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Abstract

Background: Aging can cause degenerative changes in motor and cognition-related brain areas, presumably by interfering with gait
performance in healthy aging populations. We aimed to assess the effects of transcranial direct current stimulation (tDCS) on single- and
dual-task walking performances in healthy older adults using meta-analytic approaches. Methods: Eleven studies were qualified based
on the inclusion criteria: (a) healthy older adults, (b) treatment = tDCS protocols, (c) control = sham stimulation, (d) gait performance
outcomes, and (e¢) randomized controlled trials using parallel or crossover designs. Effect sizes were estimated using standardized mean
difference (SMD) to examine gait performances between active tDCS and sham stimulation. A separate random-effect meta-analysis was
performed to determine the effects of tDCS protocols on gait performance during single- and dual-task walking tasks. Results: During
single-task walking, the random-effects meta-analysis showed improvements in stride time variability (SMD = 0.203; p = 0.005) and
functional mobility (SMD = 0.595; p < 0.001). Moreover, single-task walking performances were improved when the tDCS protocols
targeted the primary motor cortex (SMD = 0.424; p = 0.005) and used off-line stimulation (SMD = 0.168; p = 0.008). During dual-task
walking, tDCS improved gait speed (SMD = 0.177; p = 0.025) and dual-task cost for gait speed (SMD = 0.548; p < 0.001). Dual-task
walking performances were advanced when the tDCS protocols targeted the dorsolateral prefrontal cortex (SMD = 0.231; p = 0.029)
and multiple areas including prefrontal cortex (SMD = 0.382; p = 0.001), and applied off-line stimulation (SMD = 0.249; p < 0.001).
Conclusions: These findings indicate that the tDCS protocols may be a promising tool to support mobility and reduce gait-related
challenges in the healthy aging population.
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1. Introduction sharing theory [16], simultaneously performing two tasks
may impair performance in one or both tasks because of
limited cognitive resources. Thus, executive function is
crucial for successfully performing dual tasks because this
cognitive process may contribute to the effective alloca-
tion of neural resources between both tasks by suppress-
ing irrelevant responses and decreasing task-switch costs
[17]. However, healthy older adults often showed lower
gait speed and greater stride time variability (STV) during
dual-task walking than during single-task walking [18-20].
Furthermore, older adults who exhibited lower prefrontal
cortical excitability showed more impaired executive func-
tions with lower dual-task performances [21]. Modulating
cortical excitability across key cognition-related brain ar-
eas may enhance dual-task walking performances in healthy
older adults.

Aging can cause degenerative changes in the central
and peripheral nervous systems presumably leading to im-
paired motor and cognitive functions [1-3]. Specifically,
structural and functional changes in the motor and premo-
tor cortical regions often occur in older adults and interfere
with motor actions and executive function [4,5]. Moreover,
muscle mass and strength tend to decrease with age, and
this age-related muscle atrophy leads to impaired activities
of daily living [6,7]. These age-related changes also affect
gait performance, as indicated by the decreased gait speed
and increased gait variability [8—11]. Given that single-task
walking performance (i.e., locomotion without executing
any other task) is normally related to a greater risk of falls
[12,13], identifying an effective way to improve gait per-
formances is necessary for advancing the independent life

of a healthy aging population. Transcranial direct current stimulation (tDCS) may be

Beyond single-task walking, successful dual-task
walking performances (i.e., locomotion while simultane-
ously executing another task such as talking, reading, or
planning) on real-world surfaces are frequently required for
healthy older adults [14,15]. According to the capacity-

effective way for advancing dual-task walking performance
in older adults [22—-24]. The potential mechanisms under-
lying tDCS-induced neuromodulation posited that anodal
stimulation may facilitate cortical excitability by depolariz-
ing the membrane, while cathodal stimulation may suppress
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cortical excitability by hyperpolarizing the membrane [25—
27]. Further, the excitatory and inhibitory effects caused by
tDCS protocols may be sustained for a few hours [28]. A
recent meta-analysis study confirmed a possibility of posi-
tive effects on dual-task performances after tDCS in older
adults [29]. However, these meta-analytic findings did not
focus on healthy older adults (e.g., one out of three studies
including mild cognitive impairments) and failed to report
effects on single-task performance. Potentially, these find-
ings could be affected by confounding bias because of clin-
ical characteristic of participants and task difficulty [30].
Thus, this systematic review and meta-analysis aimed to
examine the effects of tDCS protocols on walking perfor-
mance in healthy older adults. We focused on healthy older
population who had no motor and cognitive deficits, and
further estimated tDCS effects on both single- and dual-task
walking performances.

2. Methods
2.1 Study Identification

Based on Preferred Reporting Items for Systematic
Reviews and Meta-analyses (PRISMA) guidelines, a sys-
tematic review and meta-analysis was performed [31]. The
PRISMA checklist is shown in Supplementary Material.
We established five inclusion criteria using the Population,
Intervention, Comparison, Outcomes and Study (PICOS)
framework for establishing reliable selection criteria: (a)
Population: healthy older adults aged 60 years or over; (b)
Intervention: tDCS protocols; (¢) Comparison: controls
with sham stimulation; (d) Outcome: gait performance;
(e) Study design: randomized control trials (RCT) using a
parallel or crossover design [32]. Consistent with previ-
ous meta-analyses [33-35], we excluded studies involving
participants diagnosed with neurological diseases or sig-
nificant medical, psychiatric, or cognitive deficits. Fur-
ther, studies that did not explicitly state the exclusion of
participants with such conditions were also excluded. We
removed review articles, case studies, animal studies, and
studies that failed to provide sufficient data for computing
effect sizes. Using three databases including the PubMed
(https://pubmed.ncbi.nlm.nih.gov/), Web of Science (http
s://www.webofscience.com/wos/woscc/basic-search), and
Cochrane Library (https://www.cochranelibrary.com/), two
researchers (BJC and HL) independently performed a liter-
ature search. All articles published by August 1, 2024 were
carefully screened. The following keywords were used:
(older adults OR elderly OR aged) AND (non-invasive
brain stimulation OR NIBS OR transcranial electrical stim-
ulation OR TES OR transcranial direct current stimulation
OR tDCS) AND (gait OR walking OR timed up and go OR
Timed up and Go test (TUG) OR locomotion OR mobility).

2.2 Meta-Analytic Procedures

For conducting meta-analysis procedures, we applied
the Comprehensive Meta-Analysis software version 4.0

(Biostat, Englewood, NJ, USA). All effect sizes were es-
timated by calculating the standardized mean difference
(SMD). For RCT using a parallel design, individual effect
sizes were quantified by comparing mean and standard de-
viation values of gait performance between tDCS and sham
stimulation groups. For RCT using a crossover design, in-
dividual effect sizes were calculated by conducting paired
analysis that used sample size and mean difference values
with standard error [36,37]. The analysis may decrease pos-
sibility of disguising clinically important heterogeneity in-
duced by incorporating crossover design as if parallel de-
sign [38].

The greater values of SMD indicated more improve-
ments in gait performance after receiving active tDCS pro-
tocols than those for sham tDCS protocols. We used the
random-effects model for minimizing inherent heterogene-
ity caused by different experimental conditions such as par-
ticipants and study protocols [39]. A separate random-
effect meta-analysis was performed to determine effects
of tDCS protocols on gait performance during single- and
dual-task walking tasks.

For single- and dual-task performances, we performed
three moderator variable analyses to examine effects of
tDCS protocols based on the following conditions: (a) gait
variable, (b) targeted brain areas, and (c) stimulation tim-
ing. Additional meta-regression analyses were conducted
to identify relationship between tDCS effects and demo-
graphic characteristics (i.e., mean age and female ratio) and
tDCS parameter (i.e., stimulation intensity, duration, and
session), respectively.

Using Higgins and Green’s I-squared, we estimated
levels of heterogeneity across individual effect sizes [40].
Specific ranges of heterogeneity include: (a) low I-squared
(<25%), (b) moderate I-squared (50%—75%), and (c) high
I-squared (>75%). To evaluate potential publication bias,
we used the Egger’s regression test [41,42]. An asymmetri-
cal funnel plot and a p-value (<0.05) for the intercept (8¢)
denote significant publication bias. Moreover, a funnel plot
was provided for visual inspection after applying the trim
and fill technique [41].

2.3 Quality Estimation for Potential Methodological
Issues

Two researchers (BJC and HL) conducted indepen-
dent methodological quality assessment for each qualified
study based on the Cochrane risk of bias assessment tool
version 2 [43]. The tool comprised six domains: (a) ran-
domization process, (b) timing of identification or recruit-
ment of participants, (c) deviations from intended interven-
tion, (d) missing outcome data, (¢) measurement of the out-
come, and (f) selection of the reported results [44]. Consis-
tent with the protocols in the Cochrane risk bias assessment
tool [45], the risk of bias for each domain was determined:
(a) low risk of bias, (b) some concern, and (c) high risk of
bias.
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Fig. 1. PRISMA flowchart for the study identification procedure. tDCS, transcranial direct current stimulation; PRISMA, Preferred

Reporting Items for Systematic Reviews and Meta-analyses.

3. Results
3.1 Study Identification

Initially, we found 826 studies involving 221 from the
PubMed, 169 from the Web of Science, and 436 from the
Cochrane Library. After removing 229 duplicated studies,
we additionally excluded 164 studies (i.e., 40 review arti-
cles, 13 case studies, 46 protocol studies, one animal study,
and 64 studies that irrelevant to our topic). After screening,
422 studies that did not fulfill the inclusion criteria were
removed: (a) 298 studies that did not recruit healthy older
adults (i.e., 63 studies that did not focus on older adults,
94 studies involving patients with neurodegenerative disor-
ders, 89 studies involving patients with cerebrovascular dis-
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orders, 12 studies involving patients with musculoskeletal
disorders, 40 studies involving patients with motor and cog-
nitive disorders), (b) 48 studies that did not apply tDCS pro-
tocol, (c) 65 studies that did not assess gait performances,
and (d) 11 studies that reported insufficient data. Finally,
11 studies were included in this study [22-24,46—53]. The
PRISMA flow diagram describes specific study identifica-
tion procedure (Fig. 1).

3.2 Demographic Characteristics

The 11 included studies focused on 338 healthy older
adults who have no motor and cognitive deficits (range of
mean age = 61.0-78.8 years, body mass index (BMI) =
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Table 1. Participants characteristics.

. Total Age Gender Height Weight BMI . .
Study Study design 5 Motor and cognitive function
N) (yrs) (F/M) (m) (kg) (kg/m*)
Chatterjee et al. [46] 2023 Parallel Real: 18 76.1+68 11F,7M 81.5+104 48.6 £ 5.4
NA NA NA ABC BBS
Sham: 15 73.7+ 6.1 11F,4M 83.9+13.0 50.1 £5.0
Clark et al. [47] 2021 Parallel Real: 7 754 +£5.8 SE,2M 31.5+£3.0 81.5+9.8 46.6 £ 5.4
NA NA ABC BBS
Sham: 5  70.6 £5.2 4F, 1M 31.6 £5.7 77.1 £16.8 48.8 £ 6.4
Manor et al. [22] 2016 Crossover Total: 37 61.0+5.0 25F 12M 1.7+ 0.1 71+£9 NA NA
Orcioli-Silva et al. [48] 2021 Parallel Real: 10 66.0 6.3 SE,5M 1.71 £ 0.1 71.0 £ 94 282+ 1.1 17.6 £ 1.2
NA MoCA FES-I
Sham: 8 699 +4.8 7E, 1M 1.67 £ 0.1 73.6 £8.3 283+ 1.6 18.1 £0.9
Rodrigues et al. [49] 2023 Parallel Real: 14 713+ 7.6 8F,6 M 27.6 + 1.7
NA NA NA MMSE
Sham: 13 709+76 10F,3M 26.1 £2.2
Rostami ef al. [50] 2020 Parallel Real: 16  68.8 + 8.1 8F,8M
NA NA NA NA
Sham: 16 673 +5.3 8F,8M
Sayig-Keren et al. [23] 2023 Crossover Total: 20 72.6+50 O9F 11 M NA NA 263+28 MoCA  258+28 CCI 34414
Schneider et al. [51] 2021 Crossover Total: 25 739+52 20FE5M NA NA 26.6 £3.0 MoCA 26.6 + 2.8
Yi et al. [52] 2021 Parallel Real: 31 78.1+48 21F10M 1.56+38.7 622 +83 255432 NA
Sham: 26 788 +48 17F,9M 1.57 £ 8.6 61.5+86 248424
Zhou et al. [53] 2018 Crossover Total: 20 61.0 + 4.0 NA 1.58 £0.04 61.0£8.0 NA NA
Zhou et al. [24] 2021 Crossover Total: 57 750+ 5.0 43F 14M 1.6 £0.1 74.3 £ 16.8 NA MoCA 26.5 + 3.0

Data are mean + standard deviations. ABC, Activities specific balance confidence scale [54]; BBS, Berg balance scale [55]; BMI, Body mass index; CCI, Charlson comorbidity index; F,
Female; FES-I, Falls efficacy scale international; M, Male; NA, not applicable; MMSE, Mini-mental state examination [57]; MoCA, Montreal cognitive assessment [56].
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Table 2. Specific parameters of tDCS protocols and gait variables.

Targeted Brain Area . . o Session Gait Variables
Study Group Intensity Duration Timing  Surface
Anodal Cathodal (Period) Single Task Dual Task
Chatterjee ef al. [46] 2023 Trt R-DLPFC L-DLPFC 2 mA 20 min On 35 cm? 1 Gait speed NA
Clark et al. [47] 2021 Trt R-DLPFC L-DLPFC 2 mA 20 min On 35 cm? 18 Gait speed, Figure-8 walk time NA
(6 weeks)
Manor et al. [22] 2016 Trt L-DLPFC R-supraorbital ridge 2 mA 20 min Off 35 cm? 1 Gait speed Gait speed, Gait speed
cost
Orcioli-Silva et al. [48] 2021 Trt L-PFC, M1 R-mastoid 0.6 mA 20 min On 9 cm? 1 NA STV cost
Rodrigues et al. [49] 2023 Trt L-DLPFC R-supraorbital ridge 2 mA 20 min Off 25 cm? 16 TUG NA
(8 weeks)
Rostami et al. [50] 2020 Trt L-M1 R-supraorbital ridge 1 mA 20 min Off  55.25cm? 5 TUG, Figure-8 walk time NA
(1 week)
Sayig-Keren et al. [23] 2023 Trt L-DLPFC R-APC, L-LPC, L-MPC 2 mA 20 min Off 16 cm? 1 Gait speed, STV Gait speed, Gait speed
cost, STV
Schneider et al. [51] 2021 Trt L-DLPFC, M1 R-APC, L-LPC, L-MPC, L-S1, 1.5mA 20 min On 3.14 cm? 1 NA Gait speed cost
Yi et al. [52] 2021 Trt M1 L-M1, R-M1 1.98mA 20 min Off 24 cm? 1 Gait speed, TUG NA
Zhou et al. [53] 2018 Trt M1 R-supraorbital ridge 2 mA 20 min Off 35 cm? 1 TUG NA
Zhou et al. [24] 2021 Trt 1 L-DLPFC R-APC, L-LPC, L-MPC . .
. . Gait speed, Gait speed
Trt 2 M1 R-APC, L-MPC, L-S1 1.5 mA 20 min Off 3.14 cm? 1 Gait speed, STV
cost, STV, STV cost
Trt3 L-DLPFC,M1 R-APC, L-LPC, L-MPC, L-S1

APC, anterior prefrontal cortex; DLPFC, dorsolateral prefrontal cortex; L, left; LPC, lateral premotor cortex; M1, primary motor cortex; MPC, medial premotor cortex; R, right; S1, primary somatosensory
cortex; STV, stride time variability; Trt, treatment; PFC, prefrontal cortex; TUG, Timed up and Go test [58].
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24.8-31.6 kg/m?, and female ratio = 45-80%). Seven stud-
ies reported levels of motor or cognitive functions at base-
line: (a) activities-specific balance confidence scale from
two studies (a range of mean = 77.1-83.9) [54], (b) Berg
balance scale from two studies (a range of mean = 46.6—
50.1) [55], and (c) Montreal cognitive assessment from
four studies (a range of mean = 25.8-28.3) [56]. Table 1
(Ref. [22-24,46-57]) show more specific details for demo-
graphic information about participants.

3.3 tDCS Protocols

Four studies administered tDCS protocols during gait
assessments (i.e., on-line timing) and seven studies applied
tDCS before gait assessment (i.e., off-line timing). Eight
out of 11 studies administered a single tDCS session (i.e.,
only one session during the experiment) and three stud-
ies provided multiple sessions of tDCS protocol (i.e., 5—
18 sessions). For targeted brain areas of stimulation, an-
odal stimulation was applied to: (a) dorsolateral prefrontal
cortex (DLPFC) from five studies, (b) primary motor cor-
tex (M1) from three studies, and (c) multiple regions in-
cluding DLPFC-M1 and prefrontal cortex (PFC)-M1 from
two studies. Moreover, one study applied three different
protocols stimulating DLPFC, M1, and DLPFC-M1, re-
spectively [24]. Specific information for tDCS protocols
is shown in Table 2 (Ref. [22-24,46-53,58]).

3.4 Gait Variables During Single- and Dual-tasks

Nine studies assessed single-task walking perfor-
mances: (a) gait speed from two studies, (b) gait-related
functional mobility (i.e., timed up and go (TUG) [58] and
Figure-eight walk time) from three studies, (c) both gait and
gait-related functional mobility from two studies, and (d)
both gait speed and STV from two studies. Furthermore,
five studies evaluated gait performances during dual-task
walking: (a) gait speed cost (i.e., differences in gait speed
from single-task walking to dual-task walking; lower val-
ues of cost indicating better dual-task walking performance)
from one study, (b) both gait speed and gait speed cost
from one study, (¢) STV cost (i.e., differences in STV from
single-task walking to dual-task walking; lower values of
cost indicating better dual-task walking performance) from
one study, (d) one study evaluated gait speed, gait speed
cost, STV, and (e) one study assessed all gait speed, gait
speed, STV, and STV cost.

3.5 Methodological Quality Across Included Studies

The Cochrane risk-of-bias revealed a low risk of
methodological biases for each domain (Fig. 2): (a) ran-
domization process (all studies with low risk), (b) timing
of identification or recruitment of participants (all studies
with low risk), (¢) deviations from intended intervention (all
studies with low risk), (d) measurement of the outcome (10
studies with low risk and one study with some concern),
and (e) selection of the reported result (all studies with low

risk). For the missing outcome data, we found a relatively
moderate methodological biases (three studies with some
concerns) because missingness in the outcome because of
the dropout of participants.

3.6 tDCS Effects on Single-Task Walking Performance
from Meta-Analysis

A random-effects meta-analysis revealed that tDCS
significantly enhanced single-task walking performances in
healthy older adults (18 comparisons reported by nine stud-
ies; SMD = 0.142; standard error = 0.064; 95% confidence
interval (CI) = 0.016 to 0.269; Z = 2.209; p = 0.027; I-
squared = 38.9%; Egger’s By = 0.395 with p = 0.578; fun-
nel plot in Supplementary Fig. 1). First moderator vari-
able analysis indicated that tDCS significantly improved
two gait variables (Fig. 3): (a) STV (four comparisons re-
ported by two studies; SMD = 0.203; standard error =0.073;
95% CI = 0.060 to 0.347; Z = 2.780; p = 0.005; I-squared
=0.0%; Egger’s By =—1.568 with p = 0.289; funnel plot in
Supplementary Fig. 2A) and (b) functional mobility (six
comparisons reported by six studies; SMD = 0.595; stan-
dard error = 0.137; 95% CI = 0.327 to 0.863; Z = 4.346; p
< 0.001; I-squared = 0.0%; Egger’s 8y =—0.917 with p =
0.958; funnel plot in Supplementary Fig. 2B). However,
the analysis found no significant effects on gait speed (eight
comparisons reported by five studies; SMD =—0.033; stan-
dard error = 0.064; 95% CI =-0.159 t0 0.093; Z =-0.511;
p=0.609; I-squared = 0.0%; Egger’s Bp =—1.327 with p =
0.011; funnel plot in Supplementary Fig. 2C).

For targeted brain regions, moderator variable analy-
sis indicated that tDCS targeting the M1 significantly en-
hanced gait variables (Fig. 4) (six comparisons reported by
four studies; SMD = 0.424; standard error = 0.150; 95% CI
=0.1291t00.719; Z =2.818; p = 0.005; I-squared = 63.3%;
Egger’s By = 3.188 with p = 0.033; funnel plot in Supple-
mentary Fig. 3A). However, the analysis indicated no sig-
nificant effects of tDCS on the DLPFC (10 comparisons re-
ported by six studies; SMD = 0.039; standard error = 0.069;
95% CI =-0.095 to 0.174; Z = 0.573; p = 0.567; I-squared
=0.0%; Egger’s o =—0.757 with p = 0.236; funnel plot in
Supplementary Fig. 3B). For stimulation timing, the mod-
erator variable analysis indicated that off-line timing sig-
nificantly improved gait variables (Fig. 5) (14 comparisons
reported by seven studies; SMD = 0.168; standard error =
0.063; 95% CI = 0.045 to 0.292; Z = 2.664; p = 0.008; I-
squared = 39.0%; Egger’s 8¢ = 1.962 with p = 0.040; funnel
plot in Supplementary Fig. 4A). However, on-line timing
showed no significant effects on gait variables (four com-
parisons reported by two studies; SMD = —0.345; standard
error = 0.247; 95% CI =-0.830 to 0.139; Z =-1.396; p =
0.163; I-squared = 0.0%; Egger’s 59 =2.366 with p=0.321;
funnel plot in Supplementary Fig. 4B).

The meta-regression analyses failed to report signif-
icant relationships between enhancements in single-task
walking performances after tDCS and following demo-
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Mano 2016 Gait Speed (DLPFC) 0.003 -0.319  0.325 0.987
Zhou 2021 Gait Speed (DLPFC) 0.030 -0.230 0.289 0.823
Gait Speed -0.033 -0.159  0.093 0.609
-2 -1 0 1 2

Favours sham Favours tDCS

Fig. 3. tDCS effects on different gait variable during single-task walking. CI, confidence interval; LL, lower limit; SMD, standardized

mean difference; UL, upper limit.

graphic characteristics and tDCS parameters: (a) age (18
comparisons reported by nine studies; ¥ = 1.472-0.018.X;
p = 0.150), (b) female ratio (17 comparisons reported by
eight studies; ¥ = 0.162-0.079X; p = 0.873), (c) inten-
sity of stimulation (18 comparisons reported by nine stud-
ies; ¥ = 0.712-0.349X; p = 0.104), and (d) session of
stimulation (19 comparisons reported by five studies; Y
= 0.128-0.003X; p = 0.841). Meta-regression analyses
were not conducted on the duration of stimulation in single-
task walking performances because all studies applied same
tDCS protocols.
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3.7 tDCS Effects on Dual-Task Walking Performance from
Meta-Analysis

A random-effects meta-analysis denoted that tDCS
significantly enhanced dual-task walking performances in
healthy older adults (19 comparisons reported by five stud-
ies; SMD=0.281; standard error=0.061; 95% CI=0.162 to
0.400; Z=4.612; p < 0.001; I-squared = 63.9%; Egger’s 8
=3.497 with p = 0.013; funnel plot in Supplementary Fig.
5). First moderator variable analysis indicated that tDCS
significantly improved two gait variables (Fig. 6): (a) gait
speed (five comparisons reported by three studies; SMD =
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Study Name Out M e (targeted brain area) SMD LL UL P -value SMD and 95% CI
Zhou 2021 Gait Speed (M1) 0.000 -0.260 0.260  1.000
Zhou 2021 Stride Time Variability (M1) 0273 0.008 0537  0.043 — 11—
Yi 2021 TUG (M1) 0318 -0.207 0842 0235 —_—{—
Zhou 2018 TUG (M1) 0784 0283 1285  0.002 —
Rostami 2020  TUG (M1) 0852 0128 1576  0.021 _T
Rostami 2020  Modified Figure-8 Walk Time (M1) 0908 0181 1.636 0.014 —_—
M1 0424 0129 0719 0.005 ——
Chatterjee 2023 Change in Gait Speed (DLPFC) 0.631 -1.333 0071 0.078 T}
Clark 2021 Gait Speed (DLPFC) 0424 1584 0736 0474 1
Clark 2021 Obstacle Walk Speed (DLPFC) 0329 1484 0826 0577 1
Sayig-Keren 2023 Gait Speed (DLPFC) 0134 0574 0306 0551 —m—
Mano 2016 Gait Speed (DLPFC) 0003 -0.319 0325 0987
Zhou 2021 Gait Speed (DLPFC) 0030 -0.230 0289  0.823 1
Sayig-Keren 2023 Stride Time Variability (OLPFC) 0075 -0.364 0514 0.738
Rodrigues 2023  TUG (DLPFC) 0158 -0.598 0914 0.682 1
Zhou 2021 Stride Time Variability (DLPFC) 0221 -0.042 0484  0.099 +——
Clark 2021 Figure-8 Walk Time (DLPFC) 0507 -0.658 1673  0.394 1
DLPFC 0.039  -0.095 0.174 _ 0.567 <>
-2 -1 0 1 2
Favours sham Favours tDCS
Fig. 4. tDCS effects on single-task walking performances based on targeted brain regions.
Study Name Out M e (targeted brain area) SMD LL UL P -value SMD and 95% CI
Sayig-Keren 2023 Gait Speed (DLPFC) 0.134 0574 0306 0551
Zhou 2021 Gait Speed (M1) 0.000 -0.260 0.260  1.000
Zhou 2021 Gait Speed (DLPFC+M1) 0000 -0.260 0.260  1.000
Mano 2016 Gait Speed (DLPFC) 0003 -0.319 0325 0987
Zhou 2021 Gait Speed (DLPFC) 0030 -0.230 0289 0.823
Sayig-Keren 2023 Stride Time Variability (DLPFC) 0075 -0.364 0514 0738
Rodrigues 2023 TUG (DLPFC) 0158 -0.598 0914  0.682 1
Zhou 2021 Stride Time Variability (DLPFC+M1) 0.164 -0.098 0425  0.220 -3
Zhou 2021 Stride Time Variability (DOLPFC) 0221 -0.042 0484  0.099 —a—
Zhou 2021 Stride Time Variability (M1) 0273 0008 0537 0043 ——
Yi 2021 TUG (M1) 0318 -0.207 0842 0235 —_—
Zhou 2018 TUG (M1) 0784 0283 1285  0.002 ]
Rostami 2020 TUG (M1) 0852 0128 1576  0.021 ——
Rostami 2020 Modified Figure-8 Walk Time (M1) 0908 0181 1636 0014 ——
Off-line Timing 0.168  0.045 0.292  0.008 <
Chatterjee 2023 Change in Gait Speed (DLPFC) 0631 -1.333 0071 0.078 i,
Clark 2021 Gait Speed (DLPFC) 0424 1584 0736 0474 {5
Clark 2021 Obstacle Walk Speed (DLPFC) 0329 1484 0826 0577 1
Clark 2021 Figure-8 Walk Time (DLPFC) 0507 -0.658 1.673  0.394 =
On-line Timing 0.345 -0.830 0.139 _ 0.163 ——
-2 -1 0 1 2
Favours sham Favours tDCS

Fig. 5. tDCS effects on single-task walking performances based on timing of tDCS.

0.177; standard error = 0.079; 95% CI = 0.022 to 0.332; Z
=2.241; p =0.025; I-squared = 25.5%; Egger’s 8o = 0.786
with p = 0.821; funnel plot in Supplementary Fig. 6A) and
(b) gait speed cost (six comparisons reported by four stud-
ies; SMD = 0.548; standard error = 0.121; 95% CI = 0.311
t0 0.785; Z=4.531; p < 0.001; I-squared = 66.3%; Egger’s
Bo = 4.592 with p = 1.143; funnel plot in Supplementary
Fig. 6B). However, the analysis indicated no significant
effects on STV (four comparisons reported by two studies;
SMD = 0.109; standard error = 0.073; 95% CI = -0.033 to
0.252;Z=1.501; p=0.133; I-squared = 0.0%; Egger’s 5o =
—1.847 with p = 0.308; funnel plot in Supplementary Fig.
6C) and STV cost (four comparisons reported by two stud-
ies; SMD = 0.246; standard error = 0.153; 95% CI =-0.053
to 0.546; Z =1.611; p = 0.107; I-squared = 68.9%; Egger’s
Bo = 3.748 with p = 0.093; funnel plot in Supplementary
Fig. 6D).

For targeted brain regions, moderator variable analy-
sis denoted significant effects of tDCS on two brain area
(Fig. 7): (a) DLPFC (nine comparisons reported by three
studies; SMD = 0.231; standard error = 0.106; 95% CI =
0.023 to 0.438; Z = 2.181; p = 0.029; I-squared = 72.0%;
Egger’s 8o = 4.071 with p = 0.130; funnel plot in Supple-
mentary Fig. 7A) and (b) multiple regions (six compar-
isons reported by three studies; SMD = 0.382; standard er-
ror=0.111; 95% CI =0.165 to 0.600; Z = 3.443; p =0.001;
I-squared = 61.1%; Egger’s 8y = 3.642 with p = 0.039;
funnel plot in Supplementary Fig. 7B). For stimulation
timing, the moderator variable analysis indicated that off-
line timing significantly improved gait variables (Fig. 8) (17
comparisons reported by three studies; SMD = 0.249; stan-
dard error = 0.058; 95% CI = 0.135 to 0.363; Z = 4.297,
p < 0.001; I-squared = 60.1%; Egger’s Bp = 3.112 with
p = 0.128; funnel plot in Supplementary Fig. 8). How-

&% IMR Press


https://www.imrpress.com

Study Name Outcome M e (targeted brain area) SMD LL UL P -value SMD and 95% CI
Zhou 2021 Gait Speed (DLPFC) 0.000 -0.260 0.260 1.000 i
Sayig-Keren 2023 Gait Speed (DLPFC) 0.018 -0.420 0.456 0.936
Zhou 2021 Gait Speed (M1) 0.200 -0.062 0462 0.135 —m—
Zhou 2021 Gait Speed (DLPFC+M1) 0.200 -0.062 0.462 0.135 -0
Manor 2016 Gait Speed (DLPFC) 0.479 0.139 0.819 0.006 —]{0—
GaitSpeed 0.177 0.022 0.332  0.025 -
Zhou 2021 Gait Speed Cost (DLPFC) 0.102 -0.159  0.362 0.445 — 11—
Zhou 2021 Gait Speed Cost (M1) 0.530 0.253 0.807 P<0.001 —]1—
Zhou 2021 Gait Speed Cost (DLPFC+M1) 0.555 0.276 0.834 P<0.001 —8—
Schneider 2021 Gait Speed Cost (DLPFC+M1) 0.596 0.171 1.022 0.006 e
Sayig-Keren 2023 Gait Speed Cost (DLPFC) 0.802 0298 1.306  0.002 e —
Manor 2016 Gait Speed Cost (DLPFC) 0.892 0.511 1.273 P<0.001 e
Gait Speed Cost 0.548  0.311  0.785 P<0.001 ——
Sayig-Keren 2023 Stride Time Variability (DLPFC) -0.043 -0.482 0.395 0.847
Zhou 2021 Stride Time Variability (DLPFC) 0.057 -0.203 0.316 0.670
Zhou 2021 Stride Time Variability (M1) 0.132 -0.128 0.393 0.319
Zhou 2021 Stride Time Variability (DLPFC+M1) 0.193 -0.069 0.455 0.148
Stride Time Variability 0.109  -0.033  0.252 0.133

Zhou 2021 Stride Time Variability Cost (DLPFC) 0.000 -0.260 0.260 1.000
Zhou 2021 Stride Time Variability Cost (M1) 0.219  -0.044 0482 0.103
Zhou 2021 Stride Time Variability Cost (DLPFC+M1) 0.219  -0.044 0482 0.102
Orcioli-Silva 2021  Stride Time Variability Cost (PFC+M1) 1.709 0.624 2.793 0.002 ——{1—

Stride Time Variability Cost 0.246 -0.053  0.546 0.107

-2 -1 0 1 2
Favours sham Favours tDCS

Fig. 6. tDCS effects on different gait variables during dual-task walking.

Study Name Outcome Measure (targeted brain area) SMD LL UL P -value SMD and 95% CI
Sayig-Keren 2023 Stride Time Variability (DLPFC) -0.043 -0.482 0.395 0.847
Zhou 2021 Gait Speed (DLPFC) 0.000 -0.260 0.260 1.000
Zhou 2021 Stride Time Variability Cost (DLPFC) 0.000 -0.260 0.260 1.000
Sayig-Keren 2023 Gait Speed (DLPFC) 0.018 -0420 0456  0.936
Zhou 2021 Stride Time Variability (DLPFC) 0.057 -0.203 0.316  0.670
Zhou 2021 Gait Speed Cost (DLPFC) 0.102 -0.159 0.362  0.445 —fl—
Manor 2016 Gait Speed (DLPFC) 0.479 0139 0819  0.006 —{}—
Sayig-Keren 2023 Gait Speed Cost (DLPFC) 0.802 0298 1306 0.002 e 1 o
Manor 2016 Gait Speed Cost (DLPFC) 0.892 0.511 1.273 P<0.001 —I1—

DLPFC 0.231 0.023 0.438  0.029 +
Zhou 2021 Stride Time Variability (DLPFC+M1) 0.193  -0.069 0455 0.148 -—0—
Zhou 2021 Gait Speed (DLPFC+M1) 0.200 -0.062 0462 0.135 —]7—
Zhou 2021 Stride Time Variability Cost (DLPFC+M1) 0.219 -0.044 0.482 0.102 -—.—
Zhou 2021 Gait Speed Cost (DLPFC+M1) 0.555 0.276  0.834 P<0.001 —1—
Schneider 2021 Gait Speed Cost (DLPFC+M1) 0.596 0.171 1.022  0.006 ]t
Orcioli-Silva 2021  Stride Time Variability Cost (PFC+M1) 1.709 0.624 2793  0.002 P e

Multiple Regions 0.382  0.165  0.600  0.001 +
-2 -1 0 1 2
Favours sham Favours tDCS

Fig. 7. tDCS effects on dual-task walking performances based on targeted brain regions.

ever, on-line timing showed no significant effects on gait
variables (two comparisons reported by two studies; SMD
= 1.036; standard error = 0.544; 95% CI=-0.030to 2.102;
Z =1.905; p =0.057; I-squared = 71.4%).

The random-effect meta-regression analysis con-
firmed enhancements in dual-task walking performances
after tDCS were significantly correlated with decreased
age (19 comparisons reported by five studies; ¥ = 3.007—
0.037X; p = 0.003; Supplementary Fig. 9). However,
the analysis found no significant relationships between en-
hancements in dual-tasks after tDCS and following two
variables; (a) female ratio (19 comparisons reported by five
studies; ¥ = 0.583-0.425X; p = 0.498) and (b) intensity of
stimulation (19 comparisons reported by five studies; ¥ =
0.454-0.110X; p = 0.598). Meta-regression analyses were
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not conducted on the session and duration of stimulation in
dual-task walking performances because all studies applied
same tDCS protocols.

4. Discussion

This meta-analysis investigated the effects of tDCS on
gait performance during single- and dual-task walking in
healthy older adults. The findings revealed that tDCS sig-
nificantly improved overall gait performance during single-
and dual-task walking. Specifically, improvements in STV,
TUG, and figure-eight walk time were observed for single-
task performances, while increases in gait speed and re-
ductions in speed cost were observed for dual-task perfor-
mances. For targeted brain regions, tDCS stimulating M1
significantly advanced the gait performance during single-
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Study Name Outcome M e (targeted brain area) SMD LL UL P -value SMD and 95% CI

Sayig-Keren 2023 Stride Time Variability (DLPFC) -0.043 -0.482 0.395 0.847

Zhou 2021 Gait Speed (DLPFC) 0.000 -0.260 0.260  1.000

Zhou 2021 Stride Time Variability Cost (DLPFC) 0.000 -0260 0260 1.000

Sayig-Keren 2023 Gait Speed (DLPFC) 0.018 -0420 0456 0936

Zhou 2021 Stride Time Variability (DLPFC) 0.057 -0203 0316 0670

Zhou 2021 Gait Speed Cost (DLPFC) 0102 -0.159 0362 0445 —m—

Zhou 2021 Stride Time Variability (M1) 0132 -0.128 0393 0319 s

Zhou 2021 Stride Time Variability (DLPFC+M1) 0.193 -0.069 0455 0.148 1@

Zhou 2021 Gait Speed (M1) 0.200 -0.062 0462 0.135 1@

Zhou 2021 Gait Speed (DLPFC+M1) 0200 -0.062 0462 0.135 _

Zhou 2021 Stride Time Variability Cost (M1) 0219 -0.044 0482 0103 =

Zhou 2021 Stride Time Variability Cost (DLPFC+M1) 0219  -0.044 0482  0.102 i

Manor 2016 Gait Speed (DLPFC) 0479 0139 0819  0.006 ——

Zhou 2021 Gait Speed Cost (M1) 0.530 0253 0.807 P<0.001 —O—

Zhou 2021 Gait Speed Cost (DLPFC+M1) 0.555 0276 0.834 P<0.001 —&—

Sayig-Keren 2023 Gait Speed Cost (DLPFC) 0.802 0298 1.306  0.002 —8—

Manor 2016 Gait Speed Cost (DLPFC) 0.892 0511 1273 P<0.001 —a—
Off-line Timing 0.249  0.135 0.363 P<0.001 s o

Schneider 2021  Gait Speed Cost (DLPFC+M1) 0596 0171 1.022  0.006 —8—

Orcioli-Silva 2021  Stride Time Variability Cost (PFC+M1) 1709 0624 2793  0.002 —_— [}
Online Timing 1.036  -0.030 2102  0.057 0

-2 -1 0 1 2

Favours sham Favours tDCS

Fig. 8. tDCS effects on dual-task walking performances based on timing of tDCS.

task walking, and tDCS protocols stimulating multiple ar-
eas including prefrontal cortex were beneficial for dual-
task walking performance. For both single- and dual-task
walking performances, off-line tDCS protocols were effec-
tive. Improvements in dual-task walking performances af-
ter tDCS decreased with increasing age for older adults.

Positive effects of tDCS on gait-related performances
during single- and dual-task walking in healthy older adults
reinforce the previous meta-analytic findings that tDCS im-
proved dynamic balance and postural control in elderly peo-
ple [59,60]. To the best our knowledge, this meta-analysis
was the first to show tDCS effects on gait performance im-
provements by focusing on healthy older adults who had no
physical and cognitive impairments. Some studies reported
inconsistent results in motor improvements after tDCS pro-
tocols because of ceiling effects potentially caused by char-
acteristics of participants (e.g., healthy older adults) and
task difficulty (e.g., single-task walking) [61-63]. Impor-
tantly, our findings suggest that applying tDCS protocols
transiently may improve gait performances in healthy older
adults regardless of how challenging a task is to complete.

For dual-task walking, the meta-analytic results re-
vealed significant improvements in gait speed-related out-
come variables (i.e., speed and speed cost) although these
improvements were not observed in single-task walking.
Dual-task costs during gait performance (i.e., altered gait
functions from single task to dual task) may increase be-
cause of insufficient neural resources necessary for simul-
taneously completing both cognitive and motor task re-
quirements (e.g., walking while checking watch or phone)
[12,24]. Moreover, age-related cognitive impairments may
interfere with effective allocation of neural resources in the
brain, leading to greater reduction of gait speed while per-
forming cognitive tasks [12,23]. Previous meta-analysis
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studies reported that tDCS protocols facilitated neural ex-
citability across prefrontal cortical regions, resulting in im-
proved cognitive functions (e.g., faster reaction time and
better executive function) in older adults [29,64,65]. Per-
haps, these findings indicate that the contribution of tDCS
protocols to cognition-related neural plasticity may enhance
dual-task walking performances in healthy older adults.

In fact, our moderator variable analysis identified
that tDCS stimulating M1 significantly advanced single-
task walking performances, while tDCS protocols stimu-
lating multiple areas including prefrontal cortex improved
dual-task walking performances. These findings support a
proposition that altered motor cortical excitability by tDCS
may affect gait performances requiring lower level of cog-
nitive resources, whereas tDCS protocols targeting pre-
frontal cortical regions may be effective for improving daily
walking on the ground that normally requires greater cogni-
tive resources [51,52,66]. Motor improvements in healthy
older adults (i.e., single- and dual-task gait performances)
with tDCS protocols that stimulated cognition-related re-
gions may be associated with cognitive-motor integration
[67]. Cognitive-motor integration refers to concurrent in-
teraction between cognitive processes and motor control
systems through neural networks for goal-directed actions
[68]. Previous studies reported that distinct brain areas pre-
dominately involved in cognitive and motor tasks were in-
tegrated into a single network when both tasks were per-
formed simultaneously [69,70]. For example, a study using
functional magnetic resonance imaging revealed increased
excitability in both M1 and DLPFC during dual tasks (i.e.,
a stepping task combined with a serial subtraction task or
verbal fluency) as compared with excitability level of the
cortical regions during single task (i.e., executing motor
and cognitive task, separately) [71]. These findings sup-

&% IMR Press


https://www.imrpress.com

port a proposition that dual-task walking performance may
require the involvement of motor cortical regions as well
as cognition-related brain areas such as prefrontal cortical
regions. Presumably, applying tDCS protocols may mod-
ulate cortical excitability in a specific region that can fur-
ther influence anatomically or functionally connected areas
contributing to neural communications across cognitive and
motor networks. For example, anodal stimulation on the
left DLPFC improved both cognitive function (i.e., Mon-
treal Cognitive Assessment score) and motor performance
(i.e., gait and standing postural sway) compared with sham
tDCS condition [72]. Moreover, Lee and colleagues [67]
reported positive effects of anodal stimulation with DLPFC
on isometric pinch force control capabilities. Taken to-
gether, healthy aging population may receive beneficial ef-
fects on gait performances by reinforcing their cognitive
functions with tDCS protocols.

Interestingly, we found that off-line tDCS protocols
were effective for improving both single- and dual-task
walking performances, which is consistent with previous
findings that off-line tDCS protocols significantly advanced
motor and cognitive functions [73,74]. These findings sup-
port a proposition that tDCS protocols may be suitable for
clinical application in healthy older adults because partici-
pants can concentrate and naturally execute walking prac-
tice with minimized distraction and discomfort in off-line
tDCS condition. However, no significant effects of on-line
tDCS protocols may be attributed to the insufficient number
of studies (e.g., two studies for single- and dual-task walk-
ing). Thus, further studies will be necessary to confirm on-
line tDCS effects. Interestingly, the meta-regression analy-
sis identified that greater enhancements in dual-task walk-
ing performances after tDCS occurred in younger elderly
individuals. Previous studies raised a possibility that tDCS-
induced neural plasticity may be affected by age [75,76].
Potentially, tDCS effects on dual-task walking decreased
with altered excitatory effects of anodal stimulation for
older adults.

Despite the positive effects of tDCS on single- and
dual-task performances in healthy older adults, caution is
necessary when interpreting these findings. First, the posi-
tive overall effects of tDCS protocols on gait functions were
acquired from a insufficient number of included studies
(e.g., 26 studies). For dual-gait performances, five out of
11 qualified studies assessed dual-task performances before
and after tDCS protocols. Second, tDCS protocols used for
each study were inconsistent. Further, our meta-regression
findings confirmed different tDCS parameters were not cor-
related with overall effects so that optimal parameters (e.g.,
targeted brain area, intensity, frequency, and sessions) for
improving gait performance in healthy older adults are still
inclusive. Thus, further studies that focused on healthy
older adults with standardized tDCS protocols are neces-
sary to support current findings. In addition to the transient
effects observed in this meta-analysis, administering multi-
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ple sessions of tDCS protocols may lead to retention effects
on gait performances [46,72]. Perhaps, home-based tDCS
training program may be effective for long-term of gait re-
habilitation in aging population because of the safety and
feasibility of tDCS protocols [77,78]. Finally, tDCS effects
may be influenced by different tDCS parameters [79,80] so
that future studies should explore individualized tDCS pa-
rameters for optimizing gait performances in older adults.

5. Conclusion

This systematic review and meta-analysis confirmed
that tDCS significantly enhanced single-and dual-gait per-
formances in healthy older adults. Specifically, applying
tDCS protocols enhanced gait STV and gait-related mobil-
ity (i.e., TUG and Figure-eight walk time) in single tasks
and improved gait speed in dual tasks. Further, tDCS stim-
ulating motor cortical regions advanced single-gait perfor-
mances, whereas tDCS targeting prefrontal cortical regions
was beneficial for improving dual-gait performances. Off-
line tDCS protocols showed positive effects on both single-
and dual-gait performances. These findings indicate that
tDCS protocols may be a promising tool to support mobil-
ity and reduce gait-related challenges in healthy aging pop-
ulations.
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