24].
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4.7. Recommendations for Future Research and Clinical Practice

Therefore, one of the implications of our review is that future phase II/III studies of
tDCS should collect data at longer follow-up times (greater than 3 months) to gain certainty
about the long-term preservation of the significant improvements achieved, as well as
the time it takes for such improvements to be lost. Another recommendation for future
studies is to clearly indicate whether or not participants receive any type of therapy during
the follow-up period. In this way, it will be possible to clarify whether rehabilitation is
necessary to maintain the improvements once the application of tDCS has ceased.

4.8. Strengths and Limitations

We present a solid systematic review in which we analyze the existing literature on the
long-term maintenance of motor improvements in the UL of people with stroke. There has
been a large volume of studies evaluating the application of tDCS in stroke, but follow-up
time is limited; for this reason, a small number of studies were included in the present
review. We were able to extract a general idea of effectiveness without being able to specify
which protocol or type of patient is the most appropriate to present these results due to
the high heterogeneity between stimulation protocols and the type of patient (stage of
stroke, type of stroke, functionality). This review has a good methodological quality, being
composed only of RCTs of high methodological quality and low risk of bias.

5. Conclusions

It seems that improvements achieved during the application of tDCS and UL motor
rehabilitation in stroke patients were preserved at 3-month to 1-year follow-ups.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/521155216/s1. Table S1: PRISMA checklist. Table S2: Complete bibliographic search. Table S3:
Oxford quality scoring system.

Author Contributions: Conceptualization, V.N.-L. and M.d.V.-G.; methodology, R.E-M., EM.-R.,
M.C.-T. and A.C.-G; investigation, V.N.-L., M.d.V.-G. and R.F.-M.; writing—original draft prepa-
ration, VIN.-L., EM.-R. and M.C.-T.; writing—review and editing, VIN.-L., M.d.V.-G. and A.C.-G.;
supervision, R.E-M., EM.-R. and M.C.-T. All authors have read and agreed to the published version
of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: All the papers included in this systematic review have been down-
loaded from the original publisher sites and are available to any researcher. Some of the publisher
platforms may require a subscription to be able to read and download the papers.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

NIBS Noninvasive brain stimulation techniques
RCT Randomized controlled trial

oT Occupational therapy

PT Physiotherapy

tDCS Transcranial direct current stimulation
UEFM  Fugl-Meyer Upper Extremity Test

UL Upper limb

WMFT  Wolf Motor Function Test


https://www.mdpi.com/article/10.3390/s21155216/s1
https://www.mdpi.com/article/10.3390/s21155216/s1

Sensors 2021, 21, 5216 12 of 13

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

World Health Organization. Global Status Report on Non-Communicable Diseases; WHO: Geneva, Switzerland, 2010.

Di Pino, G.; Pellegrino, G.; Assenza, G.; Capone, F,; Ferreri, F.; Formica, D.; Ranieri, F.; Tombini, M.; Ziemann, U.; Rothwell,
J.C.; et al. Modulation of brain plasticity in stroke: A novel model for neurorehabilitation. Nat. Rev. Neurol. 2014, 10, 597-608.
[CrossRef]

Cirillo, G.; Di Pino, G.; Capone, E; Ranieri, E; Florio, L.; Todisco, V.; Tedeschi, G.; Funke, K.; Di Lazzaro, V. Neurobiological
after-effects of non-invasive brain stimulation. Brain Stimul. 2017, 10, 1-18. [CrossRef]

Liew, S.L.; Santarnecchi, E.; Buch, E.R.; Cohen, L.G. Non-invasive brain stimulation in neurorehabilitation: Local and distant
effects for motor recovery. Front. Hum. Neurosci. 2014, 8, 378. [CrossRef] [PubMed]

Silvanto, J.; Muggleton, N.; Walsh, V. State-dependency in brain stimulation studies of perception and cognition. Trends Cogn. Sci.
2008, 12, 447-454. [CrossRef]

Nitsche, M.A.; Paulus, W. Sustained excitability elevations induced by transcranial DC motor cortex stimulation in humans.
Neurology 2001, 57, 1899-1901. [CrossRef] [PubMed]

Elsner, B.; Kwakkel, G.; Kugler, J.; Mehrholz, J. Transcranial direct current stimulation (tDCS) for improving capacity in activities
and arm function after stroke: A network meta-analysis of randomised controlled trials. J. Neuroeng. Rehabil. 2017, 14, 95.
[CrossRef]

Lefaucheur, J.P,; Antal, A.; Ayache, S.S.; Benninger, D.H.; Brunelin, J.; Cogiamanian, F.; Cotelli, M.; De Ridder, D.; Ferrucci, R.;
Langguth, B.; et al. Evidence-based guidelines on the therapeutic use of transcranial direct current stimulation (tDCS). Clin.
Neurophysiol. 2017, 128, 56-92. [CrossRef]

Elsner, B.; Kugler, J.; Pohl, M.; Mehrholz, J. Transcranial direct current stimulation (tDCS) for improving activities of daily living,
and physical and cognitive functioning, in people after stroke. Cochrane Database Syst. Rev. 2016. [CrossRef]
Liidemann-Podubeckd, J.; Bosl, K.; Rothhardt, S.; Verheyden, G.; Nowak, D.A. Transcranial direct current stimulation for motor
recovery of upper limb function after stroke. Neurosci. Biobehav. Rev. 2014, 47, 245-259. [CrossRef] [PubMed]

Nguyen, T.T.; Ugwu, J.; Madhavan, S. Anodal tDCS of the lower limb M1 does not acutely affect clinical blood pressure and heart
rate in healthy and post stroke individuals. SOJ Neurol. 2015, 2. [CrossRef]

Nitsche, M.A.; Fricke, K.; Henschke, U.; Schlitterlau, A.; Liebetanz, D.; Lang, N.; Henning, S.; Tergau, E; Paulus, W. Pharmacologi-
cal modulation of cortical excitability shifts induced by transcranial direct current stimulation in humans. J. Physiol. 2003, 553,
293-301. [CrossRef] [PubMed]

Fritsch, B.; Reis, J.; Martinowich, K.; Schambra, H.M.; Ji, Y.; Cohen, L.G.; Lu, B. Direct current stimulation promotes BDNF-
dependent synaptic plasticity: Potential implica-tions for motor learning. Neuron 2010, 66, 198-204. [CrossRef]

Kronberg, G.; Bridi, M.; Abel, T.; Bikson, M.; Parra, L.C. Direct current stimulation modulates LTP and LTD: Activity dependence
and dendritic effects. Brain Stimul. 2017, 10, 51-58. [CrossRef] [PubMed]

Elsner, B.; Kugler, J.; Mehrholz, J. Transcranial direct current stimulation (tDCS) for upper limb rehabilitation after stroke: Future
directions. J. Neuroeng. Rehabil. 2018, 15, 106. [CrossRef]

Fleming, M.K,; Pavlou, M.; Newham, D.J.; Sztriha, L.; Teo, ].T. Non-invasive brain stimulation for the lower limb after stroke:
What do we know so far and what should we be doing next? Disabil. Rehabil. 2017, 39, 714-720. [CrossRef]

Page, M.].; McKenzie, J.E.; Bossuyt, PM.; Boutron, I.; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, ] M.; Akl, E.A,;
Brennan, S.E.; et al. The PRISMA 2020 statement: An updated guideline for reporting systematic reviews. BMJ 2021, 372, n71.
[CrossRef] [PubMed]

Jadad, A.R;; Moore, R.A.; Carroll, D.; Jenkinson, C.; Reynolds, D.J.; Gavaghan, D.J.; McQuay, H.J. Assessing the quality of reports
of randomized clinical trials: Is blinding necessary? Control Clin. Trials 1996, 17, 1-12. [CrossRef]

Higgins, J.P,; Altman, D.G.; Getzsche, P.C.; Jiini, P; Moher, D.; Oxman, A.D.; Savovic, J.; Schulz, K.E; Weeks, L.; Sterne, J].A. The
Cochrane Collaboration’s tool for assessing risk of bias in randomised trials. BM]J 2011, 343. [CrossRef]

Allman, C.; Amadi, U.; Winkler, A.M.; Wilkins, L.; Filippini, N.; Kischka, U.; Stagg, C.J.; Johansen-Berg, H. Ipsilesional anodal
tDCS enhances the functional benefits of rehabilitation in patients after stroke. Sci. Transl. Med. 2016, 8, 330rel. [CrossRef]
[PubMed]

Bornheim, S.; Croisier, ].L.; Maquet, P.; Kaux, ].F. Transcranial direct current stimulation associated with physical-therapy in acute
stroke patients-A randomized, triple blind, sham-controlled study. Brain Stimul. 2020, 13, 329-336. [CrossRef] [PubMed]
Edwards, D.J.; Cortes, M.; Rykman-Peltz, A.; Chang, J.; Elder, J.; Thickbroom, G.; Mariman, J.J.; Gerber, L.M.; Oromendia,
C.; Krebs, H.IL; et al. Clinical improvement with intensive robot-assisted arm training in chronic stroke is unchanged by
supplementary tDCS. Restor Neurol. Neurosci. 2019, 37, 167-180. [CrossRef]

Fusco, A.; Assenza, F,; Iosa, M.; 1zzo, S.; Altavilla, R.; Paolucci, S.; Vernieri, F. The ineffective role of cathodal tDCS in enhancing
the functional motor outcomes in early phase of stroke rehabilitation: An experimental trial. BioMed Res. Int. 2014, 2014, 547290.
[CrossRef]

Hesse, S.; Waldner, A.; Mehrholz, J.; Tomelleri, C.; Pohl, M.; Werner, C. Combined transcranial direct current stimulation and
robot-assisted arm training in subacute stroke patients: An exploratory, randomized multicenter trial. Neurorehabil. Neural Repair
2011, 25, 838-846. [CrossRef]


http://doi.org/10.1038/nrneurol.2014.162
http://doi.org/10.1016/j.brs.2016.11.009
http://doi.org/10.3389/fnhum.2014.00378
http://www.ncbi.nlm.nih.gov/pubmed/25018714
http://doi.org/10.1016/j.tics.2008.09.004
http://doi.org/10.1212/WNL.57.10.1899
http://www.ncbi.nlm.nih.gov/pubmed/11723286
http://doi.org/10.1186/s12984-017-0301-7
http://doi.org/10.1016/j.clinph.2016.10.087
http://doi.org/10.1002/14651858.CD009645.pub3
http://doi.org/10.1016/j.neubiorev.2014.07.022
http://www.ncbi.nlm.nih.gov/pubmed/25108036
http://doi.org/10.15226/2374-6858/2/2/00118
http://doi.org/10.1113/jphysiol.2003.049916
http://www.ncbi.nlm.nih.gov/pubmed/12949224
http://doi.org/10.1016/j.neuron.2010.03.035
http://doi.org/10.1016/j.brs.2016.10.001
http://www.ncbi.nlm.nih.gov/pubmed/28104085
http://doi.org/10.1186/s12984-018-0459-7
http://doi.org/10.3109/09638288.2016.1161835
http://doi.org/10.1136/bmj.n71
http://www.ncbi.nlm.nih.gov/pubmed/33782057
http://doi.org/10.1016/0197-2456(95)00134-4
http://doi.org/10.1136/bmj.d5928
http://doi.org/10.1126/scitranslmed.aad5651
http://www.ncbi.nlm.nih.gov/pubmed/27089207
http://doi.org/10.1016/j.brs.2019.10.019
http://www.ncbi.nlm.nih.gov/pubmed/31735645
http://doi.org/10.3233/RNN-180869
http://doi.org/10.1155/2014/547290
http://doi.org/10.1177/1545968311413906

Sensors 2021, 21, 5216 13 of 13

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Khedr, E.M.; Shawky, O.A.; El-Hammady, D.H.; Rothwell, ].C.; Darwish, E.S.; Mostafa, O.M.; Tohamy, A.M. Effect of anodal
versus cathodal transcranial direct current stimulation on stroke rehabilitation: A pilot randomized controlled trial. Neurorehabil.
Neural Repair 2013, 27, 592—-601. [CrossRef]

Kim, D.Y;; Lim, ].Y;; Kang, EK.; You, D.S.; Oh, M.K.; Oh, B.M.; Paik, N J. Effect of transcranial direct current stimulation on motor
recovery in patients with subacute stroke. Am. J. Phys. Med. Rehabil. 2010, 89, 879-886. [CrossRef]

Koh, C.L,; Lin, J.H.; Jeng, ].S.; Huang, S.L.; Hsieh, C.L. Effects of Transcranial Direct Current Stimulation with Sensory Modulation
on Stroke Motor Rehabilitation: A Randomized Controlled Trial. Arch. Phys. Med. Rehabil. 2017, 98, 2477-2484. [CrossRef]
[PubMed]

Triccas, L.T.; Burridge, ]. H.; Hughes, A.; Verheyden, G.; Desikan, M.; Rothwell, ]. A double-blinded randomised controlled trial
exploring the effect of anodal transcranial direct current stimulation and uni-lateral robot therapy for the impaired upper limb in
sub-acute and chronic stroke. NeuroRehabilitation 2015, 37, 181-191. [CrossRef] [PubMed]

Sun, J.; Yan, F; Liu, A.; Liu, T.; Wang, H. Electrical Stimulation of the Motor Cortex or Paretic Muscles Improves Strength
Production in Stroke Patients: A Systematic Review and Meta-Analysis. PM&R 2021, 13, 171-179. [CrossRef]

Elsner, B.; Kugler, J.; Pohl, M.; Mehrholz, J. Transcranial direct current stimulation for improving spasticity after stroke: A
systematic review with meta-analysis. J. Rehabil. Med. 2016, 48, 565-570. [CrossRef] [PubMed]

Marquez, J.; van Vliet, P.; McElduff, P.; Lagopoulos, J.; Parsons, M. Transcranial direct current stimulation (tDCS): Does it have
merit in stroke rehabilitation? A systematic review. IJS 2015, 10, 306-316. [CrossRef] [PubMed]

Del Felice, A.; Daloli, V.; Masiero, S.; Manganotti, P. Contralesional cathodal versus dual transcranial direct current stimulation
for decreasing upper limb spasticity in chronic stroke individuals: A clinical and neurophysiological study. J. Stroke Cerebrovasc.
Dis. 2016, 25, 2932-2941. [CrossRef] [PubMed]

Friehs, M.A.; Frings, C. Offline beats online: Transcranial direct current stimulation timing influences on working memory.
Neuroreport 2019, 30, 795-799. [CrossRef] [PubMed]

Jeffery, D.T.; Norton, ]J.A.; Roy, ED.; Gorassini, M.A. Effects of transcranial direct current stimulation on the excitability of the leg
motor cortex. Exp. Brain Res. 2007, 182, 281-287. [CrossRef] [PubMed]

Rueger, M.A; Keuters, M.H.; Walberer, M.; Braun, R.; Klein, R.; Sparing, R.; Fink, G.R.; Graf, R.; Schroeter, M. Multi-session
transcranial direct current stimulation (tDCS) elicits inflammatory and regenerative processes in the rat brain. PLoS ONE 2012, 7,
e43776. [CrossRef]

Rushmore, R.J.; DeSimone, C.; Valero-Cabré, A. Multiple sessions of transcranial direct current stimulation to the intact hemisphere
improves visual function after unilateral ablation of visual cortex. Eur. J. Neurosci. 2013, 38, 3799-3807. [CrossRef]

Paneri, B.; Adair, D.; Thomas, C.; Khadka, N.; Patel, V.; Tyler, WJ.; Parra, L.; Bikson, M. Tolerability of repeated application of
transcranial electrical stimulation with limited outputs to healthy subjects. Brain Stimul. 2016, 9, 740-754. [CrossRef] [PubMed]
Boggio, P.S.; Nunes, A.; Rigonatti, S.P; Nitsche, M.A.; Pascual- Leone, A.; Fregni, F. Repeated sessions of noninvasive brain DC
stimulation is associated with motor function improvement in stroke patients. Restor. Neurol. Neurosci. 2007, 25, 123-129.


http://doi.org/10.1177/1545968313484808
http://doi.org/10.1097/PHM.0b013e3181f70aa7
http://doi.org/10.1016/j.apmr.2017.05.025
http://www.ncbi.nlm.nih.gov/pubmed/28652065
http://doi.org/10.3233/NRE-151251
http://www.ncbi.nlm.nih.gov/pubmed/26484510
http://doi.org/10.1002/pmrj.12399
http://doi.org/10.2340/16501977-2097
http://www.ncbi.nlm.nih.gov/pubmed/27172484
http://doi.org/10.1111/ijs.12169
http://www.ncbi.nlm.nih.gov/pubmed/24148111
http://doi.org/10.1016/j.jstrokecerebrovasdis.2016.08.008
http://www.ncbi.nlm.nih.gov/pubmed/27614402
http://doi.org/10.1097/WNR.0000000000001272
http://www.ncbi.nlm.nih.gov/pubmed/31283711
http://doi.org/10.1007/s00221-007-1093-y
http://www.ncbi.nlm.nih.gov/pubmed/17717651
http://doi.org/10.1371/journal.pone.0043776
http://doi.org/10.1111/ejn.12373
http://doi.org/10.1016/j.brs.2016.05.008
http://www.ncbi.nlm.nih.gov/pubmed/27372844

	Introduction 
	Materials and Methods 
	Design 
	Search Strategy and Database 
	Screening Process and Eligibility Criteria 
	Data Extraction 
	Methodological Quality Assessment and Risk of Bias 

	Results 
	Quality Assessment 
	Study Characteristics 
	Subject and Studies 
	Treatment 
	Measurement Tools 

	Study Results 
	Functionality of the UL 
	Strength of the UL 
	Spasticity of the UL 


	Discussion 
	UL Functionality 
	UL Strength 
	UL Spasticity 
	Subject Characteristics 
	Treatment Characteristics 
	Methodological Quality and Risk of Bias 
	Recommendations for Future Research and Clinical Practice 
	Strengths and Limitations 

	Conclusions 
	References

