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Abstract

Objective: To determine the effects of anodal transcranial direct current stimulation (tDCS) combined with overground gait training on gait per-

formance, dynamic balance, sit-to-stand performance, and quality of life in individuals with incomplete spinal cord injuries (iSCI).

Design: Double-blind sham-controlled trial with a matched-pair design.

Setting: Sirindhorn National Medical Rehabilitation Institute, Thailand.

Participants: Individuals with iSCI (n=34) were allocated to the anodal or sham groups.

Intervention: Anodal tDCS was administered over the M1 lower-limb motor area at an intensity of 2 mA for 20 min in the anodal group, while the

sham group received a 30-s stimulation. Both groups received 40 min of overground gait training after tDCS for 5 consecutive daily sessions.

Main Outcome Measures: The 10-meter walk test (10MWT) was the primary outcome, while spatiotemporal gait parameters, the timed Up and

Go test, Five-Time Sit-to-Stand Test, and World Health Organization Quality of Life-BREF were secondary outcomes. Outcomes were assessed

at baseline, post-intervention, and at 1-month (1M) and 2-month (2M) follow-ups.

Result: Improvements in walking speed measured using the 10MWT were observed in both groups. However, the anodal group showed a greater

improvement than the sham group. For fast speed, the mean between-group differences were 0.10 m/s, 95% CI (0.02 to 0.17) (post-intervention),

0.11 m/s, (0.03 to 0.19) (1M), and 0.11 m/s, (0.03 to 0.20) (2M), while for self-selected speed, the median differences were 0.10 m/s, 95% CI

(0.06 to 0.14) (post-intervention) and 0.09 m/s, (0.01 to 0.19) (2M). The anodal group also had a greater stride length difference post-intervention

(median difference: 0.07 m, 95% CI (0.01 to 0.14)). No significant between-group differences were found for other outcomes.

Conclusion: Five-session of anodal tDCS with gait training slightly improved walking speed, sustained for 2 months post-intervention. However,

effect on spatiotemporal gait parameters was limited and dynamic balance, functional tasks (ie, sit-to-stand), and quality of life were unaffected

compared with overground gait training.

Archives of Physical Medicine and Rehabilitation 2023;000:1−11

� 2023 by the American Congress of Rehabilitation Medicine.
Spinal cord injury (SCI) greatly affects functional ability, espe-

cially lower-limb function and walking. Walking is a highly

desired goal for recovery among individuals with SCI.1 Chances
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of walking recovery after SCI can be predicted by neurologic

examination at admission and assessing demographic data (ie,

severity, age, sex, and lesion etiology).2 The chances of walking

recovery are better in less severe lesions as observed in people

with incomplete SCI (iSCI).2-8 Individuals with American Spinal

Injury Association Impairment Scale (AIS) grade B (sensory
tation Medicine.
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incomplete) have increased chances of walking recovery with less

severe involvement of the spinal cord (light touch and pinprick

preserved) while those AIS C or D (motor incomplete) have a bet-

ter prognosis for walking recovery, especially younger patients.2

Individuals with AIS C aged <50 years have a 70%-90% chance

of achieving functional walking, but this percentage decreases to

25%-40% in people aged >50 years.6,9 Individuals with AIS D

aged <50 years have a 100% chance of achieving functional walk-

ing, while older patients with AIS D have an approximately 80%-

100% chance of success.6,9 However, sex (men vs women) and

lesion etiology (traumatic vs non-traumatic SCI) show comparable

rates of functional gains.2

Walking recovery has become a target for rehabilitation

approaches. Clinical guidelines recommend gait training at moder-

ate-to-high intensity to improve walking function in iSCI.10 Over-

ground gait training has been reported to enhance lower-limb

function in iSCI.11−15 Moreover, 5 consecutive days of over-

ground gait training sessions with visual cues were reported to

enhance lower-limb and gait outcomes.11 Overground gait training

is convenient and its effectiveness is comparable with other forms

of locomotor training, such as treadmill training.16,17 However,

training alone may not promote full recovery.18

Transcranial direct current stimulation (tDCS) is a neuromodu-

lation technique currently used as an adjunctive treatment to

increase the effectiveness of neurorehabilitation. tDCS applied

over the primary motor cortex (M1) modulates neural activity at

both the cortical and spinal levels19-21 by inducing synaptic plas-

ticity.22 The tDCS effect depends on the applied current polarity;

cathodal stimulation induces an inhibitory effect, whereas anodal

stimulation induces an excitatory effect.22 Several tDCS studies

reported a positive effect of anodal tDCS on the upper extremity

in individuals with iSCI.23-27 However, limited evidence focuses

on the lower extremity, and these studies have shown conflicting

results.28-31 Most studies combined tDCS with robotic gait train-

ing, and 2 of 3 studies failed to show a positive result.28,29,31

Moreover, these studies used the same tDCS parameters (anodal,

2 mA, 20 minutes) applied over the M1 but varied in number of

sessions. No superiority was observed for active tDCS with

robotic gait training over sham regarding gait outcomes.28,29,31

This study aimed to determine whether 5 consecutive sessions

of anodal tDCS before overground gait training improved lower-

limb performance in ambulatory iSCI compared with gait training

alone (the sham group). We hypothesized that combining these

interventions could improve lower-limb performance when com-

pared with gait training alone. Moreover, as previous tDCS studies

showed that 5 consecutive daily sessions of tDCS with training

induced a post-intervention effect of at least 1 month,32,33 a longer

observation period should be considered. We also hypothesized
List of abbreviations:

10MWT 10-meter walk test

AIS Association Impairment Scale

ANOVA analysis of variance

FTSST five-time sit-to-stand test

iSCI incomplete spinal cord injury

RPE Ratings of Perceived Exertion

SCI spinal cord injury

tDCS transcranial direct current stimulation

TUG timed Up and Go test

WHOQOL-BREF World Health Organization Quality of Life-

BREF questionnaire
that the combined interventions would induce a long-term effect

at 1- and 2-month follow-ups.
Methods

Participants

This double-blind, randomized, sham-controlled study (RCT) was

conducted in the physical therapy department of Sirindhorn

National Medical Rehabilitation Institute, Nontaburi, Thailand

from June 2021 to May 2022. Thirty-four participants were

recruited according to the following inclusion criteria: (1) trau-

matic or non-traumatic motor iSCI (AIS C-D)34; (2) age between

18 and 70 years; (3) onset of injury between 1 and 30 months; and

(4) ability to walk at least 15 m independently (with or without a

walking device). The exclusion criteria were (1) use of knee-

ankle-foot orthosis; (2) severe spasticity (Modified Ashworth

Scale >2); (3) moderate-to-high musculoskeletal pain (numeric

pain score >4/10) that affected walking; (4) unstable clinical

signs, such as chest pain, resting heart rate >100 bpm, systolic

blood pressure ≥180 and/or diastolic ≥100 mmHg; and (5) contra-

indications to using tDCS, such as an intracranial metal implant or

cardiac pacemaker, scalp open wound, and history of epilepsy.

The study was promoted to potential participants through a poster

at the National Medical Rehabilitation Institute and word-of-

mouth field recruitment. Baseline demographic and clinical char-

acteristics, including age, sex, etiology, onset, level of injury,

chronicity, lower-limb muscle scores, and sensory scores were

obtained (table 1). Lower-limb muscle score was assessed from 5

key muscles of each leg from L2 to S1 using the International

Standards for the Neurological Classification of SCI. The total

motor score on both sides was 0-50. The lower-limb sensory score

was assessed at 9 sensory key points for each leg from L1 to S4-5

(light touch and pinprick). The total score on both sides was 0-36.

Participants were randomly allocated to either the anodal (n=17)

or sham (n=17) group by a third party. A match-paired design was

used to match (1) the level of injury (tetraplegia or paraplegia)

and (2) chronicity (subacute <12 months or chronic ≥12
months).35 Randomization was performed using sealed envelopes

marked “A”= anodal or “B”= sham when it was necessary to start

a new pair. Figure 1 depicts the study flow diagram. Written

informed consent was obtained from all individuals before partici-

pation. This study was approved by the Mahidol University Insti-

tutional Review Board (MU-CIRB 2021/407.1409) and the

Sirindhorn National Medical Rehabilitation Institute Ethics Com-

mittee (No. 64005) and registered on ClinicalTrials.gov (ID

NCT04910412).
Outcome measures

The assessor (a physiotherapist and trained researcher), who was

blinded to group allocation, performed outcome measurements 4

times: pre-intervention (PRE), immediately post the 5 sessions on

the same day (POST), at 1-month follow-up (1M), and at 2-month

follow-up (2M). The primary outcome was the 10-meter walk test

(10MWT), which assessed walking speed.36 The assessment was

conducted at 2 paces: (1) self-selected and (2) fast speeds. Self-

selected walking speed only partially reflects the potential to par-

ticipate in the community, whereas fast walking speed may reflect

the remaining capacity for a community challenge (ie, to cross the
www.archives-pmr.org
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Table 1 Participant demographics

Variable

Anodal Group

(n=17)

Sham Group

(n=17)

Age (years)* 41.88 (13.50) 48.41 (13.36)

Age groupsy

Younger adult (ages 18-35 years) 6 5

Middle-aged adult (ages 36-55 years) 8 9

Older adult (ages >55 years) 3 3

Sexy

Men 13 12

Women 4 5

Etiologyy

Traumatic 13 12

Non-Traumatic 4 5

Severity of injuryy

AIS C 7 5

AIS D 10 12

Level of injuryy

Tetraplegia 8 9

Paraplegia 9 8

Onset of injury (months)z 17.0 (8.0-22.50) 12.0 (12.0-16.0)

Range of onset of injuryy

0-3 months 1 0

4-6 months 3 6

7-12 months 3 2

>12 months 10 9

Chronicityy

Less than or equal 12 months 7 8

More than 12 months 10 9

Lower limb motor scores* 33.71 (9.25) 35.76 (8.17)

Lower limb sensory scorez 30.0 (26.0-33.5) 30.0 (30.0-35.0)

Using of walking device (non-use/use)y

Non-use 1 4

Use 16 13

* Data are presented as mean § SD.
y Data are presented as number of participants.
z Data are presented as median (IQR Q1-Q3).
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street).37 A combination of these 2 speeds is recommended as it

can provide additional information about walking ability in

iSCI.36 Participants walked at their own fast, safe, and self-

selected speed along a 14-meter walkway. Time was recorded for

only the middle 10 meters to account for acceleration and deceler-

ation. To calculate walking speed, the 10-meter distance was

divided by the time recorded in seconds (m/s).

Secondary outcomes were (1) spatiotemporal gait parameters

using the inertial wireless sensor device (the BTS G-WALK)

attached to the fifth lumbar spinous process with a belt for assess-

ing cadence, stride length, and stride duration.38 Participants

walked along a 10-meter walkway at their self-selected speed for

2 trials with the sensor device. Data from the sensor were stored

for offline analysis. Spatiotemporal gait parameters were automat-

ically generated using the BTS G-WALK software. (2) The timed

Up and Go test (TUG) was used for measuring dynamic balance.39

Participants were asked to stand up and walk forward at a normal

speed to the 3-meter mark, then return to sit on the chair; time was

recorded in seconds. (3) A 5-time sit-to-stand test (FTSST) for

measuring lower-limb strength and sit-to-stand skills was con-

ducted. This has been used in previous research11 with excellent

rater and test-retest reliability, showing a modest to strong
www.archives-pmr.org
correlation with the physical ability of ambulatory SCI40; more-

over, it is a clinical measure for the decision of clinically relevant

changes in ambulatory SCI.41 To perform the test, participants

were asked to stand up fully and sit 5 times in a row as quickly

and safely as possible. The time was recorded in seconds. (4) The

World Health Organization Quality of Life-BREF questionnaire

(WHOQOL-BREF) Thai version was used for assessing the qual-

ity of life,42 although it was retested only at 1M and 2M.
Interventions

A stimulatora was used to deliver current through a rectangular

saline-soaked sponge pad electrode measuring 35 cm2 (5 £ 7 cm).

The international 10-20 electroencephalogram system was used to

guide electrode placement. The anodal electrode (A) was placed

at the vertex to stimulate the lower-limb motor area of both corti-

ces,43 and the cathodal electrode (C) was placed over the right

supraorbital region44 with a cap (figure 2A). Participants in the

anodal group received tDCS at 2.0 mA for 20 minutes with a

ramp-up and ramp-down period of 30 seconds, as this intensity

was reported to enhance lower-limb motor cortex excitability.43

For the sham group, participants received the delivered current

http://www.archives-pmr.org


Fig 1 Study flow diagram.
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only for the first 30 seconds before it was automatically termi-

nated, and the electrodes remained on the participant’s head for 20

minutes. The participants were comfortably seated on a chair dur-

ing stimulation. Any adverse effects were recorded during and

after the stimulation. For both groups, the tDCS stimulator was

programmed by an independent researcher who was not involved

in the outcome measurement or intervention.

After tDCS, all participants underwent overground gait train-

ing. The training protocol was adapted from a previous study11

that demonstrated improvements in lower limb performance after

5 days of intervention in individuals with iSCI. Participants

walked along the walkway and could observe a target countdown

timer appearing on a 22-inch display at the end (figure 2B). They

then attempted to complete their 10M walk within the target time,

which was inferred from individual fast speeds and set at a speed

25% faster than the initial speed. The total gait training time was

40 minutes, including a 30-minute training period and a 10-minute

resting period that were separated by a short rest period of
approximately 2-3 min/time or based on the participants’ request.

Ratings of Perceived Exertion (RPE), a self-reported scale ranging

from 1 to 10, were monitored during the gait training. Participants

performed gait training at an RPE level of 5 (moderate exertion)

and were asked to rest if the RPE was higher. The intervention

program was administered for 5 consecutive days. Participants

were allowed to undergo regular rehabilitation programs during

the follow-up periods. The participants received a logbook and

were asked to record their rehabilitation details and any adverse

events that could have happened outside the research setting.
Data analysis

The sample size was calculated based on our pilot of the current

study. The alpha was 0.05, and the power was 0.80. The mean §
SD of the 10MWT change score in the anodal and sham groups

was 0.22 (0.14) m/s and 0.14 (0.08) m/s, respectively. A minimum

of 17 participants per group were necessary for the analysis.
www.archives-pmr.org
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Fig 2 Interventions. (A) tDCS and (B) Overground gait training.
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Statistical analyses were performed using SPSS version 18.0.

Change scores (Δ) from individual PRE data were used for anal-

ysis, and the calculated formulas were as follows: (1)

baseline = PRE-PRE, (2) at POST = POST-PRE, (3) at

1M = 1M-PRE, and (4) at 2M = 2M-PRE. For the data recorded

in time (s), that is, stride duration, TUG, and FTSST, the results

were multiplied by -1, such that a positive value equals better

performance and a negative value equals worse performance.

The Shapiro−Wilk test was used to verify the normality of the

distribution. Normally distributed data were analyzed using a 2-

way mixed analysis of variance (ANOVA). Subsequently, Bon-

ferroni post-hoc tests were used to analyze the group (anodal vs

sham), time (baseline, POST, 1M, and 2M), and interaction

(group £ time) effects. The Mann−Whitney U test was used to

analyze between-group differences at each time point for data

that were not normally distributed. A within-group difference

was analyzed using the Friedman 2-way ANOVA by ranks with

the Bonferroni post-hoc test. Statistical significance was set at

P<.05. Data are presented as the mean § SD for normally dis-

tributed data (fast speed and WHOQOL-BREF) and as medians

(interquartile range [IQR] Q1-Q3) for non-normally distributed

data. Between-group differences in change scores were calcu-

lated (anodal minus sham) and presented as either a mean or

median (95% confidence interval (CI)), depending on normality.

A positive difference was indicative of better outcome values in

the anodal group. Moreover, subgroup analysis was performed

to assess the time since injury (< or >12 months) and level of

injury (tetraplegia or paraplegia).
www.archives-pmr.org
Results

Participant demographics and baseline data are presented in table 1 and

summarized in table 2. No serious adverse events of tDCS were

observed. Patients were monitored for adverse events until the study

ended, and no adverse events were reported outside the research setting.

The anodal group reported itching (42% of participants) and tingling

(44% of participants) sensations only during the stimulation period.

The sham group reported itching sensations a moment after starting

stimulation, which disappeared after a few (1-2) minutes of stimulation.
Primary outcomes: 10MWT

For fast speed, a 2-way mixed ANOVA revealed overall changes

over time (F(2.26,72.30)=35.583, P<.001), a group effect

(F1,32=8.779, P=.006), and an interaction effect

(F(2.26,72.30)=4.677, P=.004). Post hoc tests revealed within-group

differences for the anodal (P<.001) and sham (P=.001) groups.

The mean (95% CI) between-group differences in change scores

favored the anodal group at POST (0.10 m/s (0.02 to 0.17),

P=.006), 1M (0.11 m/s (0.03 to 0.19), P=.002), and 2M (0.11 m/s

(0.03 to 0.20), P=.001) (table 3).

For self-selected speed, Friedman’s 2-way ANOVA by ranks

revealed changes over time within both groups (P<.001). The

median (95% CI) between-group differences in change scores

favored the anodal group at POST (0.10 m/s, (0.06 to 0.14), P<.001)
and 2M (0.09 m/s, 95% CI (0.01 to 0.19), P=.049), as revealed by

the Mann-WhitneyU test (table 3).

http://www.archives-pmr.org


Table 2 The summarized results of all outcomes

OUTCOME Group

Summarized Results

PRE POST 1M 2M

10MWT

with fast speed (m/s)*

Anodal 0.52 (0.32) 0.73 (0.44) 0.72 (0.44) 0.72 (0.43)

Sham 0.65 (0.40) 0.76 (0.43) 0.74 (0.44) 0.73 (0.42)

10MWT with self-selected speed (m/s)y Anodal 0.33 (0.19-0.54) 0.44 (0.34-0.76) 0.53 (0.38-0.76) 0.53 (0.37-0.78)

Sham 0.50 (0.22-0.86) 0.60 (0.30-0.94) 0.63 (0.32-0.95) 0.54 (0.33-0.92)

Stride length (meter)y Anodal 0.70 (0.46-1.00) 0.80 (0.59-1.13) 0.81 (0.61-1.05) 0.81 (0.61-1.01)

Sham 0.80 (0.47-0.95) 0.92 (0.54-1.05) 0.92 (0.65-1.05) 0.86 (0.67-1.03)

Stride duration (second)y Anodal 1.60 (1.41-2.00) 1.61 (1.21-2.00) 1.49 (1.30-1.93) 1.45 (1.26-1.83)

Sham 1.52 (1.26-1.79) 1.24 (1.08-1.76) 1.27 (1.07-1.53) 1.27 (1.08-1.54)

Cadence (steps/minute)y Anodal 75.65 (60.20-85.95) 76.01 (65.14-96.40) 82.43 (62.92-93.02) 82.43 (62.93-93.19)

Sham 81.65 (71.12-95.75) 92.55 (70.56-108.33) 91.08 (77.68-108.69) 92.55 (75.28-110.19)

TUG (second)y Anodal 34.00 (18.00-46.40) 25.50 (13.72-35.95) 21.45 (14.28-28.94) 21.45 (14.08-28.74)

Sham 20.14 (12.78-33.49) 17.25 (10.55-26.69) 19.14 (11.58-27.19) 17.49 (11.52-27.37)

FTSST (second)y Anodal 17.92 (14.27-19.69) 14.92 (13.19-18.07) 14.78 (13.17-16.40) 15.08 (12.96-16.85)

Sham 17.52 (13.21-19.30) 15.57 (12.33-18.62) 15.30 (10.98-18.56) 15.08 (11.15-18.06)

WHOQOL-BREF (score)* Anodal 87.18 (14.00) - 90.53 (10.72) 91.88 (11.60)

Sham 90.88 (9.46) - 91.82 (6.93) 93.29 (7.81)

* Values are mean § SD.
y Values are median (IQR Q1-Q3).
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Secondary outcomes

Stride length, stride duration, and cadence
For stride length, Friedman’s 2-way ANOVA by ranks revealed

changes over time in the anodal group (P=.001). The median

(95% CI) between-group differences in change scores favored the

anodal group at POST (0.07 m, (0.01 to 0.14), P=.041), as

revealed by the Mann-Whitney U test (table 3).

For stride duration, Friedman’s 2-way ANOVA by ranks

revealed changes over time in the anodal (P=.005) and sham

(P=.030) groups. No between-group differences were found for all

time points (table 3).

For cadence, Friedman’s 2-way ANOVA by ranks revealed

changes over time in the anodal (P=.020) and sham (P=.004)

groups. No between-group differences were found for all time

points (table 3).

TUG and FTSST
For TUG, Friedman’s 2-way ANOVA by ranks revealed changes

over time in the anodal (P<.001) and sham (P=.007) groups. No

between-group differences were found for all time points (table 3).

For FTSST, Friedman’s 2-way ANOVA by ranks revealed

changes over time in the anodal (P=.002) and sham (P=.040)

groups. No between-group differences were found for all time

points (table 3).

WHOQOL-BREF
A 2-way mixed ANOVA revealed changes over time

(F(1.27,40.70)=4.255, P=.018), with no group effect (F1,32=0.713,

P=.405), and no interaction effect (F(1.27,40.70)=0.612, P=.545)

(table 3). This suggested no differences between groups.
Subgroup analysis

The subgroup analysis of time since injury showed that in partici-

pants with post-injury >12 months, the anodal group had greater

improvements in fast speed, self-selected speed, and stride length
than the sham group. For fast speed, the median (95% CI)

between-group differences in change scores favored the anodal

group at POST (0.06 m/s, (0.01 to 0.25), P=.043), 1M (0.13 m/s,

(0.01 to 0.24), P=.028), and 2M (0.13 m/s, (0.01 to 0.24),

P=.028). For self-selected speed, the median differences (95% CI)

favored the anodal group at POST (0.10 m/s, (0.04 to 0.15),

P=.001) and 2M (0.12 m/s, (0.01 to 0.25), P=.043). For stride

length, the median (95% CI) between-group differences in change

scores favored the anodal group at POST (0.08 m (0.02 to 0.20),

P=.006). However, in participants with post-injury <12 months,

the median (95% CI) between-group differences in self-selected

speed favored the anodal group only at POST (0.10 m/s, (0.04 to

0.18), P=.004). These data are presented in supplemental table S1.

The subgroup analysis by injury level showed that in partici-

pants with tetraplegia, the anodal group showed greater improve-

ments in fast and self-selected speed than the sham group. For fast

speed, the median (95% CI) between-group differences in change

scores favored the anodal group at POST (0.14 m/s (0.03 to 0.26),

P=.006), 1M (0.16 m/s (0.04 to 0.29), P=.011), and 2M (0.14 m/s

(0.05 to 0.25), P=.036). For self-selected speed, the median differ-

ences (95% CI) favored the anodal group at POST (0.15 m/s (0.04

to 0.18), P=.002) and 2M (0.13 m/s (0.01 to 0.31), P=.027). How-

ever, in participants with paraplegia, the median (95% CI)

between-group differences in self-selected speed favored the

anodal group only at POST (0.08 m/s (0.05 to 0.12), P<.001).
These data are presented in supplemental table S2. No significant

between-group differences were observed for the other outcome

measures.
Discussion

This study aimed to determine whether 5 consecutive sessions of

combined anodal tDCS and overground gait training could

improve lower-limb performance compared with overground gait

training alone. For the primary outcome, fast and self-selected

walking speeds measured by 10MWT improved in both groups;

however, improvement was slightly higher in the anodal group at
www.archives-pmr.org
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Table 3 Summarized change scores, between-group differences, and statistical analyses

Outcome Group

Change Score From PRE

P Value

TIME Effect (Within-Group Comparison)

GROUP Effect

(Between-Group Comparison)

GROUP £
TIME EffectAt POST At 1M At 2M Overall

Baseline

vs at POST

Baseline

vs at 1M

Baseline

vs at 2M Overall At POST At 1M At 2M

10MWT with

fast speed* (m/s)

Anodal 0.21 (0.13) 0.20 (0.13) 0.19 (0.14) <.001 <.001 <.001 <.001 .006 .006 .002 .001 .004

Sham 0.11 (0.06) 0.09 (0.10) 0.08 (0.11) .001 <.001 .003 .011

Between-group difference 0.10 (0.02-0.17) 0.11 (0.03-0.19) 0.11 (0.03-0.20)

10MWT with self-

selected speedy (m/s)
Anodal 0.18 (0.14-0.23) 0.16 (0.05-0.31) 0.19 (0.06-0.32) <.001 <.001 <.001 <.001 - <.001 .160 .049 -

Sham 0.08 (0.05-0.11) 0.10 (0.07-0.14) 0.11 (0.03-0.18) < .001 .004 < .001 .001

Between-group difference 0.10 (0.06-0.14) 0.06 (�0.02 to 0.16) 0.09 (0.01-0.19)

Stride length y (meter) Anodal 0.12 (0.08-0.23) 0.09 (�0.01 to 0.22) 0.14 (0.02-0.26) .001 .039 .026 .003 - .041 .357 .170 -

Sham 0.05 (�0.01 to 0.11) 0.01 (�0.07 to 0.20) 0.04 (�0.04 to 0.14) .334 - - -

Between-group difference 0.07 (0.01-0.14) 0.08 (�0.06 to 0.16) 0.09 (�0.03 to 0.18)

Stride durationy (second) Anodal 0.12 (0.01-0.24) 0.12 (�0.04 to 0.31) 0.10 (0.01-0.29) .005 .011 .084 .101 - .683 .734 .973 -

Sham 0.05 (0.02-0.24) 0.13 (�0.01 to 0.30) 0.12 (�0.04 to 0.35) .030 .170 .070 .324

Between-group difference 0.07 (�0.17 to 0.09) �0.03 (�0.12 to 0.20) �0.01 (�0.15 to 0.17)

Cadencey (steps/minute) Anodal 5.60 (1.88-11.81) 7.45 (�1.60 to 14.71) 5.17 (�0.08 to 11.76) .020 .047 .070 .278 - .946 .919 .586 -

Sham 5.96 (1.29-11.83) 6.58 (0.78-15.77) 8.24 (0.48-14.21) .004 .039 .013 .084

Between-group difference �0.36 (�5.13 to 6.96) 0.87 (�9.24 to 8.28) �3.07 (�9.55 to 7.32)

Change Score From PRE

P Value

TIME Effect (Within-Group Comparison)

GROUP Effect

(Between-Group Comparison)

Data Group At POST At 1M At 2M Overall

Baseline

vs at POST

Baseline

vs at 1M

Baseline

vs at 2M

Overall At POST At 1M At 2M GROUP £
TIME Effect

TUG y (second) Anodal 4.16 (2.01-7.79) 3.80 (1.16-11.62) 3.80 (1.85-10.76) <.001 .005 .002 <.001 - .218 .114 .085 -

Sham 2.16 (0.62-5.16) 1.00 (�0.34 to 5.09) 1.19 (�0.35 to 5.09) .007 .007 .324 .278

Between-group difference 2.01 (�1.15 to 4.16) 2.80 (�0.67 to 6.49) 2.61 (�0.61 to 6.67)

FTSSTy (second) Anodal 1.69 (0.01-2.73) 2.31 (0.45-3.67) 1.98 (0.36-4.63) .002 .278 .004 .011 - .394 .413 .433 -

Sham 1.27 (0.31-2.14) 1.57 (�0.02 to 2.50) 1.47 (0.26-3.11) .040 .324 .121 .101

Between-group difference 0.42 (�0.86 to 1.90) 0.74 (�0.96 to 2.21) 0.51 (�1.35 to 2.69)

WHOQOL-BREF* (score) Anodal 3.35 (6.60) 4.71 (7.73) .011 - .174 .026 .405 - .306 .330 .545

Sham 0.94 (8.58) 2.41 (10.08) .418 - 1.000 .510

Between-group difference 2.41 (�2.94 to 7.76) 2.29 (�3.98 to 8.57)

NOTE. Bold values indicate statistical significance. The formula for calculating between-group difference was (change score of the anodal group) − (change score of the sham group).
* Data were analyzed using 2-way mixed ANOVA with post hoc test. Change scores are reported as mean § SD. Between-group differences are reported as mean (95% confidence interval of mean).
y Data were analyzed using Friedman 2-way ANOVA by Ranks with post hoc test and Mann-Whitney U test. Change scores are reported as median (IQR Q1-Q3). Between-group differences are reported as median

(95% confidence interval of median).
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post-intervention and follow-ups than in the sham group. For the

secondary outcome, stride length greater improved in the anodal

group than in the sham group at post-intervention. Similarly, sub-

group analysis showed that the effect was greater in participants

with a post-onset of >12 months than in those with an onset of

<12 months. Additionally, the effect was greater in participants

with tetraplegia than in those with paraplegia. No significant

between-group differences were found for other secondary out-

comes, including spatiotemporal gait parameters, lower limb func-

tion, and quality of life for overall and subgroup analysis.

The primary outcome results support our hypothesis, as walk-

ing speed was improved in the anodal group over the sham group,

and such improvement lasted up to 2 months post-intervention.

This was not the case for most of our secondary outcomes. How-

ever, results of the subgroup analysis should be interpreted with

caution because of the exploratory nature of the subgroup analysis

including a limited number of participants in each subgroup. As

the sample size calculation has not accounted for the subgroups,

our subgroup analysis may be underpowered.

tDCS application

Applying a 2-mA anodal tDCS for 20 minutes over the M1 lower-

limb area before gait training for 5 consecutive sessions daily

increased gait performance compared with sham, with an after-

effect lasting 2 months. A positive after-effect found in the present

study was consistent with previous reports, which showed that 5

daily consecutive sessions of tDCS induced a post-effect for at

least 1 month post-intervention.32,33 Previous studies proposed

that neuromodulation therapy can help promote connectivity effi-

cacy and motor recovery after SCI by strengthening the spared

corticospinal tract connectivity.45−47 The application of 2 mA

anodal tDCS over the M1 increased spared corticospinal excitabil-

ity in chronic SCI.48 Moreover, a recent meta-analysis reported

that anodal tDCS applied over the M1 could improve motor func-

tionality in iSCI.49
Effects on walking performance

Greater improvements in walking speed were found in the anodal

group than in the sham group for the overall and subgroup analy-

ses. The spontaneous recovery rate was reported within 12 months

post-injury in individuals with incomplete paraplegia and tetraple-

gia, in which most recovery occurs in the first 3 months and motor

improvement is almost complete by 9 months, and plateaus at 12-

18 months after SCI.50,51 Subgroup analysis concerning time post-

injury suggested that the positive effect found in the anodal group

was more prominent in participants who had an injury onset of

>12 months in which the spontaneous recovery declined. The

improvement might be related to the intervention rather than spon-

taneous recovery. However, the sample size in each subgroup was

small.

Differences in walking speed (fast speed) between groups at

post-intervention and follow-ups ranged from 0.10 to 0.11 m/s,

while the difference in self-selected speed at post-intervention

was 0.10 m/s. These reached the lower limit of minimal clinically

important difference for change in gait speed of 0.10-0.20 m/s in

individuals with neurologic conditions.52 The improvement in the

anodal group over the sham group was considered clinically sig-

nificant. However, it should be noted that the lower bounds of the

95% CI of our differences in walking speed results are small (eg,

0.02-0.06 m/s) and not clinically significant (table 3). For
spatiotemporal gait parameters, improvement in stride length was

greater in the anodal group than in the sham group for 0.07 m only

at post-intervention for overall analysis. The subgroup analysis

showed that this improvement was observed in participants with

post-injury >12 months. To our knowledge, there are no available

minimal clinically important difference data for stride length in

neurologic or SCI populations. There were no differences in stride

duration and cadence for other spatiotemporal gait parameters.

The current findings differed from those of previous studies

that combined anodal tDCS with robotic-assisted gait training (12-

36 sessions) in iSCI, which showed no improvement in gait

parameters compared with sham tDCS.28,29 A recent RCT on iSCI

also showed that 3 sessions of concurrent anodal tDCS with loco-

motor skilled training were not superior to sham for improvement

in gait speed and spatiotemporal characteristics.30 Only 1 RCT in

iSCI showed a positive effect of tDCS with robotic gait training

evaluated by walking index compared with sham at the end of 30

sessions but not at 15 sessions.31 The effect of tDCS combined

with robotic gait training seems inconclusive, and it may be dose-

dependent. The gait training strategy could explain the positive

effect observed in the present study. The method used in this study

was based on the principles of activity-based rehabilitation train-

ing for SCI.53 We focused on increasing walking speed by provid-

ing visual and temporal cues as feedback to drive the locomotor

system and voluntary lower-limb effort to produce longer or faster

stepping movements.54 To our knowledge, the optimal gait train-

ing schedule and intensity to achieve minimal clinical importance

in iSCI are still inconclusive. A review suggested that effective

gait training may range between 10 and 130 sessions in iSCI to

achieve the minimal detectable change in walking speed, distance,

or categorical changes in walking ability.55 Our 5 consecutive

training sessions may not have been enough to induce changes in

other walking outcomes besides gait speed. Increasing the number

of treatment sessions in future studies may be of interest.
Effects on dynamic balance and sit-to-stand
performance

TUG and FTSST improved in both groups, with no differences

between groups. In the present study, participants received only

gait training, while TUG consists of several subtasks,39 and

FTSST mainly evaluates sit-to-stand skills.40 Improvement in

these 2 outcomes over time may be due to the voluntary effort

required during gait training that might indirectly improve lower-

limb motor skills and other lower-limb functional activities.56

Moreover, the findings in the anodal tDCS group were not superior

to those in the sham group. This may be caused by non-specific

task training. To obtain a greater tDCS effect, the main training

program should be specific to the tasks that need improvement.57
Effects on quality of life

No difference between groups was found. Previous studies on SCI

have shown that walking speed can reflect community walking

ability58 and that community walking may affect the quality of

life in populations with neurologic conditions.59,60 However,

given that the WHOQOL-BREF evaluates several dimensions

(physical and psychological health, social relations, and environ-

ment), it would require more than a single change in walking

speed to alter the overall score.
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Study limitations

In an attempt to reduce the risk of bias, we considered allocation

concealment, and blinding of participants and outcome assessors.

However, this study has several limitations. First, the recruited

participants’ ages ranged from 18 to 65 years, and older age can

affect tDCS response and neural plasticity.61,62 Nevertheless, the

average age and number of participants in each age group were

comparable (table 1). Second, for ethical considerations, partici-

pants were receiving rehabilitation training during the follow-up

period. A logbook was provided for recording their training, and

the type or amount of training did not differ between the groups.

Third, 4 of 17 participants in the anodal group received gabapentin

to relieve neuropathic pain, which may alter the neurotransmission

system.63 Nonetheless, a previous review reported that gabapentin

did not affect the motor threshold or motor evoked potential.64

Lastly, this study only focused on the functional outcome; how-

ever, assessing the AIS motor score, which can indicate recovery

after SCI,34 was not included. We suggest including the motor out-

come in further studies. Moreover, studies with a larger sample

size are necessary to more accurately assess the investigated

effect. External factors such as medications and ongoing rehabili-

tation should always be considered as they may affect the results.
Clinical implication

Five sessions of tDCS with gait training improved walking speed

compared with that by gait training alone but are of limited benefit

for spatiotemporal gait with no effect on other lower-limb func-

tions such as sit-to-stand and dynamic balance. However, there

are clinical feasibility concerns, such as time and cost. The

increased cost is due to the additional cost of the tDCS device, and

the increased time is due to the time needed to apply the current

before training, though concurrent tDCS with training is possi-

ble.65 Considering the transient minor side effects, tDCS is safe,

and participants seemed to tolerate tDCS. This agrees with an

analysis of more than 2000 sessions of tDCS showing the toler-

ance profile of multi-session tDCS.66

All participants included in this study could ambulate over-

ground with or without a gait aid. Results may vary for those who

are not ambulatory. Moreover, tDCS use without significant addi-

tional gait training may yield different results. Based on the sub-

group analysis, both individuals with tetraplegia and paraplegia

seem to benefit from tDCS, with a greater response to tDCS in

individuals with tetraplegia. A larger sample is needed for further

validation.
Conclusion

Five consecutive sessions of anodal tDCS with overground gait

training had limited benefits to improve gait performance,

dynamic balance, functional tasks (ie, sit-to-stand), and quality of

life compared with overground gait training in iSCI. tDCS only

improved walking speed post-intervention until the 2-month fol-

low-up. Increasing the number of treatment sessions in future stud-

ies may be of interest for improving other outcomes. There are

some feasibility concerns regarding the use of this protocol in a

clinical setting, such as additional time for stimulation and the

cost of the device. Minor adverse effects, such as transient cutane-

ous sensations, should be monitored during stimulation.
www.archives-pmr.org
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