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Abstract: Two popular chronic stroke rehabilitation protocols are robotic-assisted movements and
transcranial direct current stimulation (tDCS). Separately, both protocols have produced encouraging
motor recovery improvements. An intriguing question remains: what happens to motor recovery
when both protocols are administered together? Do the two protocols together produce additive
dual effects? This systematic review and meta-analysis investigated the dual effect of combining
robotic training and tDCS. We investigated the potential effects of tDCS protocols in addition to
robotic-training programs on motor recovery of the upper and lower extremities post-stroke. A sys-
tematic literature search identified 20 qualified studies that used robotic training combined with tDCS
protocols for upper limb (i.e., 15 studies) and lower limb (i.e., 5 studies) post-stroke rehabilitation.
Individuals in the subacute and chronic stages of recovery were investigated. The 20 included studies
compared additive effects of the combined protocols with robotic training sham control groups.
Further, we estimated short-term and long-term treatment effects of the combined protocols. The
random-effects model meta-analyses failed to find any significant short-term and long-term motor
improvements in the upper extremities after the combined treatments. However, robotic-assisted
movements combined with tDCS protocols revealed significant moderate transient and sustained im-
provements in functions of the lower limbs post-stroke. These meta-analytic findings suggest clinical
implications concerning coupled top-down and bottom-up training protocols (i.e., robotic training
and tDCS combined), which will allow us to make progress toward post-stroke motor recovery.
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1. Introduction

Stroke is the leading cause of motor impairments worldwide [1]. Unfortunately, many
individuals post-stroke continue to struggle with executing movements, as dysfunctional
motor actions in both the upper and lower extremities adversely affect activities of daily
living [2,3]. Thus, overcoming these motor problems has become the focus of multiple
stroke researchers and therapists as they seek answers to efficacy, effectiveness, intensity,
duration, and unilateral /bilateral treatment protocols. Importantly, stroke rehabilitation
programs that have a sound basis in neurophysiological and motor learning theories are
helping to overcome motor impairments [4-6].

Convincing neural plasticity evidence shows that individuals post-stroke are able
to improve motor deficits while re-acquiring their capability to will goal-directed move-
ments [7-9]. Triggering neural plasticity in the damaged motor cortex regions involves
the problem of volition [10,11]. That is, activating appropriate brain areas for the purpose
of initiating, controlling, and stopping motor actions requires that we learn and control
our movements on command. Moreover, facilitating neural plasticity across targeted brain
areas may be accomplished by administering rehabilitation focused on (a) a top-down
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protocol: brain stimulation affecting the central nervous system; (b) a bottom-up protocol:
functional electrical stimulation or specific movements influencing the peripheral nervous
system; or (c) combining the two novel stroke treatment protocols [12,13].

Two promising post-stroke treatment protocols are transcranial direct stimulation
(tDCS) and robotic-assisted movements [14,15]. Non-invasive brain stimulation protocols
such as tDCS have become popular treatments for post-stroke motor rehabilitation [16,17].
Many tDCS studies have focused on stimulating the primary motor cortex (M1), which
is located in the dorsal region of the frontal lobe and is related to controlling the motor
system [14,16]. Attaching tDCS surface electrodes to the M1 region of the ipsilesional
hemisphere and applying a weak electrical current (0.5-2 mA) to the area continuously
for 10-30 min routinely induces changes in cortical excitability that may persist for nearly
60 min [18,19]. Presumably, anodal stimulation increases cortical excitability whereas
cathodal stimulation decreases excitability [20]. Frequently, when tDCS is provided before
or during (i.e., offline or online) traditional stroke rehabilitation programs, motor actions
are re-acquired more quickly in comparison to tDCS alone [21,22]. This favorable evidence
is reported with fixed and variable stimulation techniques as well as various stimulation
intensities. Moreover, these positive effects on motor recovery were found in both the
upper and lower extremities during two retention tests: immediate (1 week after treatment)
and delayed (24 weeks after treatment). Thus, the potential short-term and long-term
benefits of tDCS on individuals post-stroke may address each of the three common stroke
stages (i.e., acute, subacute, and chronic) [14,23]. Granted, some researchers argue that
standardizing tDCS electrode placement, stimulation intensity, and treatment duration
would be ideal for stroke patients and rehabilitation therapists [24,25]. Regardless, diverse
tDCS and stroke motor recovery studies continue to report beneficial effects.

A second stroke rehabilitation protocol that has recently become popular is robotic-
assisted movement [26,27]. Essentially, impaired limbs are moved through a range of
movements programmed for specific joints. Robot assistance has been applied to both
upper and lower extremities with encouraging results [28,29]. One critical advantage of
this rehabilitation protocol is that a high number of repetitions can be completed in every
training session [30]. Increasing the number of assisted movements and the consistency in
the motor actions generally produce improved paretic limb performances as well as an in-
creased range of functional motions [30-32]. Taken together, the accumulated quantitative
data from several prior meta-analysis studies indicated that robot-assisted therapy effec-
tively improved motor control capabilities, muscle strength, and gait/balance functions
post-stroke [29,33,34]. Further, some researchers suggested that robotic-assisted movements
combined with additional rehabilitation protocols (e.g., physiotherapy or body-weight
support training) may increase motor improvements beyond the effects of robotic training
alone [29,35].

Given the elusive nature of effective and efficient stroke motor recovery protocols,
researchers have begun combining two novel approaches for the purpose of optimizing re-
habilitation effects on paretic limbs [36,37]. Indeed, providing tDCS before or during robotic
treatments has high learning potential for recovering treated motor actions. Augmenting
robotic training with tDCS appears to activate favorable movement action re-acquisition
conditions in the primary motor cortex and the supplementary motor area [38,39]. That is,
priming the motor system while performing an extended set of repetitive robotic-assisted
movements has been embraced in the rehabilitation arena. Indeed, prior studies have
reported that tDCS priming facilitated motor improvements in individuals post-stroke
when this technique was employed with high intensity and task-specific motor training
designed to activate neuroplasticity and motor learning [40,41].

However, two recent systematic review and meta-analysis studies reported insufficient
evidence regarding the beneficial combined effects of tDCS and robotic training on stroke
motor rehabilitation [42,43]. Importantly, these findings were limited to functional recovery
of the upper extremities, with a relatively small number of analyzed studies. A third
meta-analysis study followed different inclusion criteria and found slightly expanded
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potential effects of robotic-assisted movements combined with tDCS by demonstrating
moderate positive effects in the lower extremities post-stroke [44]. Moreover, these three
sets of meta-analytic findings predominantly focused on transient performance effects (i.e.,
short-term retention) of the combined training protocols.

Considering the conflicting findings and limited number of comparisons in the pre-
vious meta-analyses, a convincing answer to the question regarding the additive effects
of combining robotic-assisted movements and tDCS as stroke rehabilitation protocols is
missing. Further, determining whether functional recovery of the upper and lower limbs
improves after delayed retention testing is still unknown. Thus, combining two effective
individual rehabilitation protocols and simultaneously administering both of them is a
novel approach to minimizing long-term motor dysfunctions post-stroke [45,46]. Given
the increased number of publications reporting the separate effects of tDCS and robotic
training, a question arises concerning the additive effect of dual protocols. Thus, our
purpose was to conduct a systematic review and meta-analysis to determine the overall
effects of the two augmented protocols [36,47] on post-stroke motor recovery in the upper
and lower extremities.

2. Materials and Methods
2.1. Review Inclusion Criteria

Primary sources and peer-reviewed articles that examined the effects of tDCS com-
bined with robotic training on either upper or lower motor functions in patients with stroke
were eligible for inclusion in this systematic review and meta-analysis. Qualifying studies
were selected according to the PICO criteria [48] shown in Table 1.

Table 1. PICO criteria for inclusion and exclusion.

Contents

P (Population)
I (Intervention)
C (Comparator)
O (Outcome)

Patients with stroke without restriction on age and demographic variables

Combined protocols including tDCS and robotic training

Patients with stroke with robotic training combined with either sham tDCS or no tDCS condition
Quantitative changes in either upper or lower limb motor functions

2.2. Search Strategy and Study Selection

The Preferred Reporting Items for Systematic Review and Meta-Analysis (PRISMA)
guidelines [49,50] served as the basis for this study. Our search of the literature identified
potential studies that investigated the effects of robotic training combined with tDCS
protocols on motor functions of upper and lower extremities post-stroke. We searched
the literature from 1 September 2022 to 15 November 2022, and the publication date
of the potential articles was not limited. Keyword inputs based on Boolean logic for
searching included: (stroke OR brain infarction OR cerebrovascular disease) AND (tDCS
OR transcranial direct current stimulation) AND (robot OR robotic OR robot-assisted). We
used constant keyword inputs and the same search procedure for three search engines:
(1) PubMed, (2) Web of Science, and (3) Cochrane Database of Systematic Reviews. We
considered all types of publications (e.g., journal articles, conference abstracts, dissertations)
for this meta-analysis.

Initially, we identified 233 potential studies with 66 articles from PubMed, 86 from
Web of Science, and 81 from the Cochrane Database of Systematic Reviews. After removing
127 duplicate studies, we closely read 106 articles. Based on the PICO criteria, we excluded
86 studies (i.e., 30 review articles, 4 case study articles, 5 studies with no sham control group,
and 47 studies irrelevant to the current topic). Thus, 20 studies qualified for inclusion in
our meta-analysis [37,45-47,51-66]. The specific study identification procedures are shown
in our PRISMA flow chart (Figure 1).
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Figure 1. Flow chart for study identification procedure.

2.3. Types of Studies Included

Fifteen studies examined changes in the upper limb motor functions of patients with
stroke after combined protocols of tDCS and robotic training (Table 2). In addition, five
included studies reported altered lower limb functions in individuals post-stroke after
undergoing the two combined protocols. The twenty total qualifying studies consisted of
fifteen RCT studies, three crossover design studies, and two non-RCT studies.

Table 2. Participant characteristics.

Study ]S)tuc}y Total ~ Age Gender TSO Stroke Affected Motor Impairment  Recovery
esign N) (yrs) (Month) Type Hemisphere Level Stage

Upper Limb Rehabilitation

%}% sy RCT 19 541+106 f 4Fiv1 9.6-55.2 f;%' 11R,8L El\;[f;f7 0 Chronic
g&?&z] RCT 19 542+107 4Fiv1 323+ 201 f;% 1R, 8L El\;{folf7 . Chronic
;D()ezli?gz] COVR 17 600+130 g1 6-35 NA NA El\;{ﬁ;f ”» Chronic
z'ii}éef?g,] COVR 1 e5+95  Oh 3864570 SN NA S s Chronic
Egl‘ga[?éi RCT 82 (6472.2390) gé i;[ ?42 ;1_223.7) NA NA EI\;? :thl 62 Chronic
%;’;‘Egg]e COVR 12 644+ 116 2 ;I 465+211 NA 7R, 5L E%gfl 8 Chronic
?061515?59] RCT 9% 1879 gg i/{ 0.9-1.0 NA 45R,51L El\%’:gf Subacute
ggir;g[ o) KT 18 5414108 %FM 3B6+198 NA NA 1:1\5{1371157 . Chronic
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Table 2. Cont.

Stud Study Total Age Gender TSO Stroke Affected Motor Impairment  Recovery
udy Design N) (yrs) (month) Type Hemisphere Level Stage

FMA-UE

%21 [66] RCT 18 54.1 +10.6 f4FivI 34.6 £19.9 ?21_%’ 10R8L =35.3 £ 8.0 (real), Chronic
33.7 + 8.1 (sham)

Kasashima 5F 9H, FMA-UE .

2015 [45] N-RCT 18 48.0-53.5 1BM 46.2-56.4 97 11R,7L —383 4 16.8 Chronic

Mazzoleni 10F FMA-UE

20?5 [‘g)ze] RCT 12 BILTO ) 09 NA 8R 4L =28.0 4+ 209 (real),  Subacute
41.8 £ 14.5 (sham)

Mazzoleni 24 F, FMA-UE

2019 [63] RCT 39 67.5-68.74 15M 0.8 NA 22R,17L —341-342 Subacute

Maxfield-

Panker RCT 18 59.8 £ 13.5 6F 13-133 NA 8L, 10R FMA-UE Chronic

12M =19.2

2011 [61]

Straudi 11F 4H, FMA-UE

2016 [65] RCT 23 58.2 +14.4 2M 14.7 +£13.1 191 8R,15L 2084+ 149 S&C

Triccas 9F 5H, FMA-UE

2015 [46] RCT 23 63.4£12.0 14M 2-90 181 NA —303 4166 S&C

Lower Limb Rehabilitation

Danzl 4F, 2H, 10-MWT .

2013 [53] RCT 8 67.8 £12.6 AM 33.5£229 61 8L = 65.6-1174s Chronic

Geroin 7F, 6-MWT .

2011 [57] RCT 30 62.7 £ 6.4 23 M 264 +55 NA NA — 156.1-162.9 m Chronic

Leon 15F, 21H, FAC

2017 [47] N-RCT 50 48.7 £11.2 3B M 19+1.1 291 26R,24L = 05-08 Subacute

Picelli 8F, 6-MWT .

2015 [37] RCT 30 62.5 oM 56.4 NA NA —181.1-182.5 m Chronic

Seo 5F 5H, FAC .

2017 [64] RCT 21 62.0 £8.7 16 M 75.5-152.5 161 13R, 8L —35.36 Chronic

Abbreviations. 6-MWT: 6 min walk test; 10-MWT: 10 m walk test; B: blind; C: chronic; COVR: crossover; F: female;
FAC: functional ambulatory category; FMA-UE: the Fugl-Meyer Assessment for Upper Extremity; H: hemorrhagic;
I: ischemic; L: left; M: male; N: no; NA: not available; R: right; RCT: randomized controlled trials; S: subacute;
SIAS: stroke impairment assessment set; TSO: time since stroke onset.

2.4. Types of Participants

The 20 qualifying studies focused on the effects of robotic training combined with
tDCS protocols on motor functions in 574 patients with stroke (range of mean time since
stroke onset = 0.8-152.5 months). Fourteen studies investigated chronic stroke and six
studies focused on individuals in the post-stroke subacute phase (i.e., four subacute studies
and two subacute and chronic studies). Table 2 displays the demographic information of
all of the participants.

2.5. Types of Interventions and Control

The 15 included studies that focused on rehabilitating the upper extremities post-stroke
used two robotic-training protocols: (a) motor imagery brain—computer interface (MI-BCI)
(six studies) and (b) robot-assisted therapies (nine studies) (e.g., robotic devices on the
wrists and arms). Nine out of the fifteen upper limb studies used unilateral tDCS protocols
(i.e., anodal tDCS on the ipsilesional hand area within the M1), whereas six studies applied
bilateral tDCS protocols (i.e., anodal tDCS on ipsilesional hand area within the M1 and
cathodal tDCS on contralesional hand area within the M1). In total, 12 studies administered
multiple sessions of robotic training combined with tDCS protocols (e.g., 10-36 sessions),
and only 3 studies used a single session of the combined rehabilitation protocols.

Concerning the robotic devices, fourteen studies applied end-effector type devices
and only one study used an exoskeleton-type device. Moreover, five specific types of joint
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movements were initiated during the robotic training: (a) unilateral finger: one study,
(b) unilateral hand and wrist: four studies, (c) unilateral shoulder and elbow: seven studies,
(d) unilateral whole arm: two studies, and (e) bilateral wrists and hands: one study.

The comparison control groups in the upper limb rehabilitation studies varied by two
types: (a) nine studies provided robotic training with a sham tDCS condition; and (b) six
studies administered only robotic training. All of the control groups experienced the same
number of robotic training sessions as the combined-protocols treatment groups (Table S1).

Post-stroke rehabilitation for the lower limbs consisted of robot-assisted gait training
(four studies) and robotic gait orthosis on the impaired lower extremities (one study).
Using anodal tDCS, four studies stimulated the leg area within the M1, located close to
the midline, whereas one study used unilateral anodal tDCS on the ipsilesional hand area
within the M1. These studies administered multiple sessions of the combined training
protocols (e.g., 10-20 sessions). In addition, for lower limb rehabilitation, two studies with
end-effector, two studies with exoskeleton, and one study with end-effector /exoskeleton
robot device characteristics were included. Note that each of the five studies trained
bilateral whole leg movements. For the controls, during lower limb rehabilitation periods,
three studies provided robotic training with sham tDCS condition whereas two studies
administered only robotic training. All studies used the same number of training sessions
and robotic training protocols as the combined protocol treatment groups (Table S1). Table 3
shows the specific details of the tDCS intervention protocols.

2.6. Outcome Measures

We determined the short-term and long-term effects of robotic training combined with
tDCS protocols on the motor capabilities of both the upper and lower extremities of individ-
uals post-stroke. The short-term effects were considered transient performance changes in
motor functions and were evaluated by immediate post-testing administered less than 24 h
after the final treatment session. In contrast, the long-term effects represented relatively
sustained changes in motor functions evaluated by delayed post-testing administered more
than 2 weeks after the final combined tDCS and robotic intervention session.

Fifteen out of the twenty qualified studies reported primary outcome measures on
motor function recovery of the upper limbs. Specific details on the primary upper limb
motor function outcome measures from each study were evaluated by: (a) Fugl-Meyer
assessment on upper extremity (FMA-UE): 12 studies; (b) straightness during a reaching
task: one study; (c) movement aiming task: one study; and (d) average performance during
a 3D reaching task: one study.

We identified 20 total short-term effect comparisons from the 15 included studies,
(a) single comparisons from 12 studies and (b) multiple comparisons from 3 studies, based
on different tDCS timings (i.e., before, during, and after), montages (i.e., anodal and
cathodal stimulation), and bimanual tasks (speed/accuracy trade-off, coordination, and
force). Nine out of the fifteen included studies reported ten long-term effect comparisons,
(a) single comparison from eight studies and (b) two comparisons from one study, based
on different tDCS montages (i.e., anodal and cathodal stimulation).

Five out of the twenty qualified studies revealed changes in the lower limb motor
functions after the combined tDCS and robotic training protocols. The primary lower
limb motor function outcome measures were: (a) 10 m walk test (10 MWT): two studies;
(b) 6 min walk test (6 MWT): two studies; and (c) functional ambulation category (FAC):
one study. The lower limb studies reported five short-term effect comparisons and four
long-term effect comparisons.
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Table 3. Specific parameters for robotic training and stimulation.

. Retention Parameter
Study ,IE_(;?S;;C Joints iupgort Period "tfll)rglsn Session "tl“]zrczte d Areas (Intensity,
8 yP (Weeks) 8 8 Duration, Size)
Upper Limb Rehabilitation
Ang MI-BCI .. 3 Bi: A:iM1 (hand), 1 mA, 20 min,
2015 [51] /MIT-Manus Uni: S/E E-E 2 B 10 C: cM1 (hand) NA
Chew MI-BCI . Bi: A:iM1 (hand), 1 mA, 20 min,
2020 [52] /MIT-Manus Uni: S/E E-E 4 B 10 C: cM1 (hand) 35 cm?
De Laet .. Uni: A: cM1 (hand) 1 mA, 30 min,
2022 [54] REAplanrobot  Uni: S/E E-E 1 B 1 C: cEyebrow 34 cm?
Dehem .. 3 Bi: A:iM1 (hand), 1 mA, 20 min,
2018 [55] REAplanrobot  Uni: S/E E-E NA D 1 C: eM1 (hand) 35 cm?
Edwards .. 3 Uni: A:iM1 (hand), 2 mA, 20 min,
2019 [56] MIT-Manus Uni: WA E-E 24 B 36 C:CSA 35 em?
Giacobbe InMotion3 .. Uni: A:iM1 (hand), 2 mA, 20 min,
2013 [58] wrist robot Uni: W/H  E-E NA B, D, AF 1 C: CSA NA
Uni: A:iM1 (hand),
Hesse . .. C:CO 2mA, 20 min,
2011 [59] Bi-Manu Track  Bi: W/H E-E 12 D 30 Uni: A: CO, 35 cm?
C:iM1 (hand)
Hong MI-BCI .. 3 Bi: A:iM1 (hand), 1 mA, 20 min,
2017 [60] /MIT-Manus Uni: S/E E-E 4 B 10 C: cM1 (hand) 35 cm?
Hu MI-BCI .. Bi: A:iM1 (hand), 1 mA, 20 min,
2021 [66] /MIT-Manus 0" S/E E-E 2 AF 10 C: M1 (hand) NA
. MI-BCI . . .
Kasashima . .. Uni: A:iM1 (hand), 1 mA, 10 min,
2015 [45] /Moto‘r—drlven Uni: F E-E 12 B 30 C: CSA 35 cm?
orthosis
Mazzoleni InMotion3 . Uni: A:iM1 (hand), 2 mA, 20 min,
2015 [62] wrist Tobot Uni: W/H — EE NA b 16 C:CO 35 cm?
Mazzoleni InMotion3 .. Uni: A:iM1 (hand), 2mA, 20 min,
2019 [63] wrist robot Uni: W/H E-E NA b 30 C:CO 35 cm?
Maxfield- ReoGo AL .
Panker robotic Uni: S/E E-E 12 D 22 gnési iMI (hand), ;,5m 12{220 o,
2011 [61] device ' ¢
Straudi ReoGo Bi: A: iM1 (hand) 1maA, 30 min
2016 [65] SOb‘?t‘C Uni: S/E E-E NA b 10 C: M1 (hand) 35 cm?
evice
Triccas grmeo® Uni: WA Ekso 12 D 18 Uni: A: iM1 (hand), 1 mA, 20 min,
2015 [46] pring arm : C: CSA 35 cm?
robot
Lower Limb Rehabilitation
Danzl .. Bi: A:iM1 (leg), 2mA, 20 min,
2013 [53] Lokomat Bi: WL Ekso 4 B 12 C: CSA 25 cm?
Geroin Gait Trainer .. 3 Bi: A:iM1 (leg), 1.5mA, 7 min,
2011 [57] GT1 Bi: WL E-E 2 b 10 C:CO 35 cm?
Leon Gait Trainer .. E-E or Bi: A:iM1 (leg), 2 mA, 20 min,
2017 [47] or Lokomat Bi: WL Ekso NA b 20 C: CSA 35 cm?

N G-EO . . .
Picelli .. Uni: A:iM1 (hand), 2mA, 20 min,
2015 [37] ;ystem Bi: WL E-E 28&4 D 10 Ceo P

volution
Seo Walkbot_ .. Bi: A:iM1 (leg), 2 mA, 20 min,
2017 [64] swaLkpor b WL Ekso 4 B 10 ) 35 cm?

Abbreviations. A: anodal electrode; AF: after; B: before; C: cathodal electrode; c: contralateral; CO: contralateral
orbit; CSA: contralateral supraorbital area; D: during; Ekso: exoskeleton; E-E: end-effector; F: finger; i: ipsilateral;
MI-BCI: motor imagery brain—computer interface; NA: not available; S/E: shoulder/elbow; tDCS: transcranial
direct current stimulation; WA: whole arm; WL: whole leg; W/H: wrist/hand.
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Given that one study administered retention tests in two different periods (i.e., two and
four weeks after the final intervention session), selecting one of two different time points
may cause either overestimated or underestimated meta-analytic findings. To minimize
the issue of multiple comparisons [49], we statistically combined two effect sizes into one
comparison via a procedure that used the mean of the selected outcomes.

2.7. Methodological Quality

Three researchers (RK, ZD, and NK) independently conducted methodological quality
assessments on the 20 qualified studies using the Physiotherapy Evidence Database (PEDro)
rating scale [67]. The PEDro scale for estimating study quality included a checklist of
11 items scored yes or no regarding group allocation, blinding, attrition, statistical analyses,
and data variability. A fourth researcher (JHC) additionally graded and confirmed final
scores when any discrepancies in rating scores across the three researchers appeared. The
range of PEDro scores from the 20 studies was 7 to 11 (mean PEDro score = 9.15). Based on
previous studies [68,69], these findings indicate a relatively high methodological quality
in this meta-analysis: (1) excellent: 9-10, (2) good: 6-8, (3) fair: 4-5, and (4) poor: below 4.
Table 4 shows specific details on all PEDro scores of each domain.

Table 4. Methodological quality assessment using PEDro Score.

Upper Limb Rehabilitation Criteria Ang Chew De Laet Dehem Edwards  Giacobbe Hesse
PP 2015 [51]  2020[52] 2022 [54] 2018[55] 2019[56] 2013 [58] 2011 [59]

1. eligibility criteria were specified 1 1 1 1 1 1 1
2. subjects were randomly allocated to groups (in a
crossover study, subjects were randomly allocated an order 1 1 1 1 1 1 1
in which treatments were received)
3. allocation was concealed 0 1 1 0 1 0 1
4. the groups were similar at baseline regarding the most
. o 1 1 1 1 1 1 1
important prognostic indicators
5. there was blinding of all subjects 1 1 1 1 1 0 1
6. there was blinding of all therapists who administered 0 1 0 0 1 0 1
the therapy
7. there was blinding of all assessors who measured at least

0 1 1 1 1 0 1
one key outcome
8. measures of at least one key outcome were obtained
from more than 85% of the subjects initially allocated 1 1 1 1 0 1 1
to groups
9. all subjects for whom outcome measures were available
received the treatment or control condition as allocated or, 1 1 1 1 1 1 1
where this was not the case, data for at least one key
outcome were analyzed by “intention to treat”
10. the results of between-group statistical comparisons are

1 1 1 1 1 1 1
reported for at least one key outcome
11. the study provides both point measures and measures 1 1 1 1 1 1 1

of variability for at least one key outcome

Total
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Table 4. Cont.
Upper Limb Rehabilitation Criteria Hong Hu Kasashima Mazzoleni Mazzoleni Ili/[aiz(lled_ Straudi Triccas
PP 2017 [60] 2021 [66]  2015[45] 2015[62] 2019 [63] 2011 [61] 2016 [65] 2015 [46]
1. eligibility criteria were specified 1 1 1 1 1 1 1 1
2. subjects were randomly allocated to groups
(in a crossover study, subjects were randomly 1 1 0 1 1 1 1 1
allocated an order in which treatments
were received)
3. allocation was concealed 1 0 0 1 0 0 0 1
4. the groups were similar at baseline
regarding the most important 1 1 1 1 1 1 1 1
prognostic indicators
5. there was blinding of all subjects 1 0 1 1 1 1 1 1
6. there was blinding of all therapists who
administered the therapy 0 0 0 0 0 0 0 0
7. there was blinding of all assessors who 1 0 1 1 0 1 1 1
measured at least one key outcome
8. measures of at least one key outcome were
obtained from more than 85% of the subjects 1 1 1 1 1 1 1 1
initially allocated to groups
9. all subjects for whom outcome measures
were available received the treatment or
control condition as allocated or, where this 1 1 1 1 1 1 1 1
was not the case, data for at least one key
outcome were analyzed by “intention to treat”
10. the results of between-group statistical
comparisons are reported for at least one 1 1 1 1 1 1 1 1
key outcome
11. the study provides both point measures
and measures of variability for at least one 1 1 1 1 1 1 1 1
key outcome
Total 10 7 8 10 8 9 9 10
. T Danzl Geroin Leon Picelli Seo

Lower Limb Rehabilitation 2013[53] 2011[57] 2017[47] 2015[37] 2017 [64]
Criteria
1. eligibility criteria were specified 1 1 1 1 1
2. subjects were randomly allocated to groups (in a crossover study, subjects were 1 1 0 1 1
randomly allocated an order in which treatments were received)
3. allocation was concealed 0 1 0 1 1
4. the groups were similar at baseline regarding the most important 1 1 1 1 1
prognostic indicators
5. there was blinding of all subjects 1 0 1 1 1
6. there was blinding of all therapists who administered the therapy 1 0 0 0 1
7. there was blinding of all assessors who measured at least one key outcome 1 1 0 1 1
8. measures of at least one key outcome were obtained from more than 85% of the

. - 0 1 1 1 1
subjects initially allocated to groups
9. all subjects for whom outcome measures were available received the treatment or
control condition as allocated or, where this was not the case, data for at least one 1 1 1 1 1
key outcome were analyzed by “intention to treat”
10. the results of between-group statistical comparisons are reported for at least one 1 1 1 1 1
key outcome
11. the study provides both point measures and measures of variability for at least 1 1 1 1 1
one key outcome
Total 9 9 7 10 11
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2.8. Data Extraction

Based on the recommendations of classical meta-analysis procedures by Borenstein
and colleagues, we performed data extraction [49]. To calculate individual effect size for
each qualified study that used either RCT or non-RCT design, we extracted one of three data
formats: (a) mean and SD values between treatment and control groups, (b) mean values
between treatment and control groups with p-values indicating between-group differences,
and (c) sample size values between treatment and control groups with p-value indicating
between-group differences. For studies that used a crossover design, we extracted a sample
size value between paired groups (i.e., treatment and control conditions) with p-values
indicating within-group differences. Specific data formats for the included studies are
shown in Table S2.

2.9. Data Synthesis

We conducted all meta-analysis procedures using the Comprehensive Meta-Analysis
software (ver. 3.3, Englewood, NJ, USA). To quantify overall and individual effect sizes, we
calculated the standardized mean difference (SMD) with 95% confidence intervals (CIs) [49].
The meta-analysis on upper limb motor function included 20 short-term effect comparisons
and 10 long-term effect comparisons, whereas the analysis on lower limb motor function
used 5 short-term effect comparisons and 4 long-term effect comparisons. Positive SMD
values indicated greater positive effects on motor improvements in the augmented active
tDCS and robotic training protocol groups than in the sham control groups. We conducted
random-effects meta-analysis models to account for different participants, interventions,
outcome measures, or statistical methods used in the individual included studies [49]. The
level of heterogeneity was estimated by Higgins and Green’s I [70]. Publication bias was
assessed by two approaches: (a) comparing original and revised funnel plots after the
trim-and-fill technique [71] and (b) Egger’s regression test [72]. Finally, we performed
two moderator variable analyses to determine whether treatment effects were different,
according to (a) study designs: randomized controlled trials (RCT) versus crossover versus
non-RCT; or (b) recovery phase post-stroke: subacute versus chronic versus subacute
and chronic.

3. Results
3.1. Upper Limb Motor Functions: Short-Term Effects

A random-effects model meta-analysis on the 20 comparisons revealed no signif-
icant short-term effects of combined tDCS and robotic training protocols on motor ca-
pabilities of the upper limbs post-stroke: SMD = 0.041; SE = 0.082; variance = 0.007;
95% CI = —0.120-0.202; Z = 0.504; p = 0.614 (see Figure 2). Heterogeneity tests indicated
a relatively low variability across the individual effect sizes: (a) Q-value = 24.082 with
p =0.193; and (b) 12 = 21.104%. Further, the publication bias assessments showed minimal
asymmetry levels of individual effect sizes: (a) a revised funnel plot with four imputed val-
ues after applying the trim and fill technique (see Figure S1) and (b) Egger’s regression test:
Bo = —1.095 and p = 0.220. These findings indicate that robot training combined with tDCS
showed no significant transient effects on the rehabilitation of the upper limbs post-stroke.

3.2. Moderator Variable Analysis: Study Designs and Recovery Phase

The first moderator variable analysis showed no significant short-term effects across
different study designs: (a) 12 RCT comparisons from 11 studies (SMD = —0.079; SE = 0.102;
variance = 0.010; 95% CI = —0.279-0.121; Z = —0.773; p = 0.439); (b) 7 crossover comparisons
from 3 studies (SMD = 0.141; SE = 0.155; variance = 0.024; 95% CI = —0.162-0.444; Z = 0.912;
p = 0.362); and (c) 1 non-RCT comparison from one study (SMD = 0.454; SE = 0.489;
variance = 0.239; 95% CI = —0.506-1.413; Z = 0.927; p = 0.354). These findings indicate that
different study designs did not change the transient effects of robotic training combined
with tDCS protocols on upper limb rehabilitation post-stroke.
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Study Outcome SMD SE LL UL  p-value SMD and 95% CI

Ang 2015 S: Change in FMA-UE -0.56 047 -147 0.36 0.235
Chew 2020 S: Change in FMA-UE —-0.54 047 -146 038 0.247
De Laet 2022 C: biCO, biFOP, & biSAT 0.11 024 -037 0.58 0.664 e
Dehem 2018 S: Straightness (free amplitude) 0.57 024  0.10 1.04 0.018
Edwards 2019 S -0.17 023 -0.62 0.28 0.458
Giacobbe 2013 S: Movement aim Before 0.63 0.32 0.01 1:25 0.047 =
Giacobbe 2013 S: Movement aim Pvring —-0.80 033 -144 -0.14 0.017
Giacobbe 2013 S: Movement aim After 0.14 029 -0.43 0.70 0.642
Hesse 2011 S: FMA-UE Anodal -0.01 025 -0.50 048 0.978
Hesse 2011 S: FMA-UE Cathodal -0.02 025 -0.51 0.47 0.926
Hong 2017 S 0.00 045 -0.88  0.88 0.993
Hu 2021 S -0.04 047 -097  0.89 0.932
Kasashima 2015 S: FMA-UE (finger) 0.45 049 -0.51 1.41 0.354
Mazzoleni 2015 S: FMA-UE (wrist) -0.99 061 -2.18 021 0.107
Mazzoleni 2019 S: FMA-UE (wrist) 0.35 035 -0.33 1.03 0.307 ]
Maxfield-Panker 2011  S: Average 3D reaching 0.25 047 -0.68 1.17 0.605
Straudi 2016 S: -0.10 042 -0.92 0.72 0.818
Triccas 2015 S: 0.08 042 -0.74 0.90 0.848

Upper Limb Overall 0.04 0.08 -0.11 0.19 0.611

-4.00 -2.00 0.00 2.00 4.00

Abbreviations. bi: bimanual; CI: confidence interval; ES: effect size; CO: coordination; FMA-UE: the Fugl-Meyer assessment for upper extremity; FOP: force; LL: lower
limit; S: single effect size (not combined); SAT: speed/accuracy; SE: standard error; SMD: standardized mean difference; UL: upper limit.

Figure 2. Short-term effects of combining the protocols of robot training and tDCS on upper limb
functions. The synthesized data derived from a random-effects model show no significant positive
transient effects on upper motor rehabilitation. Note that the red diamond indicates overall effect size
and squares denote individual effect sizes with 95% CI. More positive values indicate more treatment
effects after the combined protocols [45,46,51,52,54-56,58—63,65,660].

The second moderator variable analysis revealed no significant short-term effects
across different post-stroke recovery phases: (a) 4 subacute comparisons from 3 studies
(SMD = —0.011; SE = 0.174; variance = 0.030; 95% CI = —0.351-0.330; Z = —0.061; p = 0.951);
(b) 14 chronic comparisons from 10 studies (SMD = 0.055; SE = 0.108; variance = 0.012;
95% CI = —0.156-0.266; Z = 0.511; p = 0.609); and (c) 2 subacute and chronic comparisons
from 2 studies (SMD = —0.008; SE = 0.295; variance = 0.087; 95% CI = —0.587-0.571;
Z = —0.028; p = 0.978). These analyses failed to identify transient motor effects after the
augmented combined protocols regardless of the post-stroke recovery phase.

3.3. Upper Limb Motor Functions: Long-Term Effects

For the long-term effects of combined robotic training and tDCS protocols, the analysis
of the 10 comparisons from 9 studies showed no significant effect size: SMD = —0.075;
SE = 0.134; variance = 0.018; 95% CI = —0.188-0.338; Z = —0.559; p = 0.576; Figure 3. In addition,
the heterogeneity levels across the individual effect sizes were minor: (a) Q-value = 11.808
with p = 0.224 and (b) I? = 23.782%. Two publication bias tests additionally revealed
minimal asymmetry levels of individual effect sizes: (a) a revised funnel plot with three
imputed values after executing the trim and fill technique (Figure S2); and (b) Egger’s
regression test: 39 = 2.010 and p = 0.075. These findings indicate that the combined
tDCS and robotic training protocols showed no significant sustained effects on upper limb
rehabilitation post-stroke.

3.4. Moderator Variable Analysis: Study Designs and Recovery Phase

The first moderator variable analysis showed no significant long-term effects across
different study designs: (a) nine RCT comparisons from eight studies (SMD = —0.006;
SE = 0.114; variance = 0.013; 95% CI = —0.229-0.218; Z = —0.051; p = 0.960); and (b) one non-
RCT comparison from one study (SMD = 1.113; SE = 0.553; variance = 0.305;
95% CI = 0.030-2.197; Z = 2.015; p = 0.044). These findings indicate that different study
designs did not change the sustained effects of tDCS combined with robotic training on the
upper limbs post-stroke.
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Study Outcome SMD SE LL UL  p-value SMD and 95% CI
Ang 2015 S: Change in FMA-UE —-0.07 046 -0.98  0.83 0.872
Chew 2020 S: Change in FMA-UE -0.22 046 -1.12  0.69 0.637 O
Edwards 2019 S: FMA-UE -038 024 -0.86 010  0.119 —{—r
Hesse 2011 S: FMA-UEAndal 0.04 025 -045 0.53 0.874 —;
Hesse 2011 S: FMA-UECathodal 0.06 025 -043 0.55 0.801 —
Hong 2017 S: FMA-UE 0.26 047 -0.67 1.18 0.591 O
Hu 2021 S: FMA-UE 1.12 0.51 012 212 0.028
Kasashima 2015 S: FMA-UE (finger) 1.11 055 0.03 220 0.044
Maxfield-Panker 2011  S: Average 3D reaching 0.05 0.47 -0.87 0.98 0.914 [+
Triccas 2015 S: FMA-UE 0.01 042 -0.81 0.87 0.984

Upper Limb Overall 0.08 0.13 -0.19 0.34 0.576 t

-2.00 -1.00 0.00 1.00 2.00

Abbreviations. C: combined effect size; CI: confidence interval; ES: effect size; LL: lower limit; FMA-UE: the Fugl-Meyer assessment for upper extremity; S: single effect
size (not combined); SE: standard error; SMD: standardized mean difference; UL: upper limit.

Figure 3. Long-term effects of robotic training combined with tDCS on upper limb function. The
synthesized data derived from a random-effects model show no significant positive sustained effects
on upper motor rehabilitation. Note that the red diamond indicates overall effect size and squares
denote individual effect sizes with 95% CI. More positive values indicate more treatment effects after
the combined protocols [45,46,51,52,56,59-61,66].

The second moderator variable analysis revealed no significant long-term effects
across different post-stroke recovery phases: (a) two subacute comparisons from one
study (SMD =0.051; SE = 0.177; variance = 0.031; 95% CI = —0.295-0.398; Z = 0.290;
p =0.772); (b) seven chronic comparisons from seven studies (SMD = 0.174; SE = 0.230;
variance = 0.053; 95% CI = —0.277-0.625; Z = 0.755; p = 0.450); and (c) one subacute
and chronic comparison from one study (SMD = 0.008; SE = 0.417; variance = 0.174;
95% CI = —0.810-0.826; Z = 0.020; p = 0.984). These findings indicate that sustained effects
on upper limb rehabilitation were not altered by different post-stroke recovery phases.

3.5. Lower Limb Motor Functions: Short-Term Effects

A random-effects model meta-analysis on the five comparisons from five studies
revealed significant positive short-term effects of combined tDCS and robotic training
protocols on lower limb recovery post-stroke: SMD = 0.693; SE = 0.237; variance = 0.056;
95% CI = 0.228-1.157; Z = 2.924; p = 0.003; (see Figure 4). These findings included a rela-
tively small degree of heterogeneity: (a) Q-value = 4.789 with p = 0.310 and (b) I? = 16.472%.
Moreover, the publication bias assessments indicated minimal levels of asymmetry for the
individual effect sizes: (a) a revised funnel plot with two imputed values after conduct-
ing the trim and fill technique (Figure S3) and (b) Egger’s regression test: 3¢ = 3.625 and
p = 0.130. Importantly, these findings revealed that the combined robot-assisted movements
and tDCS protocols significantly improved the motor capabilities of the lower extremi-
ties post-stroke.

Study Outcome SMD SE LL UL  p-value SMD and 95% CI
Danzl 2013 S: 10 MWT 1.51 0.80 —0.06 3.08 0.060
Geroin 2011 S: 6WMT 0.69 046 -0.21 1.60 0.134 -+
Leon 2017 S: 10 MWT 0.10 039 -0.67 087  0.798 — 1
Picelli 2015 S: 6WMT 1.29 0.49 0.32 2.25 0.009 e W oy o
Seo 2017 S: FAC 0.62 045 -0.26 1.50 0.167 -+
Lower Limb Overall 0.69 024 0.23 1.16 0.003

-4.00

-2.00

>
0.00 2.00 4.00

Abbreviations. 6-MWT: 6-minute walk test; 10-MWT: 10 meter walk test; CI: confidence interval; ES: effect size; FAC: Functional Ambulatory Category; LL: lower limit;

S: single effect size (not combined); SE: standard error; SMD: standardized mean difference; UL: upper limit.

Figure 4. Short-term effects of robotic training combined with tDCS on motor function in the lower
extremities. The synthesized data derived from a random-effects model show significant positive
transient effects after lower motor rehabilitation. Note that the red diamond indicates overall effect
size and squares denote individual effect sizes with 95% CI. More positive values indicate more
treatment effects after the combined protocols [37,47,53,57,64].
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3.6. Moderator Variable Analysis: Study Designs and Recovery Phase

The first moderator variable analysis showed significant short-term effects for RCT stud-
ies: (a) four RCT comparisons from four studies (SMD = 0.910; SE = 0.255; variance = 0.065;
95% CI = 0.411-1.409; Z = 3.574; p < 0.001) and (b) one non-RCT comparison from one study
(SMD = 0.100; SE = 0.393; Variance = 0.155; 95% CI = —0.671-0.872; Z = 0.255; p = 0.798).
These RCT findings indicate that significant positive transient effects were found after the
combined protocols on the lower limbs post-stroke.

The second moderator variable analysis revealed significant short-term effects for chronic
stroke patients: (a) four chronic comparisons from four studies (SMD = 0.910; SE = 0.255;
variance = 0.065; 95% CI = 0.411-1.409; Z = 3.574; p < 0.001) and (b) one subacute comparison
from one study (SMD = 0.100; SE = 0.393; variance = 0.155; 95% CI = —0.671-0.872; Z = 0.255;
p = 0.798). These findings revealed significant positive transient effects on the lower limbs
after the combined protocols in the chronic stage of stroke recovery.

3.7. Lower Limb Motor Functions: Long-Term Effects

For the long-term effects of combined robotic-training and tDCS protocols, the analysis
on the four comparisons from four studies showed a significant effect size: SMD = 0.692;
SE = 0.258; variance = 0.067; 95% CI = 0.186-1.198; Z = 2.678; p = 0.007; Figure 5. The levels of
heterogeneity across the individual effect sizes were relatively minimal: (a) Q-value = 2.715
with p = 0.438 and (b) I?> = 0.000%. Moreover, two publication bias tests reported minor
asymmetry levels in individual effect sizes: (a) a revised funnel plot with one imputed
value after performing the trim and fill technique (Figure S4); and (b) Egger’s regression
test: Bp = 2.652 and p = 0.400. In addition, given that all four comparisons from four
studies used RCT design and recruited chronic stroke patients, moderator variable analyses
were not necessary. Taken together, these findings indicate that robotic training combined
with tDCS protocols showed significant positive transient and sustained effects on lower
limb rehabilitation post-stroke as compared with those individuals in the control groups
(i.e., robotic training only).

Study Outcome SMD SE LL UL  p-value SMD and 95% CI
Danzl 2013 S: 10 MWT 1.20 0.77 -0.31 2.70 0.119 =
Geroin 2011 S: 6 WMT 0.90 047 —0.02 1.82 0.055
Picelli 2015 C: 6 WMT (2 weeks & 4 weeks) 0.10 045 -0.78 098 0.824
Seo 2017 S: FAC 0.99 0.52 —0.02  2.00 0.054 {}
Lower Limb Overall 0.69 026 0.19 1.14 0.007 ‘

-2.00 -1.00 0.00 1.00 2.00

Abbreviations. 6-MWT: 6-minute walk test; 10-MWT: 10 meter walk test; C: combined effect size; CI: confidence interval; ES: effect size; FAC: Functional Ambulatory
Category; LL: lower limit; S: single effect size (not combined); SE: standard error; SMD: standardized mean difference; UL: upper limit.

Figure 5. Long-term effects of robotic training combined with tDCS on lower limb functions. The
synthesized data derived from a random-effects model show significant positive sustained effects
on lower motor rehabilitation. Note that the red diamond indicates overall effect size and squares
denote individual effect sizes with 95% CI. More positive values indicate more treatment effects after
the combined protocols [37,53,57,64].

4. Discussion

The current systematic review and meta-analysis investigated the potential effects of
robotic training programs in addition to tDCS protocols on motor recovery of the upper
and lower extremities post-stroke. In contrast, analysis of the studies focused on the
lower extremities revealed significant motor improvement findings for both moderate
transient and sustained learning. Positive short-term and long-term motor effects were
found for the augmented robotic training and tDCS protocols. These significant overall
gait improvements were confirmed for individuals in the chronic stage of stroke recovery.

The meta-analytic findings on the upper extremity studies showed insufficient evi-
dence regarding treatment effects of tDCS in addition to robotic-training programs. This is
consistent with two recent review studies [42,43]. Specifically, the systematic review results
on the eight individual studies performed by Simonetti and colleagues argued that robotic



Appl. Sci. 2023,13,1992

14 of 20

training coupled with tDCS protocols led to similar clinical improvements in upper limb
functions post-stroke as compared with the robotic training protocol only [43]. Similarly,
a meta-analysis reported no significant additional effects (mean difference = 0.15 with
p-value = 0.93) of non-invasive brain stimulation (NIBS) protocols, including tDCS (i.e., six
studies) and continuous theta burst stimulation (i.e., one study), combined with robotic
training on upper limb motor recovery in patients with stroke [42]. Reis and colleagues
suggested the possibility that the association of NIBS and robotic training may reveal
long-term motor improvements in the upper limbs rather than short-term effects. However,
our meta-analytic findings confirmed that the sustained effects estimated at 2-12 weeks
after administering the final tDCS intervention were not significantly positive.

Moreover, the potential treatment effects of robotic training protocols on paretic arm
recovery were controversial. Several meta-analysis studies argued that functional improve-
ments in the upper extremities post-stroke (e.g., motor functions, muscle tone, and activities
of daily living) were comparable between robotic training protocols and dose-matched
conventional rehabilitation programs [27,34,73-75]. Despite some meta-analytic findings
that reported significant improvements in motor control and strength of the paretic arms,
the magnitude of motor recovery evidence was relatively small (e.g., two points of FMA
arm score and Hedges’ g = 0.25) [34,76] and insignificant in the random-effects model [75].
Some studies suggested that quantifying kinematic and kinetic outcome measures may
effectively detect changes in upper limb functions and motor learning after robotic training
protocols for certain patients with stroke [34,77]. Patients, at three months post-stroke, may
adapt their motor actions and prefer compensatory behaviors for daily living instead of the
behavioral restitution of neurological impairments that would indicate true recovery [78,79].
Thus, clinical measurements are presumably insensitive for differentiating exactly what
to learn (i.e., behavioral restitution) from the use of compensation strategies, and this
limitation may potentially influence insignificant motor improvements of the paretic arms
after robotic training combined with tDCS protocols. In fact, two individual studies in the
current meta-analysis reported positive trends in functional improvement for patients with
chronic stroke, as indicated by kinematic outcome measures on paretic arms (e.g., aim and
straightness during upper limb reaching movements) [55,58]. The future studies need to
confirm whether tDCS protocols in addition to robotic training improve kinematic and
kinetic variables on paretic arms.

To advance motor recovery of the upper limbs post-stroke, administering bilateral
robot-assisted rehabilitation programs coupled with bilateral tDCS protocols may be ben-
eficial. Previous stroke rehabilitation studies have raised the possibility that functional
improvements in the paretic arms may be better facilitated after bilateral treatments with
robot devices such as an end-effector and exoskeleton systems as compared with unilateral
robotic training protocols [80-82]. Potentially, bimanual movements may increase inter-
limb coupling, contributing to motor recovery of the paretic arms. This would be due to
rebalanced inter-hemispheric inhibitions between hemispheres and greater involvement of
both the contralateral pathway from the ipsilesional hemisphere as well as the ipsilateral
pathway from the contralesional hemisphere to the affected upper limb [6,81,83]. Simi-
larly, bilateral tDCS protocols such as anodal tDCS on the primary motor area (M1) of
the ipsilesional hemisphere, and cathodal tDCS on the M1 of contralesional hemisphere,
may enhance paretic arm functions via modulating and balancing cortical excitation and
inhibition between hemispheres [84]. Nevertheless, nearly all of the included studies in
this meta-analysis used unimanual robotic training protocols with active tDCS to stimulate
the affected unilateral hemisphere. Taken together, these findings demonstrate that robotic
training combined with tDCS protocols for advancing upper limb rehabilitation may target
both sides of the central and peripheral nervous system.

For the five lower limb rehabilitation studies, robotic training combined with tDCS pro-
tocols revealed greater positive effects on gait functions post-stroke than those observed for
robotic training only. These additional treatment effects were observed in the post-test con-
ducted directly after the final intervention from the five comparisons, as well as in follow-up
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tests from the four comparisons. These meta-analytic findings support the proposition that
non-invasive brain stimulation techniques administered with task-specific physical inter-
ventions may facilitate progress toward motor recovery in patients with stroke [14]. Recent
meta-analysis studies indicated a possibility that applying specific tDCS montages (e.g., bi-
hemispheric stimulation) can improve mobility, lower limb muscle strength, and gait
functions estimated by clinical measurements in patients with stroke [85,86]. Presumably,
stimulating motor cortical regions in both the affected and unaffected hemispheres may in-
fluence and trigger corticospinal and brainstem—spinal descending pathways, contributing
to modulating the spinal central pattern generators [87-89]. Moreover, robot-assisted gait
training can allow both ambulatory and non-ambulatory patients with stroke to perform
intensive, repetitive, and complex walking practices, with more body weight support for
patients and convenient administration for clinicians [90]. Thus, combining the top-down
and bottom-up rehabilitation approaches may effectively increase neural plasticity and
functional recovery across the central and peripheral nervous systems post-stroke. How-
ever, given that the number of included studies seems to be rather sparse, more studies will
be necessary for validating potential treatment effects of tDCS protocols combined with
robotic training on functional recovery of the lower limbs post-stroke.

Despite the potential additive effects of tDCS protocols with robotic training on post-
stroke motor recovery, these findings should be cautiously interpreted. First, given that
the qualified studies in this meta-analysis included no acute stroke patients, the current
meta-analytic findings might be limited to subacute or chronic stroke patients. Although
our moderator variable analyses additionally identified positive functional improvements
in the lower limbs for chronic stroke patients, these results were obtained from only four
studies. Thus, adding more studies in a future meta-analysis is necessary to validate the
current findings. Further, more studies should examine appropriate timing of stimulation
relative to providing robotic training, which may increase the efficacy of combining the
tDCS and robotic training protocols for upper and lower limb motor recovery post-stroke.
Although the superior treatment effects between offline (i.e., tDCS before motor training)
and online (i.e., tDCS during motor training) tDCS protocols are still controversial in the
literature, some studies have suggested that online tDCS protocols effectively facilitate
motor learning network activation in the brain, contributing to better motor learning
performances [91,92]. A recent animal study additionally proposed that online tDCS may
enhance Hebbian plasticity improving motor learning capabilities, as they observed two
crucial properties of Hebbian plasticity, including synaptic specificity and associativity,
in vitro [19]. Finally, increasing the focal intensity of stimulation, such as by using high-
definition tDCS (HD-tDCS) in addition to robotic training, may be an alternative to elevate
motor improvement in patients with stroke, as HD-tDCS may show more long-lasting
after-effects that would presumably boost physical practice effects [93,94].

5. Conclusions

The current systematic review and meta-analysis revealed the potential additional
treatment effects of robotic-assisted movements coupled with tDCS protocols post-stroke.
Specifically, we found transient and sustained motor improvements in gait functions post-
stroke after individuals participated in rehabilitation sessions with coupled robotic training
and tDCS protocols. Helping stroke survivors to re-acquire walking capabilities is impactful
for the two augmented treatment protocols. Even though significant motor improvements
were absent in the upper extremities, the overall findings suggest clinical implications of
considering coupled top-down and bottom-up rehabilitation protocols. The additive effects
of executing two augmented rehabilitation protocols as dual treatment interventions for
the lower extremities warrants further investigation.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/app13031992/s1, Figure S1: Funnel plots including 20 comparisons about short-term effects of
combined robotic training and tDCS protocols on the upper limbs for publication bias assessments;
Figure S2: Funnel plots including 10 comparisons about long-term effects of combined robotic training


https://www.mdpi.com/article/10.3390/app13031992/s1
https://www.mdpi.com/article/10.3390/app13031992/s1

Appl. Sci. 2023,13,1992 16 of 20

and tDCS protocols on the upper limbs for publication bias assessments; Figure S3: Funnel plots
including five comparisons of short-term effects of combined robotic training and tDCS protocols on
lower limbs for publication bias assessments; Figure S4: Funnel plots including four comparisons of
long-term effects of combined robotic training and tDCS protocols on lower limbs for publication
bias assessments. Table S1: Intervention protocols for control; Table S2: Specific data format and
meta-analytic calculation data.
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