
ARTICLE

Transcranial direct current stimulation combined with robotic
training in incomplete spinal cord injury: a randomized, sham-
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STUDY DESIGN: A randomized, sham-controlled clinical trial.
OBJECTIVE: To test the effects of tDCS, combined with robotic training, on gait disability in SCI. Our hypothesis was that
participants who received active tDCS would experience greater walking gains, as indexed by the WISCI-II, than those who received
sham tDCS.
SETTING: University of São Paulo, Brazil.
METHODS: This randomized, double-blind study comprised 43 participants with incomplete SCI who underwent 30 sessions of
active (n= 21) or sham (n= 22) tDCS (20 min, 2 mA) before every Lokomat session of 30 min (3 times a week over 12 weeks or 5
times a week over 6 weeks). The main outcome was the improvement in WISCI-II. Participants were assessed at baseline, after 15
and 30 sessions of Lokomat, and after three months of treatment.
RESULTS: There was a significant difference in the percentage of participants that improved in WISCI-II at the 30-session, compared
with baseline: 33.3% in the sham group and 70.0% in the active group (p= 0.046; OR: 3.7; 95% CI: 1.0–13.5). At the follow-up, the
improvement compared with baseline in the sham group was 35.0% vs. 68.4% for the active group (p= 0.046; OR: 3.7; 95% CI:
1.0–13.5). There was no significant difference at the 15-session.
CONCLUSION: Thirty sessions of active tDCS is associated with a significant improvement in walking, compared to sham. Moreover,
15 sessions had no significant effect. The improvement in WISCI-II can be related to different aspects of motor learning, including
motor recovery and compensation.
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INTRODUCTION
Traumatic spinal cord injury (SCI) is one of the main causes of
permanent disability, primarily affecting young people, with
significant personal, social, and economic implications [1]. Among
its functional impairments, the inability to walk has the greatest
impact on the lives of SCI participants. Consequently, it should be
treated as a priority in the rehabilitation program [2].
Robotic gait therapy allows massed exercise with many

repetitive movements, being demonstrated to improve gait
distance, speed, leg strength, and functional level of mobility of
incomplete SCI patients [3]. However, a high percentage of
participants continue to experience functional deficits, with a
higher risk of mortality, even with the best available treatments,
underscoring the need for novel adjuvant treatments [3, 4].
Robotic-assisted gait training (RAGT) therapy is in developmental
stages and its superiority in comparison to other therapies has yet
to be established. Furthermore, the protocols of RAGT are variable,
applied during the 4th, 8th and 12th weeks of treatment, with a
frequency of treatment ranging from three to five times per week.
The number of sessions also varies, having demonstrated clinical
benefits with 12, 16, 24, 30, 40 and 60 sessions, with a duration

ranging from 30 to 60min [3]. There is no gold standard regarding
RAGT protocols, nor have the different levels of effectiveness
between protocols been scientifically demonstrated. Thus, for the
present trial, we used previously established effective parameters,
including 30 sessions of RAGT, that could be performed three
times per week (outpatients) or five times per week (inpatients).
Transcranial direct current stimulation (tDCS) appears to have a
synergistic effect when coupled with robotic training. tDCS
modulates cortical excitability, most likely by increasing and
decreasing it through anode and cathode electrodes, respectively
[5, 6]. In this context, tDCS can have a long-term effect due to
synaptic mechanisms involving long-term depression (LTD)-like
and long-term potentiation (LTP)-like plasticity [7]. Thus, anodal
tDCS applied to the motor cortex enhances brain plasticity and
potentiates functional recovery by improving the efficacy of the
remaining connections in the spared descending corticospinal
pathways [8, 9] or by facilitating the unmasking of related neural
networks [10]. TDCS can likely potentialize motor learning by
increasing acquisition and retention of different types of learning,
including skills, adaptation, and use-dependent learning (i.e.,
repeated practice of movements) [11]. Based on this rationale, two
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trials (15 and 24 participants) tested the use of repetitive sessions
of tDCS, combined with a robot-assisted gait [12, 13]. Whereas
Raithatha et al. reported conflicting outcomes, with an improve-
ment in strength in the active tDCS group compared to the sham
tDCS group, yet, with an improvement in TUG (Time Up and Go
Test) only for the sham group; Kumru et al. did not observe any
improvement (as indexed by lower extremity motor score, 10MWT
and Walk Index for Spinal Cord Injury) with 20 sessions of tDCS.
Like RAGT, the parameters of tDCS are not well established,

varying among several neurological and psychiatric disorders.
Parameters describe the number of sessions from one to
40 sessions, with a frequency of one to five times per week [14].
For the present trial, participants received 30 sessions of tDCS
three times per week (outpatients) or five times per week
(inpatients).
As in previous studies, our hypothesis was that participants who

receive active tDCS will experience greater walking gains, as
indexed by Walk Index for Spinal Cord Injury (WISCI-II), than those
who undergo sham tDCS. Thus, we tested the effects of 30 sessions
of tDCS, combined with robotic training, on gait disability in
incomplete spinal cord injury (SCI) using a larger sample and more
sessions than the previous study with a similar hypothesis.

METHODS
Participant
Participants were recruited from the rehabilitation program at the Institute
of Physical Medicine and Rehabilitation, Faculty of Medicine, University of
São Paulo, Brazil. This research was approved by a local research ethics
committee under registration number CAAE: 43450715.7.0000.0068. The
trial was also registered at clinicaltrials.gov (identifier NCT02562001).
Participant recruitment started in October of 2016 and finished in May of
2018, after attaining the planned sample.
The inclusion criteria were ages between 18 and 65 years old, both

sexes, clinical and radiological diagnosis of incomplete spinal cord injury of
traumatic etiology (surgical intervention or external trauma), period
between one to 36 months after lesion, AIS “C” or “D” (International
Standards for Classification of Spinal Cord Injury Motor Score (ISNCSCI,
formerly ASIA)) classification, stable clinical status, cognitive function
preserved and tolerance to sit upright for at least 1 h.
The exclusion criteria were as follows: History of traumatic brain injury

with loss of consciousness, stroke, epilepsy and/or any other previous or
concomitant neurological conditions to spinal cord injury; Previous
orthopedic problems or unhealed fracture of the bones of the lower
limbs; Osteoporosis with pathological fracture risk; Irreversible muscle
contractures and hypertonic limb (grade > 3 on the modified Ashworth
scale, which are “considerable increase in muscle tone, passive movement
difficult or affected part(s) rigid in flexion or extension”); Active/passive
joint range of motion limitations (Normal values considered for a range of
motion for the knees (flexion from 0 to 130 and extension from 120 to 0
degrees), ankle (plantar flexion from 0 to 50 degrees and dorsiflexion from
0 to 20 degrees), and hips (flexion from 0 to 125 degrees and extension
from 115 to 0 degrees)); Lack of physical resistance for the proposed
physical training (evaluated by the participant’s report of exercise
tolerance); Body weight >150 Kg; Asymmetry in the lower limbs > 2 cm;
Skin lesions and/or pressure ulcer in areas where the orthosis of Lokomat
will press or in site of stimulation; Unchecked autonomic dysreflexia that
hinders Lokomat training; Tracheostomy; Presence of electric, magnetic or
mechanically activated implant (including cardiac pacemakers); Intracer-
ebral vascular clip or any other electrically sensitive device in any part of
the head; Pregnancy.
All participants included were evaluated by a multidisciplinary team,

including a physiatrist, social worker, psychologist, nurse, physiotherapist,
nutritionist, and occupational therapist. Participants were also evaluated by
a cardiologist, urologist, and neurologist, and were administered
complementary exams when necessary.

Study design
This study is a randomized double-blind parallel clinical trial in which
participants were randomly allocated (ratio 1:1) to receive active or sham
tDCS followed by gait training with Lokomat. Block randomization, with a
block size of four, was used generate by software and was also stratified in

outpatients (GO) and inpatients (GI). Since we assumed differences
between GI and GO groups, we considered it methodologically important
to stratify randomization to ensure balanced groups. As this approach was
successful, there was no need to further discuss findings separated by GI/
GO groups or control our analyses.
The random allocation sequence was generated by the principal

researcher. Physicians and therapists enrolled participants, and study
monitors assigned participants to interventions. The randomization list was
concealed and managed by the study monitor who only became aware of
participant’s allocation after opening the sealed envelopes. The envelopes
were numbered so that the research monitor could not modify the
randomization sequence. All participants performed 30 sessions of
Lokomat training with a frequency of 3 sessions/week for 10 weeks (GO
group) or 5 sessions/week for 6 weeks (GI group). Participants were
assessed before the beginning of the intervention(baseline), after
15 sessions of Lokomat (intermediate), after 30 sessions of Lokomat
(post-treatment) and three months after treatment (follow-up). Sample size
of 42 participants were calculated estimating an effect size of 0.9, for a
power of 80% and an alpha of 0.05 bicaudal.

Intervention
Rehabilitation program. Thirty thirty-minute sessions of robotic-assisted
gait training (RAGT) using the Lokomat system (Hocoma AG Switzerland)
were administered to participants by a trained and certified physiothera-
pist.
Participant body weight was supported by the Lokomat system and

started at the beginning of the treatment with 50%. The patient’s body
weight support decreases 10% every 10 sessions, reaching a minimum of
30%, if tolerated by the patient. The guidance force started at 100% for the
first 5 min. From 5min of training to 25min, it varied from 100% to 50%
according to the patient’s tolerance. In the last 5 min of training it returned
to 100%, completing a total time of 30min. The training speed started with
1.0 km/h and could reach the maximum 1.5 km/h, depending on the
patient’s tolerance during speed variation, similar to previous studies [3].
As for safety measures, participants evaluated every session for pain,
fatigue, skin lesions, cardiovascular symptoms, and other side effects that
may be related to therapy. Participants continued their normal rehabilita-
tion program during the study.
tDCS protocol. tDCS was performed using a monophasic current device
(DC stimulator, NeuroCom, Germany or Soterix Medical, New York, EUA)
and sponge surface electrodes (35 cm2) soaked in saline. The anode was
placed over the primary motor cortex (M1) region, with the center of the
sponge in coronal plane, five centimeters from “Cz” (International 10/
20 system), and a cathode was placed over the supraorbital region,
contralateral to the anode.
Participants received 30 sessions of 20min tDCS per day, applied

immediately before Lokomat training, with a frequency of 3 sessions/week
for 10 weeks (GO group) or 5 sessions/week for 6 weeks (GI group). Each
20min session was divided into 10min of anode stimulation for each
hemisphere, alternating the starting side daily. The intensity of current was
continuous at 2 mA, with gradual current ramp-up and ramp-down of 30 s.
The intensity of the current was the same for every participant in every
session. For sham stimulation, the procedure was similar, but the
stimulation was only administered for the initial 30 s, with the power
turned off for the remaining period. Participants and the rater were
blinded for tDCS stimulation. The rater did not have access to
randomization list and was not in contact with the participants during
tDCS stimulation.

Outcomes
The evaluations were performed by blinded raters with appropriate
training (physiatrist, psychologist, physiotherapist, and occupational
therapist). The primary outcome was the change in the WISCI-II after
15 sessions, after 30 sessions and at the follow-up. Secondary measures
were performed to characterized population and for future exploratory
analyses, including Wechsler Adult Intelligence Scale (WASI), Ashworth
Modified Scale (MAS) performed for flexion and extension of hips, knees,
and ankles, Berg Balance Test (BBT), 10-Meter Walking Test (10MWT) and
6-Minute Walking test (6MWT), Timed Up and Go Test (TUG); Short Form -
36 Quality of Life Test – (SF 36); Spinal Cord Independence Measure (SCIM);
Lower Extremity Isokinetic Dynamometry; Visual Analogic Scale for pain
(VAS); McGill Pain Questionnaire; Pressure Algometer; Conditioned Pain
Modulation (CPM); Pain-Related Self-Statements Scale - Catastrophizing
Subscale (PRSSS-Catastrophizing); Hospital Anxiety and Depression Scale
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(HAD); Beck Depression Inventory; Patient Health Questionnaire 9 (PHQ 9).
The summary of these results is in supplementary file (see Supplementary
Table 1). Each measurement was performed once per moment of
evaluation, with an exception for the Pressure Algometer and CPM, which
were performed three times and averaged. In addition, for other
exploratory analyses to study the mechanisms of tDCS, we measured
neuronal activity by means of transcranial magnetic stimulation, electro-
encephalography (EEG) and Functional Near-Infrared Spectroscopy (fNIRS)
[15, 16].

Statistical analyses
Baseline characteristics were reported. The primary outcome was WISCI-II
changes from baseline to after 30 sessions of RAGT. The improvement of
WISIC-II was calculated by subtracting baseline data from data obtained
post rehabilitation program, and a Histogram was used to assess the
distribution of this data.
The main change was to categorize the data of WISC-II into two groups

(improvement= zero or improvement ≥ 1) to perform a logistic regression
analysis. This analysis was not initially planned (due to unexpected results
that most of the participants did not improve), and thus a parametric
analysis would be invalid as the assumption of normality was not met. This
modification is also adequate for an exploratory study and is coherent with
the study hypothesis. Moreover, one point in using WISCI-II as categorical is
that it is considered clinically meaningful, and the scale has good validity
and reliability to measure improvements in walking following acute and
chronic SCI [17].
For the total study´s participants, 51% showed no improvement for the

main outcome WISC-II. The score of improvement was calculated as post
minus baseline, so most participants scored zero, resulting in a skewed
distribution of the data. Since the dependent variable distribution is
abnormal, it was not possible to treat the data as continuous with the real
WISCI-II scores and perform linear regression analyses.
We used univariate logistic regression for the binary improvement of

WISCI-II as the dependent outcome and the intervention group as the
independent variable. We also built three independent multivariate logistic
regression models to test the three different periods of evaluation
(intermediate, post-treatment and follow-up) considering tDCS interven-
tion (Active or Sham tDCS) as the main independent variable and adjusting
for the stratified randomization (GI vs. GO), as recommended by previous
authors [18] and also selected demographic and clinical characteristics. The
initial step was to perform a univariate analysis for each covariate,
including “Age”, “Sex” (as a continuous and binary variable, respectively).
Clinical characteristics at the baseline measured by the scales WISCI-II,
MAS, BBT and HAD were tested as continuous covariates. The level of
lesion (divided in tetraplegic or paraplegic), the scale AIS (divided in “C” or
“D”) and presence of “chronic pain” (divided in present or absent),
performing intensive rehabilitation (yes/no) and treatment with botulinum
toxin (yes/no) were treated as binary covariates. The time since injury was
tested as a continuous covariate (months) and as binary (chronic vs. acute)
considering chronic as the time superior to 6 months of lesion. All analyses
were based on two-tailed tests. A variable was considered a confounder if
it changed the OR of the variable tDCS intervention by > 10%. We used a
significance level of 0.05. As a measure of variability, 95% Confidence
Interval (95% CI) were used. The area under the curve (AUC) was used to
test for model accuracy. The last observation, carryforward, was used to
address missing WISCI-II data.
For secondary outcomes, Wilcoxon signed-rank test was used to

compare the baseline with different moments of evaluation (intermediate,
post and follow-up). To compare the two groups (active tDCS Vs. placebo
tDCS), the improvement (post minus baseline) was first calculated,
followed by the Wilcoxon rank-sum test. Participants that could not
perform the test (i.e., TUG, 6MWT and 10MWT) were excluded from the
analyses.

RESULTS
Forty-three participants were included in this study (21 anodal
tDCS+ 22 sham tDCS). There were four dropouts, two participants
(one active and one sham) before the interim evaluation, and two
participants (one active and one sham) before the follow-up
evaluation (Fig. 1). The reasons for dropouts are described in flow
diagram (Fig. 1) and are likely not related to tDCS assignment.
For baseline characteristics, there was no difference between

groups of age, and time since injury, AIS scale, BBT and WISCI-II
classification, and sex. There was a difference in the level of the
lesion. Those aspects were controlled in multivariate models.
Demographic and clinical characteristics are summarized in
Table 1.
The mean value of WISCI-II for the sham group was 8.5 (SD ±

7.7) at baseline, 10.0 (SD ± 7.4) at intermediate evaluation, 10.8
(SD ± 6.7) post-treatment and 10.6 (SD ± 6.7) at three months
follow-up. For the active group, it was 9.9 (SD ± 7.4) at baseline,
12.2 (SD ± 6.8) at intermediate evaluation, 13.1 (SD ± 6.3) post
treatment and 13.7 (SD ± 6.2) at three months follow-up. These
results are summarized in Fig. 2. All the participants tolerated tDCS
sessions, without unexpected adverse effects. The most common
side effects reported were tingling and itching. One participant
did not tolerate Lokomat training due to pain related to the straps
of the body weight-support mechanism and was excluded from
the study.

WISCI-II analysis
In our main endpoint, post-treatment, the percentage of
participants that improved in WISCI-II was 33.3% (7 of 21
participants) in the sham group and 70.0% (14 of 20 participants)
in the active group. This difference was statistically significant (p
= 0.046; OR: 3.7; 95% CI: 1.0–13.5). In the follow-up, there was also
statistically significant difference in the changes for the two
groups (p= 0.046; OR: 3.7; 95% CI: 1.0–13.5). However, at 15 days
there was no significant difference between groups (p= 0.45; OR:
1.6, 95% CI: 0.5–5.8).
We created three models (Intermediate, post-treatment and

follow-up), combining the main variable “tDCS intervention” with
the other covariates (adding one by one). For the “Intermediate”
model (after 15 days of intervention) the effect of treatment
remains insignificant in adjusting for covariables.
For the main model (post-treatment), the effect of treatment

remains significant (OR= 13.87; p= 0.013; 95% CI: 1.7–111.3)
when adjusting for baseline HAD (OR= 0.80; p= 0.045; 95% CI:
0.64–0.99) and baseline WISCI-II (OR= 0.84; p= 0.007; 95%
CI:0.74–0.95), with AUC= 0.86. For the follow-up model, the effect
of treatment also remains significant (OR= 13.38; p= 0.014; 95%
CI: 1.7–105.6) when adjusting for baseline HAD (OR= 0.79; p=
0.042; 95% CI: 0.63–0.99) and baseline WISCI-II (OR= 0.85; p=
0.010; 95% CI: 0.74–0.96), with AUC= 0.86.

Secondary analysis
Regardless of intervention group, statistical difference exist
between baseline and the other periods (intermediate, post and
follow-up) as measured by BBT (p= 0.001, p= 0.001, p= 0.001
and, respectively), 10MWT (p= 0.010, p= 0.001 and p= 0.001,
respectively), 6MWT (p= 0.008, p= 0.001 and p= 0.001, respec-
tively), TUG (p= 0.023, p= 0.001 and p= 0.002, respectively).
There was also a significant improvement between baseline and
the periods post and follow-up for HAD, (p= 0.035 and p= 0.001,
respectively), and SCIM (p= 0.049 and p= 0.021, respectively).
There was no statistical difference between baseline and
intermediate evaluation for SCIM (p= 0.075). There was no
statistical difference between baseline and the other periods
(intermediate, post and follow-up) measured by MAS (p= 0.61, p
= 0.33 and p= 0.90, respectively).
Regarding the improvement in the secondary outcomes (BBT,

10MWT, 6MWT, TUG, HAD and SCIM), there was no statistical
difference between groups for the tested periods (intermediate,
post and follow-up).

DISCUSSION
In this study, we found that tDCS, combined with Lokomat
training, potentiates gait improvement after 30 sessions and at the
three months follow-up. At the intermediate evaluation, after
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15 sessions, tDCS was not superior to sham, suggesting that the
effect is dose-dependent.
Despite the advances in rehabilitation therapy, including robot-

assisted gait training, motor improvements continue be limited in
SCI [3, 19]. This pattern is consistent with the results of our sham
group, in which 33.3% (post-treatment) and 35.0% (at the follow-
up) improved their WISICI-II scores. Conversely, 70.0% (OR: 4.7)
and 68.4% (OR: 4.0) of the active group improved post-treatment
and at the follow-up, respectively. Moreover, the effects of tDCS
remained significant even when several possible confounders
were tested in a multivariate model, including stratification group
(GI and GO), confirming the robust effect of the intervention.
Although this trial was a phase 2 study, our results suggest that
the inclusion of tDCS is a paradigm shift in the rehabilitation
of SCI.
At baseline, the proportion of tetraplegic participants in the

sham group was higher than in the active group. Previous studies
have suggested that people with paraplegia have a better
prognosis in regards to walking than people with tetraplegia;
thus, this difference could be an important confounder in the trial
[20]. However, the variable “level of lesion” (paraplegic vs.
tetraplegic) was not significant in the model and did not alter
the results.
Our findings are consistent with part of the results from

Raithatha and colleagues, who showed that anodal tDCS is
superior to sham in improving motor strength in lower limb of SCI.
In contrast, Kumru and colleagues did not observe any superiority
of active tDCS over sham. Our study differed from that of Kumru
et al. by having a larger sample size (which minimized the
possibility of type II errors), less variability in SCI etiology, and

especially by the difference in tDCS montage. In Kumru et al., the
anode was placed over the vertex (leg motor cortex), with the
cathode over the nondominant supraorbital area. It is possible
that this montage had a smaller effect over the cortex due to the
shunting of the current over the sagittal sinus, skin, and
cerebrospinal fluid [21, 22]. Finally, Kumru et al. used only
20 sessions of tDCS, which should be considered insufficient.
Our analysis of 15 sessions failed to show a significant difference.
Thus, the number of sessions is a critical factor, consistent with
what other studies in chronic pain found [23, 24].
Two previous trials, one in SCI and the in stroke, have carried

out a follow-up after completing the intervention of tDCS
combined with gait training, showing that the improvement
lasted up to one month [25]. Our study shows the effect lasting for
three months, suggesting that tDCS may help consolidate
improvement.
The montage used in our trial is the most extensively studied

composition for motor function [14]. The effects of tDCS varies
depending on the intensity of the current. The most studied and
well known in regards to effects is the 2mA, and was therefore
selected for this clinical trial [26]. Although it is placed primarily
over the hand area of the motor cortex, it is likely that current
flowed to other areas of the motor cortex and somatosensorial
cortex. Furthermore, it is likely that it indirectly effects and
modulates others cortical areas and structures related to motor
learning, such as cerebellum, basal ganglia, and the primary motor
cortex [27].
The effect of the anode in motor learning might be related to

the effect of local cortical excitability, based on the modulation of
sodium and calcium-dependent channels, inhibitory interneurons,

Fig. 1 Flow diagram of the study progress.
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and NMDA receptor activity-promoting a long-term potentiation-
like mechanism. Besides, tDCS may improve adaptive changes,
such as the increased intracortical GABAergic inhibition levels,
facilitating motor learning. This hypothesis is supported by the
secondary analyses of this trial (published elsewhere), where we
showed that the decreases in EEG high-beta power in the
sensorimotor were associated with gait recovery [16]. Our primary
outcome, WISCI-II, measures the level of functional mobility and
physical assistance and the devices that are needed to walk. Thus,
it is likely that tDCS improves various aspects of motor learning,
including functional recovery and the ability to adapt to assistive
technology and compensate for the motor impairment. Therefore,
the improvement in WISCI-II is not only related to motor recovery,
but also to motor compensation.
Moreover, the EEG analyses from the previous study showed

that participants with larger high-beta power in the sensorimotor
most likely to improve, suggesting that this EEG finding is a
biomarker for a maladaptativa changes, which impairs the motor
improvement. Therefore, a hypothesis is that RAGT can induce an
improvement of this maladaptativa activity, allowing the neuronal
network to reorganize in a more effective manner resulting in
motor improvement. Moreover, the EEG analysis suggested tDCS
potentialize this biological mechanism increasing the odds of
motor learning. Another interpretation is that participants, that
have already reached the full potential of motor improvement do
not have the increase of high-beta power in the sensorimotor. So,
the large percentage of participant that improved may be related
to celling effect or failure to overcome the maladaptativa cerebral
changes.
There are multiple motor learning processes related to

improvement of gait, including acquiring new behavior (such as
using a crutch) and recalibration of a previously learned

movement [28], which are related to LTD-like and LTP-like
plasticity. Therefore, we hypothesize that tDCS may induce a
disruptive change in a previously consolidated neuronal network,
potentializing the processes of recalibration and acquisition.
Furthermore, it may potentialize the variability of motor execution,

Table 1. Demographic and clinical characteristics of each group (active vs. sham tDCS).

Active Sham Total

Number of Patients 21 22 43

Sex
Percentage of female

14% 32% 23%

Age years
(Median; IQR)

31 (22–42) 41 (32–53) 38 (28–45)

Stratified randomization
GI vs. GO (% GI)

62% 68% 65%

Time since injury
Months (Median; IQR)

16 (6–24) 15.5 (7–23) 16 (6.5–23.5)

Time since injury
Chronic Vs. Acute (% Chronic)

66.7% 81.8% 74.4%

Level of lesion
Paraplegic Vs. Tetraplegic (% Paraplegic)

81% 50% 65%

ASIA classification
AIS C Vs. AIS D (% AIS D)

52% 54% 53%

Baseline WISCI-II
(Median; IQR)

9 (3–16) 8.5 (0–13) 9 (1–16)

Performed rehabilitation program before 48% 64% 56%

Etiology surgical vs. external trauma (% external trauma) 90% 82% 86%

Baseline HAD (Median; IQR) 7 (6–13) 5 (4–8) 6 (4–11)

Presence of chronic pain (%) 52% 68% 60%

Patients that could perform 6MWT and 10MWT (%) 57% 54% 56%

Baseline BBT (Median; IQR) 17.5 (7–47) 11 (5–38) 12 (5–43)

Baseline AMS (Median; IQR) 0.3 (0.0–0.9) 0.5 (0.1–1.4) 0.4 (0.0–1.3)

ASIA (American Spinal Cord Injury Association) Impairment Scale.
AMS ashworth modified scale, BBT berg balance test, 10 MWT 10 meters walking test, 6 MWT 6 minutes walking test, TUG time up and go test, HAD hospital
anxiety and depression scale, GO outpatients, GI inpatients, IQR interquartile range.

Fig. 2 Box plot of WISCI-II divided in placebo (n= 22) and active
(n= 21) groups. Note: WISCI-II walk index for spinal cord injury. The
box plot is showing the minimum score, first quartile, median, third
quartile and the maximum score.
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which, coupled with the reinforcement of RAGT, may improve
motor learning [29]. It is important to highlight that the
improvement reported is considered a noticeable change for
clinical context, since the minimal detectable change (MDC) of
WISCI-II can be considered one point [17].
Transcranial magnetic stimulation with respective pulses (rTMS)

improves motor learning in SCI. Although it is a different method
from tDCS, the mechanism of action is likely to be similar, as high-
frequency rTMS also increases cortical excitability. In randomized
sham-controlled trials, Kumru and colleagues (2016) and Benito
and colleagues (2012) showed that high-frequency rTMS improves
gait function in SCI [30, 31]. Theses previous findings from rTMS
help support that the modulation of M1 may enhance motor
learning in SCI. Moreover, Kumru and colleagues (2010) and
Nardone (2014) reported that high-frequency rTMS over the motor
cortex improves spasticity in SCI [32–34].
In our study, spasticity was not a confounder regarding the

effect of tDCS, but participants with high spasticity were not
included, and those with moderate spasticity were treated with
botulinum toxin and phenolization. Thus, it is possible that tDCS
improves spasticity, but a different study design is needed to test
this hypothesis.
Recent metanalyses suggested that participants treated with

RAGT have significantly greater improvements in gait than
conventional over-ground training (OGT) groups, particularly
during the acute stage. However, RAGT is not superior compared
to treadmill training with body weight-support, and future studies
are needed to evaluate its cost-effectiveness. In our trial, we
choose RAGT since it helps to standardize the gait therapy and
better evaluate the effect of tDCS. Also, improvement of a point in
WISC-II is considered clinically significant; however, cost-
effectiveness studies need to be performed. Moreover, as only a
percentage of patients have improved, studies for the develop-
ment of biomarkers that help identify participants with potential
for recovery (as discussed above) are of great importance to
increase resource use efficiency.
For the secondary outcomes, without considering the inter-

vention group, participants demonstrated a significant improve-
ment in balance, measured by BBT, in locomotion (measured by
10 MWT, 6 MWT, TUG) in depression and anxiety symptoms
measured by HAD, and in quality of life, measured by SCIM.
However, there was no significant difference between groups
for these outcomes. The absence of difference between groups
for HAD is coherent since it does not expect an improvement in
these aspects with M1 stimulation. The improvement in SCIM
may be related to other rehabilitation that participants
received during treatment and can be secondary to motor
improvement, but with no difference between groups. For other
measures of gait (10 MWT, 6 MWT, TUG), only about half of the
participants could performed the test. Therefore, the study is
underpowered for these outcomes, which can result in type II
errors.
The study has some limitations. The statistical analyses were not

performed as planned during trial design, as such a large number
of participants were not expected to not improve with rehabilita-
tion. Therefore, we used categorical analysis as parametric testing
would be invalid. Furthermore, this is an exploratory study. For the
same reason, the study was not controlled for multiple analyses
for the different time points (intermediate, post and follow-up).
Besides, the study was underpowered for the secondary gait
outcome. Moreover, the results cannot be generalized for
participants with severe impairment (AIS A and B), a higher level
of spasticity, or different rehabilitation treatments.
In summary, 30 sessions of active tDCS, compared with sham

tDCS, increases the likelihood of gait improvement of robot-
assisted gait post-treatment. These effects lasted at least for three
months after treatment ceased. Finally, 15 sessions had no
significant effect on walking gains.

DATA ARCHIVING
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