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ORIGINAL ARTICLE

EFFECTS OF TRANSCRANIAL DIRECT CURRENT STIMULATION FOLLOWED BY
TREADMILL TRAINING ON DUAL-TASK WALKING AND CORTICAL ACTIVITY IN
CHRONIC STROKE: A DOUBLE-BLINDED RANDOMIZED CONTROLLED TRIAL
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Objective: To explore the effects of transcranial
direct current stimulation followed by treadmill
training on dual-task gait performance and contra-
lesional cortical activity in chronic stroke patients.

Methods: Forty-five chronic stroke participants
were randomized into 3 groups: a bilateral trans-
cranial direct current stimulation and treadmill
training group; a cathodal transcranial direct cur-
rent stimulation and treadmill training group; and
a sham transcranial direct current stimulation and
treadmill training group for 50 min per session
(20 min transcranial direct current stimulation fol-
lowed by 30 min treadmill training), 3 sessions per
week for 4 weeks. Outcome measures included cog-
nitive dual-task walking, motor dual-task walking,
walking performance, contralesional cortical acti-
vity, and lower-extremity motor control.

Results: The cathodal transcranial direct cur-
rent stimulation +treadmill training group showed
significantly greater improvements in cognitive
dual-task walking speed than the other groups
(pcathodal vs sham=°'006’ pcathodal vs bilateral=0'016)' In
the cathodal transcranial direct current stimula-
tion + treadmill training group the silent period
duration increased significantly more than in the
other groups (p<0.05). Changes in motor evoked
potentials in the cathodal transcranial direct current
stimulation + treadmill training group were greater
than those in the sham transcranial direct current
stimulation + treadmill training group (p<0.05). No
significant changes were observed in the bilateral
transcranial direct current stimulation +treadmill
training group.

Conclusion: Cathodal transcranial direct current sti-
mulation followed by treadmill training is an effec-
tive intervention for improving cognitive dual-task
walking and modulating contralesional cortical
activity in chronic stroke. No beneficial effects were
observed after bilateral transcranial direct current
stimulation and treadmill training.

Key words: transcranial direct current stimulation; treadmill
training; dual-task walking; contralesional cortical activity;
rehabilitation; chronic stroke.
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(LAY ABSTRACT A
Dual-task walking is essential for daily functioning, both
at home and socially. This study explored the effects of
transcranial direct current stimulation followed by tread-
mill training on dual-task gait performance and contrale-
sional cortical activity in chronic stroke patients. A total
of 45 chronic stroke patients were randomized to 1 of 3
groups: a bilateral transcranial direct current stimulation
and treadmill training group, a cathodal transcranial di-
rect current stimulation and treadmill training group, or
a sham transcranial direct current stimulation and tread-
mill training group for 50 min per session, 3 sessions per
week for 4 weeks. Cognitive dual-task walking, motor
dual-task walking, walking performance, contralesional
cortical activity, and lower-extremity motor control of
the affected side were measured before and after the
intervention. The results show that cathodal transcranial
direct current stimulation followed by treadmill training
is an effective intervention for improving cognitive dual-
task walking and modulating contralesional cortical acti-

Qity in individuals with chronic stroke. )
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alking ability is impaired in most stroke patients.

Gait impairments may include decreased speed,
cadence, and step length, and increased stride time
(1). Performing another task during walking, dual-task
walking (DTW), further negatively impacts walking
ability. However, DTW is essential for daily functio-
ning, both at home and socially. Therefore, improving
DTW performance is important for stroke rehabilitation.
According to the principle of task-specific training,
DTW training has been proposed to improve DTW
performance (2). However, Liu et al. found that such
training programmes did not show better effects on
DTW performance than conventional physical therapy
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(2). Treadmill training (TT) is used as an effective
treatment for improving walking performance (3),
and has also been reported to improve DTW in stroke
patients (4). However, the improvement in DTW
speed did not reach the minimal clinically important
difference (MCID) in people with stroke (5). Thus, the
effectiveness of TT on DTW in patients with stroke
remains unclear.

The results of a functional near infrared spectroscopy
study demonstrated that brain activity in the premotor
cortex and supplementary motor area, especially cont-
ralesionally, correlated negatively with speed, cadence,
and stride length and positively with stride time during
DTW in people with chronic stroke (6). Such findings
indicate that contralesional motor-related brain areas
are activated more in stroke patients with worse DTW
performance. Thus, modulating the contralesional
motor area coupled with TT may be a potential training
strategy for improving DTW performance in stroke
patients.

Transcranial direct current stimulation (tDCS) may
alter neural excitability/inhibition by modulating the
gamma-aminobutyric acid (GABA) and glutamate sys-
tems in the motor cortex (7). A recent meta-analysis
showed that cathodal tDCS resulted in positive effects
on upper-extremity motor functions due to the sup-
pression of contralesional M1 excitability in chronic
stroke (8). In contrast, bilateral tDCS is thought to
inhibit contralesional primary motor cortex (M1) and
excite ipsilesional M1 to rebalance cortical activities
(9). Several studies have reported that applying cat-
hodal tDCS and bilateral tDCS with physical training
resulted in greater improvements in hand function in
stroke patients (10—12). However, little information is
available regarding the effects of tDCS and training on
DTW performance. Our recent study demonstrated that
1 session of bilateral or cathodal tDCS improved DTW
performance, possibly through inhibiting contralesio-
nal M1 in chronic stroke (13). However, the accumula-
tive effects of such combination of tDCS and physical
training are not known. Therefore, the objective of
this study was to investigate the accumulated effects
of combining tDCS (cathodal and bilateral) and TT on
DTW performance and contralesional brain activity in
individuals with chronic stroke. It was hypothesized
that tDCS and TT would result in greater improvements
in DTW performance and contralesional brain changes
than TT alone in individuals with chronic stroke.

METHODS

Subjects
The study protocol was approved by the ethics
committees of Taipei Veterans General Hospital
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and National Yang-Ming University. This trial
was registered at the Thai Clinical Trials Registry
(CTR20200910006 on 10 September 2020) and
conformed to the Consolidated Standards of Re-
porting Trials (CONSORT) checklist. Data on stroke
diagnosis, age, sex, stroke type, lesion site, and post-
stroke duration were obtained from detailed clinical
interviews and medical charts. The inclusion criteria
were: (i) 6 months after first-ever stroke with unila-
teral motor deficits; (ii) ability to walk independently
a distance of at least 10 m without using walking
aids; and (iii) a score of >24 on the Mini-Mental
State Examination (MMSE). Exclusion criteria
were: any contraindication to tDCS or transcranial
magnetic stimulation (TMS) (e.g. skin lesions on
sites for stimulation, metal implants, pacemakers);
neurological or orthopaedic diseases that would af-
fect participation in the experiment; past or current
history of non-superficial tumours or malignant tu-
mours; or epilepsy. All participants provided signed
informed consent before participation.

Experimental design

This study was a double-blinded (assessor- and
participant-blinded) randomized controlled trial
(RCT) with pre- and post-measurements. After the
baseline evaluation, an individual who was not
involved in the study selected a sealed envelope to
assign participants to 1 of the 3 groups: bilateral
tDCS and TT group; cathodal tDCS and TT group;
and sham tDCS and TT group. Participants were
blinded to the group assignments. Participants in the
bilateral tDCS+TT and cathodal tDCS+TT groups
received 20 min of bilateral tDCS and cathodal tDCS,
respectively, followed by 30 min of TT. Participants
in the sham tDCS +TT group received sham tDCS
stimulation, followed by 30 min of TT. The 50-min
training programme was administered at 3 sessions
per week for 4 weeks for a total of 12 sessions by the
same physical therapist. The outcomes were measu-
red before the intervention (pre-test) and on the day
after completing the 12 training sessions (post-test)
by the same assessor, who was blinded to the group
assignment (Fig. 1).

Intervention

Transcranial direct current stimulation. The stimula-
tion was delivered by a current stimulator (Eldith DC
Stimulator, NeuroConn,Ilmenau,Germany) through
a pair of 35 cm?electrodes with a maximal output
of 2 mA. The stimulation intensity was set at 2 mA
with a current density of 0.07 C/cm?, which is well
below the threshold for tissue damage (14). Electrode
placements for the different groups are described as
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68 subjects assessed for eligibility

Excluded (n=23)

- Seizure history (n=4)

- Unable to walk independently (n=4)

- Declined to participate the study (n=15)

4

Pre-intervention assessment (n=45)

v

Randomization (n = 45)

-

Bilateral tDCS+TT group
(n=15)
12 sessions of bilateral tDCS
followed by treadmill training

Cathodal tDCS+TT group
(n=15)
12 sessions of cathodal tDCS

followed by treadmill training

Sham tDCS+TT group
(n=15)
12 sessions of sham tDCS

followed by treadmill training

Dropout (n=1)
due to COVID-19 pandemic

Dropout (n=1)
due to COVID-19 pandemic

Dropout (n=1)
due to COVID-19 pandemic

Post-intervention assessment
(n=14)

Post-intervention assessment
(n=14)

Post-intervention assessment
(n=14)

v

A4

A4

Intention-to-treat analysis

Intention-to-treat analysis

Intention-to-treat analysis

(n=15) (n=15) (n=15)

Fig. 1. Flowchart of participant inclusion and study procedures (n=45). tDCS: transcranial direct current stimulation; TT: treadmill training.

follows: (i) bilateral tDCS: the anode was placed over
the ipsilesional M1 and the cathode over the contrale-
sional M1with the current delivered for 20 min (13);
(ii) cathodal tDCS: the cathode was placed over the
contralesional M1 and the anode over the contrala-
teral supraorbital ridge with the current delivered for
20 min (13); (iii) sham tDCS: the electrodes were
positioned as described for cathodal tDCS for 20
min. However, the current was only delivered for 60
s, with a ramp-up and ramp-down of 30 s to mimic
the sensation of real tDCS.

Treadmill training. Following tDCS (real or sham),
the participants immediately received 30 min of TT
(Biodex, Shirley, New York, NY, USA). During train-
ing, an experienced physical therapist encouraged the
participants to walk with a long stride, symmetry, and
upright posture as much as possible. The treadmill
speed, which started according to each individual’s
comfortable walking speed on level ground, was
increased by an increment of 0.2 km/h every 5 min,

as tolerated. The criteria for increasing speed were
determined by the ability to maintain an upright posture
and perceived exertion of “somewhat hard” or lower
(i.e. a Borg rating of perceived exertion <13) (15).

Outcome measures

The primary outcome was DTW performance, and
secondary outcomes included walking performance,
contralesional cortical activity, and motor control of
the affected lower extremity.

Dual-task walking performance. Cognitive DTW
(CDTW) and motor DTW (MDTW) performance
were measured using the GAITRite system (CIR
System Inc., Havertown, PA, USA). CDTW involved
walking at a comfortable speed while verbally serial
subtracting by 3, starting from a randomized 3-digit
number (e.g. 211). MDTW involved walking at a com-
fortable speed while carrying a tray with a bottle of
water with the non-affected hand. There were 3 trials
for measuring CDTW and MDTW performance, and
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the sequence of the 6 trials was random. The mean
of the 3 CDTW and MDTW trials was used for data
analysis. The GAITRite system is a straight walkway
containing pressure-sensitive sensors. The walkway
and pressure-sensitive area is 4.75 m long and 0.9 m
wide and 4.30 m long and 0.61 m wide, respectively.
Concurrent validity has been established, and test-
retest reliability while executing dual tasks in stroke
subjects has been proven (16, 17). The gait parameters
of interest were speed, cadence, step time, and step
length. In addition, the dual-task cost of gait speed
(DTC-speed) was calculated to indicate dual task inter-
ference. DTC-speed=(DTW speed—walking speed)/
walking speed x100% (18).

Walking performance. Walking performance was also
measured using the GAITRite system, as described
above. Participants walked at a comfortable pace wit-
hout a secondary task 3 times. The gait parameters of
interest were speed, cadence, step time, and step length.

Contralesional cortical activity. As aforementioned,
brain activity in the contralesional motor-related areas
correlated negatively with gait parameters during
DTW in people with chronic stroke (6). Thus, this
study measured changes in contralesional cortical
activity after the interventions to elucidate the possible
mechanisms of the training programmes. The resting
motor threshold (RMT) and motor evoked potentials
(MEP) were elicited by transcranial magnetic stimula-
tion (TMS) to indicate the cortical excitability of the
unaffected M1. In addition, the silent period (SP) dura-
tion and short-interval intracortical inhibition (SICI)
were measured using TMS to indicate contralesional
cortical inhibition.

The MEPs of the unaffected tibialis anterior (TA)
muscle were recorded using a Nicolet Viking EDX
EMG system (Natus) in response to TMS (Magstim
200 magnetic stimulator; Magstim Co., Whiteland,
Dyfed, UK). TMS was delivered through a double-
cone coil placed on the contralesional M1, with the
participants lying supine comfortably wearing a fitted
cap marked with a coordinate system (distance 1 cm).
The optimal scalp location (hot spot) was determined
by moving the TMS stimulator over the scalp in 1-cm
steps. Once the hot spot was identified, a single-pulse
TMS was delivered to the location to determine the
RMT, defined as the lowest stimulus intensity neces-
sary to elicit MEPs greater than 0.05-mV peak-to-
peak amplitude in at least 5 of the 10 consecutive
stimuli (19). RMT was expressed as a percentage of
the maximum stimulator output. The SP duration was
determined during isometric voluntary contraction
of the TA muscle. Ten magnetic stimuli were applied
at an intensity of 120% RMT while the participant
performed a maximum of 20% voluntary contraction.
The SP duration was determined from MEP onset to
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the recurrence of at least 50% of EMG background
activity (20). The paired-pulse paradigm was perfor-
med in the relaxed TA muscle to assess the SICI. The
conditioning stimulus intensity was set at 80% RMT
with a short inter-stimulus interval (2 ms), and the
testing stimulus at 120% RMT. SICI was expressed
as the percentage of inhibition using the following
formula: 100 — (conditioned MEP/unconditioned MEP)
%x 100 (21). For each condition, the data of 10 trials
were collected and averaged.

Lower extremity motor control. Motor control of
the affected lower limb was assessed using the Fugl-
Meyer assessment-lower extremity (FMA-LE), which
has been reported to have good reliability for people
with stroke (22). Each item is scored using a 3-point
ordinal scale from 0 (no performance) to 2 (complete
performance), with a maximum of 34 points. Higher
scores indicated better control of the lower extremities.

Sample size

The sample size was calculated using G*power
v3.1.9.7 (Heinrich-Heine-Universitit Diisseldorf,
Diisseldorf, Germany). According to a study explo-
ring the effect of gait training combined with tDCS
to improve gait performance (effect size f=0.536) in
participants with chronic stroke (23), the effect size f
was set to 0.5, with a power of 0.80 and a 2-tailed alpha
level of 0.05, in the current study. Assuming a dropout
rate of 30%, 45 subjects (15 in each group) were re-
quired to detect a significant difference in gait speed.

Statistical analyses

All analyses were performed using SPSS 25.0 (IBM
Corp., Armonk, NY, USA). Descriptive statistics
(mean (standard deviation; SD), number, or median
(interquartile range; IQR)) were calculated for all vari-
ables. The Shapiro—Wilk test was used to assess normal
distributions. The inter-group differences in baseline
characteristics were analysed using 1-way analysis of
variance (ANOVA) for continuous variables or y* test
for nominal scales. Intention-to-treat analysis was used
for missing data in the post-test. The normal distribu-
tion of outcomes, including gait performance, cortical
excitability, and inhibitory and lower limb motor
performance, could not be confirmed by the Shapiro—
Wilk test, and thus intergroup differences in baseline
were evaluated using Kruskal-Wallis 1-way analysis
of variance by ranks. The generalized estimating equa-
tion (GEE) model was used for repeated measures to
analyse the effect of time, group, and time x group
interaction. The GEE model was used to evaluate the
differential changes in each outcome across the time
points between the 3 groups. Differential changes in
each outcome were assessed using the regression coef-

J Rehabil Med 55, 2023


https://doi.org/10.2340/jrm.v55.5258

JRM

JRM

JRM

Effects of tDCS and treadmill training on dual-task walking and cortical activity in stroke p. 5 of 12

ficient (B) of the group x time interaction terms in the
model. In addition, pairwise comparisons of the GEE
analyses with post hoc Bonferroni correction were
performed to estimate the adjusted p-value for within-
group changes. The effect sizes for the differences in
changing values between groups were calculated using
Cohen’s d formula (24). A Cohen’s d value of 0.2
indicates a small effect size, 0.5 indicates, moderate
effect size, and 0.8 indicates a large effect size (25).
Statistical significance was set at p<0.05.

RESULTS

A total of 68 stroke participants were screened for
eligibility and 45 participants were included from
Taipei Veterans General Hospital and randomized to
the bilateral tDCS+TT (n=15),cathodal tDCS+TT
(n=15),or sham tDCS+TT groups (n=15). None of
the patients reported adverse events during the study
period. No significant group differences were found
in baseline demographic characteristics (Table I) or
outcome measures at the pre-intervention assessment.

Cognitive dual-task performance

GEE statistical analysis showed a significant
time-group interaction on CDTW speed (Wald ¥2
(2)=8.541,p=0.014), cadence (Wald x> (2)=10.039,
p=0.007), and step time of the affected side (Wald
1 (2)=8.953, p=0.011) (Table II). The parameter
estimates of the model showed that the cathodal
tDCS+TT group showed a significantly greater
increase in CDTW speed (f=8.60, p=0.006)
(Fig. 2A), cadence (f=13.56, p=0.002), and a
greater reduction in step time of the affected side
(f=-0.32, p=0.005) compared with the sham
tDCS +TT group. Moreover, the cathodal tDCS+TT
group showed a significantly greater increase
in CDTW speed (=6.77, p =0.016) (Fig. 2A)
and cadence (f#=8.89, p=0.026) and a greater

Table I. Demographic characteristics of participants (n=45)

reduction in step time of the affected side (f=-0.28,
p=0.043) than the bilateral tDCS+ TT group.
However, there were no significant differences bet-
ween the bilateral tDCS+TT and sham tDCS+TT
groups. Pairwise comparisons from the GEE
revealed that only the cathodal tDCS+TT group
showed significant improvements in CDTW speed
(»<0.001) and cadence (p=0.031) (Table SI). The
mean values for all the CDT gait parameters are
shown in Table SI.

Motor dual-task performance

No significant time-group interactions on MDTW
performance (Table II). Pairwise comparisons of
the GEE found that the cathodal tDCS+TT group
showed significant improvements in MDTW speed
(»=0.001), cadence (p=0.007), step length (affected
leg, p<0.001; unaffected leg, p=0.026), and step
time (affected leg, p=0.036; unaffected leg, p=0.020)
(Table SI). In the sham tDCS+TT group, a signifi-
cant increase in MDTW speed (p<0.001), cadence
(»=0.002), step length (affected leg: p<0.001; unaf-
fected leg: p=0.014), and step time of the unaffected
leg (p=0.006) was observed after 12 training sessions
(Table SI). The mean values for all gait parameters are
shown in Table SI.

Walking performance

GEE statistical analysis revealed a significant time-
group interaction in the walking speed (Wald y?
(2)=7.978,p=0.019), cadence (Wald > (2)=6.850,
p=0.033), and step time of the unaffected side (Wald
> (2)=10.617, p=0.005) (Table III). The interaction
effect indicated that the cathodal tDCS+TT group
showed significantly greater improvement in ca-
dence (f=5.82, p=0.026) and a greater reduction in
step time on the unaffected side (f=-0.09, p=0.003)
than the sham tDCS+TT group. The cathodal
tDCS+TT group also showed a significantly grea-

Group Bilateral Cathodal tDCS+TT group Sham tDCS + p-value
tDCS+TT group (n=15) (n=15) TT group (n=15)

Age, years, mean (SD) 55.43 (5.9) 60.64 (11.3) 64.05 (9.4) 0.054
Post-stroke period, months, mean (SD) 70.71 (48.0) 54.43 (38.7) 72.57 (57.10) 0.558
Sex (male/female), n 10/4 11/3 11/3 0.775
Height, cm, mean (SD) 168.29 (8.4) 164.00 (9.1) 164.54 (8.6) 0.206
Weight, kg, mean (SD) 73.43 (18.5) 64.46 (11.3) 66.12 (10.5) 0.723
Stroke type (I/H), n 7/7 9/5 10/4 0.359
Hemiparetic side (left/right), n 5/9 3/11 6/8 0.382
Assisted device (none/single cane/quad 8/4/2/0 8/2/2/2 7/5/2/0 0.499
cane/walker), n

MMSE, mean (SD) 29.64 (6.3) 28.71 (1.8) 28.93 (2.1) 0.304
MoCA, mean (SD) 28.14 (2.2) 27.00 (2.6) 28.07 (2.2) 0.466

I: ischaemic; H: haemorrhage; MMSE: Mini-Mental State Examination; MoCA: Montreal Cognitive Assessment; p-value: intergroup difference.
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Fig. 2. Effect of different transcranial direct current stimulation (tDCS)
followed by treadmill training (TT) on walking speed during: (A) cognitive
dual-task walking (CDTW); (B) motor dual-task walking (MDTW); (C)
walking performance. Data are presented as the median (interquartile
range). *p<0.05: intra-group comparison; *p<0.05: time*group
interaction.

ter increase in speed (f=6.70, p=0.005) (Fig. 2C)
and cadence (f=6.41, p=0.017) than the bilateral
tDCS+TT group. However, there were no significant
differences between the bilateral tDCS+TT and
sham tDCS+TT groups. Pairwise comparisons
revealed that both the cathodal tDCS+TT group
(p<0.001) and sham tDCS+TT group (p=0.024)
showed significant improvements in walking speed
after 12 training sessions (Table SII). In contrast,
a significant increase in cadence (p=0.003), step
length of the affected side (p<0.001), and reduc-
tion in step time of the unaffected side (»p=0.004)

were observed after cathodal tDCS + TT.
The mean values for all gait parameters are shown
in Table SII.

Contralesional cortical activity

There were significant time-group interactions in
MEP (Wald ¥* (2)=8.171, p<0.001) and SP (Wald
v’ (2)=17.498, p<0.001) (Table III). The cathodal
tDCS+TT group had a significantly greater reduction
in MEP (f=-162.44, p=0.004) and a greater increase
in SP (=7.75, p<0.001) than the sham tDCS+TT
group (Fig. 3). Compared with the bilateral tDCS+TT
group, the cathodal tDCS+TT group showed a sig-
nificantly greater increase in SP (f=4.76, p=0.003).
There were no significant differences between the
bilateral tDCS+TT and sham tDCS+TT groups. The
cathodal tDCS+TT group had significant increases in
RMT (»p=0.012) and SP (p<0.001), and a reduction
in MEP (»p<0.001) of the contralesional hemisphere
(Table SIII). Furthermore, a significant increase in SP
(»=0.013) was observed in the sham tDCS+TT group.
No significant changes were found in the bilateral
tDCS+TT group.

Lower extremity motor control

The GEE demonstrated a significant time-group
interaction in lower extremity motor control (Wald
v* (2)=8.314, p=0.016) (Table III). Compared with
the sham tDCS+TT group, the FMA-LE scores
improved more in the cathodal tDCS+TT group
(=0.57, p=0.006). The pairwise comparisons re-
vealed that only the cathodal tDCS+TT group had a
significant increase in the FMA-LE scores (p=0.002)
(Table SIII).

DISCUSSION

This randomized controlled trial is the first study to
explore the effects of inhibiting the contralesional
motor area followed by TT on DT gait performance
and contralesional cortical activity in individuals
with chronic stroke. Both cathodal tDCS and bi-
lateral tDCS were applied for inhibitory modula-
tion of the contralesional motor area in the current
study. It was found that cathodal tDCS followed
by TT can result in better effects on the CDTW
speed, cadence, and step time of the affected leg
than TT alone. Regarding cortical activity, catho-
dal tDCS and TT significantly increased inhibition
and decreased the excitability of the contralesional
M1 more than TT alone. However, 12 sessions of
bilateral tDCS and TT showed no significant effects
on DTW performance or cortical activity changes
in participants with chronic stroke.

J Rehabil Med 55, 2023
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Fig. 3. Changes in cortical activity of contralesional hemisphere after
different transcranial direct current stimulation (tDCS) followed by
treadmill training (TT). (A) motor-evoked potentials (MEP); (B) silent
period (SP). Data are presented as median (interquartile range).
#p<0.05: intra-group comparison; *p <0.05: time*group interaction.

In line with the current results, Nair et al. demon-
strated that cathodal tDCS combined with occupatio-
nal therapy improved upper-extremity motor function
in chronic stroke patients (26). However, Fusco et
al. did not show beneficial effects of cathodal tDCS
followed by physical training on gait performance
in participants with acute stroke (27). The authors
speculated that the lack of a cathodal tDCS effect
may be due to time after stroke. The results of a
meta-analysis also indicated that the positive effects
of cathodal tDCS on motor performance were found
only in chronic stroke, but not in acute or subacute
stroke (8). As the contralesional M1 has been conside-
red to support motor recovery in early stroke, it plays
an interfering role in chronic stroke (28, 29). There-
fore, the current findings support the hypothesis that
cathodal tDCS followed by TT exerts positive effects
on CDTW in chronic stroke. It was further noted that
the increased gait speed during CDTW reached the
MCID level (23%) (5). Collett et al. reported that 20

p. 8 of 12

sessions of treadmill walking with or without cogni-
tive distraction significantly improved CDTW in the
good walkers (walking speed >0.8 m/s), but not in
the limited walkers (walking speed <0.79 m/s) after
stroke (30). However, up to 79% of people with stroke
are categorized as limited walkers (31). Of note, in the
current study, 35 participants (77.8%) could be cate-
gorized as limited walkers, 10 participants in the bila-
teral tDCS+TT group (walking speed=36.78 (17.0)
cm/s), 14 participants in the cathodal tDCS+TT
group (walking speed=36.06 (11.2) cm/s), and 11
participants in the sham tDCS+TT group (walking
speed=34.36 (16.0) cm/s). After subgroup analysis,
it was noted that the CDTW speed of limited walkers
in the cathodal tDCS +TT group improved more than
that in the sham tDCS+TT group (»p=0.038). This
highlights that cathodal tDCS and TT may be effective
interventions to improve CDTW ability in individu-
als with chronic stroke, including limited walkers.
Also, the findings of the current study suggest the
potential transferal of improvements in CDTW in
daily activities, such as talking or answering a phone
when walking.

Parallel with improvement in CDTW, cortical
excitability and inhibition demonstrated by MEP and
SP, respectively, also changed significantly after cat-
hodal tDCS and TT. Furthermore, changes in CDTW
speed correlated positively with changes in SP of the
contralesional hemisphere (Spearman’s correlation
p=0.585, p=0.028), but not MEP after cathodal tDCS
and TT. Previous studies reported that participants
demonstrating worse CDTW performance showed
increased brain activation in contralesional motor
areas during CDTW (2, 30). Corp et al. found that
better DTW performance may be related to longer
SP in older adults (32). Taken together, we suggest
that the increase in inhibitory modulation in the
contralesional M1 after 12 sessions of cathodal tDCS
and TT may be related to improvements in CDTW
performance in people with chronic stroke. However,
the change in SICI was not significant after catho-
dal tDCS or TT. Therefore, in people with chronic
stroke, the SICI measured at rest may be insufficient
to reveal motor impairments, as the SP measured
during isometric contraction (33). The results of a
meta-analysis indicated that the difference between
the ipsilesional and contralesional hemispheres in
chronic stroke was only shown by the SP, but not by
the SICI (34). Thus, the SICI may not be sensitive
enough to document intracortical inhibition and indi-
cate motor recovery in chronic stroke. In contrast, the
neurophysiological phenomenon of SP is thought to
be mediated through the GABA -ergic system (35),
while SICI is suggested to be at least partly GABA
receptor-mediated (36). According to the current
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results, the GABA -ergic system may play a role in
the mechanisms of cathodal tDCS in brain activity
modulation after stroke.

However, cathodal tDCS and TT did not exert a better
effect on MDTW performance than TT alone. Both cat-
hodal tDCS combined with TT and TT alone improved
MDTW performance significantly, including speed,
cadence, step length, and step time (Table SI). Thus,
TT alone may improve MDTW performance; however,
it is necessary to validate such findings in RCT studies,
since the current study only reported improvements
after TT. This emphasized that the improvements in
MDTW speed did not correlate with the changes in
SP and MEP after 12 sessions of cathodal tDCS and
TT. In line with the current findings, a previous study
also demonstrated that only CDTW performance was
related to changes in SP, but not MDTW performance
in older adults (32). Thus, it is reasonable to speculate
that the neuromechanisms underlying the improvement
in CDTW and MDTW may vary. Furthermore, we sug-
gest that CDTW can be incorporated in future studies,
not only because of its functional importance, but also
its measurement sensitivity.

Similar to MDTW performance, walking perfor-
mance was improved by both cathodal tDCS follo-
wed by TT and TT alone, and adding cathodal tDCS
did not exert a better effect than TT alone. Fusco
et al. also reported that walking speed improved
after cathodal tDCS combined with exercise, and
after exercise only, and that there was no difference
in the improvement between these 2 groups (27).
Therefore, we suggest that applying cathodal tDCS
before TT for 12 sessions may be particularly effec-
tive in improving CDTW ability, but not MDTW or
walking ability, compared with TT in people with
chronic stroke.

Surprisingly, bilateral tDCS and TT did not exert
positive effects on CDTW, MDTW, or walking per-
formance. Similarly, previous studies have reported
that bilateral tDCS combined with general exercise
did not significantly improve gait performance com-
pared with general exercise in those with chronic
stroke (37, 38). According to Naro et al.’s study (39),
the motor cortex is prone to interhemispheric imba-
lance if bilateral tDCS is applied prior to robot-aided
gait training. They also demonstrated that bilateral
tDCS applied concurrently with gait training or
after gait training exerted better gait improvements
than those applied prior to gait training in people
with chronic stroke (39). It is not clear whether
the bilateral tDCS and TT protocol in the current
study resulted in an interhemispheric imbalance,
since the study only measured the motor cortex
in the contralesional hemisphere. However, no
significant effects on walking performance were

noted after 12 sessions of bilateral tDCS followed
by TT.

After 12 training sessions, it was found that cathodal
tDCS and TT improved FMA-LE scores more than
TT alone. A previous study showed that 10 sessions
of 1 Hz rTMS followed by task-oriented training sig-
nificantly improved FMA-LE scores in patients with
chronic stroke (40). In this study, we further noted
that the changes in FMA-LE correlated with changes
in MEP of the contralesional M1 after cathodal tDCS
and TT (Spearman’s correlation p=0.612, p=0.034).
Similarly, Sehle et al. reported that upper extremity
training effects on FMA scores were positively related
to MEP amplitudes of the ipsilesional M1 in stroke
patients (41). Therefore, modulation of cortical exci-
tability after cathodal tDCS and TT may be related to
improvements in FMA-LE after chronic stroke.

Study limitations

This study has some limitations. First, the study de-
monstrated the effects of tDCS followed by TT, and
the effects of tDCS prior to, or concurrent with, TT
are unknown. Secondly, the cortical activities were
assessed only in the contralesional hemisphere, and
the changes in the lesional hemisphere were not pro-
vided after tDCS, which limited the understanding of
bilateral hemispheric interaction after intervention.
Thirdly, the study did not measure follow-up changes;
therefore, it could not demonstrate whether the obser-
ved positive effects were maintained.

CONCLUSION

The positive effects of cathodal tDCS followed by TT on
CDTW performance and contralesional cortical activity
were superior to those of TT alone in patients with chro-
nic stroke. However, bilateral tDCS and TT did not sig-
nificantly affect DTW performance and cortical activity.
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