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Abstract

Study Design: Feasibility study, consisting of random-order, cross-over study of a single 

intervention session, followed by a parallel-arm study of 16 sessions

Objectives: To investigate the feasibility of a novel combinatorial approach with simultaneous 

delivery of transcutaneous spinal direct current stimulation (tsDCS) and locomotor training 

(tsDCS+LT) after spinal cord injury, compared to sham stimulation and locomotor training 

(sham+LT), and examine preliminary effects on walking function.

Setting: Clinical research center in the southeastern United States

Methods: Eight individuals with chronic incomplete spinal cord injury (ISCI) completed the 

two-part protocol. Feasibility was assessed based on safety (adverse responses), tolerability (pain, 

spasticity, skin integrity), and protocol achievement (session duration, intensity). Walking function 

was assessed with the 10-meter and 6-minute walk tests.

Results: There were no major adverse responses. Minimal reports of skin irritation and 

musculoskeletal pain were consistent between groups. Average training peak heart rate as 

percent of maximum (mean(SD); tsDCS+LT: 66(4)%, sham+LT: 69(10)%) and Borg ratings of 

perceived exertion (tsDCS+LT: 17.5(1.2), sham+LT: 14.4(1.8)) indicate both groups trained at high 
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intensities. Walking speed gains exceeded the minimal clinically important difference (MCID) in 

three of four who received tsDCS+LT (0.18(0.29) m/s) and one of four in sham+LT (−0.05(0.23) 

m/s). Gains in walking endurance exceeded the MCID in one of four in each group (tsDCS+LT: 

36.4(69.0) m, sham+LT: 4.9(56.9) m).

Conclusions: Combinatorial tsDCS and locomotor training is safe and feasible for individuals 

with chronic ISCI, even those with considerable walking impairment. Study outcomes support the 

need to investigate the efficacy of this approach.

Introduction

After incomplete spinal cord injury (SCI), rehabilitation can promote walking recovery 

by capitalizing on intact spinal circuits [1]. Through repetitive walking practice, signals 

from residual descending pathways and afferent inputs promote activation of lumbar spinal 

circuits critical for stepping, limb coordination and reflex modulation across the step cycle 

[2–5]. However, spinal excitability remains reduced post-SCI and the circuits reorganize as 

a result of altered inputs [6–8]. Consequently, walking rehabilitation is often only partially 

effective and walking deficits persist.

To amplify the benefits of rehabilitation, neurorehabilitation leaders have encouraged 

combining complimentary interventions, such as electrical stimulation and task-specific 

training [9–11]. In walking rehabilitation, the addition of transcutaneous spinal direct current 

stimulation (tsDCS) may be an appropriate combinatorial approach. tsDCS is a mild, non-

invasive form of electrical stimulation targeting modulation of spinal reflexes, corticospinal 

excitability, and spinal processing of sensory inputs [12–16]. Importantly, tsDCS increases 

the amplitude of spinal reflexes associated with locomotor behaviors in individuals post-SCI 

[17]. tsDCS may enhance the therapeutic effect of walking rehabilitation if applied in 

combination, particularly if the intervention also targets residual spinal circuits. Locomotor 

training (LT), an established rehabilitation strategy, is well suited as it aims to facilitate 

spinal locomotor output by promoting task-specific input to lumbar circuits below the 

injury level [18]. The combined approach might provide more potent activation of the 

spinal neural circuits, driving greater neuroplastic recovery of function. tsDCS alters neuron 

membrane potentials but does not, by itself, elicit neuron action potentials. Rather, when 

spinal circuits are excited simultaneously by motor behaviors and tsDCS, those circuits 

may be strengthened to a greater extent through Hebbian neuroplasticity (“neurons that fire 

together wire together”) [19].

Currently, it is not known if a rehabilitation strategy involving repeated application of tsDCS 

in combination with LT is safe and feasible for individuals after SCI. Most prior research on 

tsDCS was performed in a single session while participants were recumbent or resting [13–

16]. The neuromodulatory effects of tsDCS applied during LT could result in unfavorable 

changes in pain, spasticity or motor output in people with SCI. Furthermore, commercially 

available direct current stimulation electrodes use non-adhesive, saline-soaked sponges that 

could cause skin irritation under the tightly fitting harness used to provide body weight 

support during training, particularly since SCI alters the integumentary systems and impairs 
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sensation [20, 21]. In addition, there are potential instrumentation challenges when used 

during walking, such as preventing electrodes from shifting during vigorous movement.

The limited evidence of tsDCS applied during walking rehabilitation and potential adverse 

effects indicates that feasibility should be established prior to next steps in clinical trials 

and potential clinical translation. Feasibilities studies can be defined as “research done 

before a main study in order to answer the question ‘Can this study be done?’…and to 

estimate important parameters that are needed to design the main study”[22]. Recently, two 

small feasibility studies combined a walking intervention with a different form of electrical 

stimulation (50 Hz, biphasic pulses) in individual post-SCI [23, 24]. Similar to the effects 

of tsDCS, noninvasive alternating current spinal stimulation has the potential to increase 

voluntary motor responses, particularly when combined with activity-based rehabilitation 

[25]. Findings suggested a positive influence on walking recovery and spasticity. However, 

the high current applied in one study (39 to 100 mA) resulted in an average pain rating 

between three and four out of 10 during the intervention [23]. Furthermore, the stimulation 

induced back and abdominal muscle contractions and participants reported feeling “intense 

tightness” around the electrode sites. The use of a high-frequency carrier wave has 

been introduced to reduce discomfort during transcutaneous alternating current electrical 

stimulation protocols, however, the carrier frequency has no effect on tolerance when 

compared in relation to the motor threshold [26]. Application at the lumbar level continued 

to cause reports of tightness of the trunk muscles when parameters were optimized 

for facilitating muscle activity to maintain a static standing position [27]. Tolerance of 

alternating current with a carrier frequency has not been reported during walking activities 

in those with incomplete injuries. In contrast, tsDCS uses a very low current (2.5 mA), 

sub-motor activation threshold, and is either barely perceived as a tingling or not felt at all. 

Furthermore, combined tsDCS and LT is feasible and safe for individuals post-stroke [28] 

suggesting investigation in individuals post-SCI is warranted; the neuromodulatory effects of 

tsDCS may augment LT outcomes with less side effects than other forms of spinal electrical 

stimulation.

To provide critical preparatory data for clinical studies on the efficacy of combining tsDCS 

and LT, this feasibility study examined the question “can the study be done?” in individuals 

with incomplete SCI, examining a single session and a 16-session training protocol. The 

central hypothesis guiding this study was simultaneous delivery of tsDCS and LT is a 

feasible and tolerable intervention for individuals with incomplete SCI. Our secondary 

hypothesis was combined tsDCS with LT would show preliminary evidence of greater 

improvements in walking speed and endurance compared to sham tsDCS and LT.

Methods

Participants

Individuals with chronic motor incomplete SCI were recruited through an Institutional 

Review Board-approved research recruitment registry, the clinicaltrials.gov Web site 

(NCT03702842), flyers, local health care providers and researchers. The Institutional 

Review Board at the University of Florida approved the study and all participants provided 

informed consent. Study inclusion criteria included an incomplete SCI more than one year 
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before enrollment, the ability to walk a short distance, and no other medical conditions or 

physical limitations preventing safe participation. All inclusion and exclusion criteria are 

listed in the Table 1. Participants were screened prior to initiating the study procedures 

to ensure eligibility. Screening included an in-person participant interview and physical 

examination as well as review of medical records.

Study Design

The study had two parts. First, a two-way cross-over design was used to test the feasibility 

of the combined intervention within a single session (Figure 1). Since injury characteristics 

are heterogeneous and LT parameters often vary to accommodate individual ability, the 

single-session design allowed a controlled, within-subject comparison of the two stimulation 

protocols; all eight participants completed two sessions in which they received either active 

tsDCS and LT (tsDCS+LT) or a sham tsDCS protocol and LT (sham+LT). By having each 

participant complete matched sessions (i.e., walking parameters and treadmill variables 

were consistent across the two sessions), each subject’s response to active versus sham 

stimulation could be compared. The sessions were conducted on separate days at least 

48 hours apart to minimize carryover effects and the order was counter-balanced across 

participants.

Secondly, the feasibility of undergoing repeated exposure to the combinatorial intervention 

was assessed to further explore a scenario resembling clinical application. Assessment 

before and after the training protocols also provided data for the secondary purpose of 

exploring effects on walking function. A parallel group design was used wherein the 

participant received either tsDCS+LT or sham+LT throughout a 16-session training (four 

times per week for four weeks). Randomization after enrollment was completed with web-

based random number generation and concealed from participants, intervention therapists 

and assessors.

Intervention Procedures

tsDCS and sham tsDCS—During tsDCS+LT sessions, 30 minutes of tsDCS was 

delivered continuously at 2.5 mA (Soterix Medical, Inc., New York, NY) during LT. After 

cleaning the skin with an alcohol wipe, a single anodal electrode (4.5 × 4.5 cm carbon 

rubber electrode embedded within a thin 5 × 10 cm sponge; EasyPad, Soterix Medical 

Systems, New York, NY) was placed posteriorly, centered over the spinous processes of the 

eleventh and twelfth thoracic vertebrae. Two cathodal electrodes (4.5 × 4.5 cm carbon rubber 

electrodes, 5 × 7 cm sponges) were placed on the abdomen, about 2 centimeters lateral to 

the umbilicus on each side and level with the posterior electrode. This electrode placement 

was used to target the locomotor circuits in the lumbar spinal cord [29]. The position of 

the electrodes was maintained with an elastic wrap. Sham+LT sessions involved an identical 

setup, but the tsDCS ramped up to 2.5 mA then back down after 30 seconds and remained 

off. This standard sham protocol provides the sensation of active tsDCS because participants 

habituate to the cutaneous sensation of active tsDCS within about a minute.

Locomotor training—LT was conducted in accordance with established procedures; task-

specific training was performed at high intensities while promoting the appropriate afferent 
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feedback from stepping and minimizing compensations [1, 30, 31]. During treadmill LT, the 

lead physical therapist, a clinician with LT and SCI expertise, facilitated intense stepping 

practice by adjusting parameters such as body weight support, therapist assistance and bout 

durations based on the participant’s ability. Similarly, during overground LT, intensity was 

encouraged by minimizing reliance on assistive devices and providing therapist assistance 

and passive harness support only when needed for safety. To ensure adequate training 

intensity, heart rate was continuously monitored using an optical sensor (Polar; Bethpage, 

NY) with the goal of maintaining heart rate at 70 to 80 percent of age-predicted maximum, 

and rate of perceived exertion (RPE) was targeted to reach between 14 and 17 (“hard” 

to “very hard”) on the Borg scale (6–20 rating scale). During each walking bout, training 

parameters were recorded, and training parameters were adjusted to maintain intensity 

within the target range. As walking performance improved, training intensity was adjusted 

for each individual by increasing walking speed and bout duration, or reducing rest duration, 

therapist assistance, and body weight support.

The training intensity goals were the same for the single-session and 16-session protocols. 

However, during the single sessions training parameters were tightly controlled; LT only 

occurred on a treadmill and during the 30 minutes of tsDCS. Therefore, the timing of 

the intervention, time intervals before and after testing, and procedures were consistent 

across all participants. Since participants’ walking abilities varied, sessions were closely 

monitored so that training parameters (i.e., walking speed, percent of body weight support, 

walking bout and rest break lengths, and assistance levels) were consistent within the two 

single-session visits for each participant. During the 16-session training, all participants 

were encouraged to achieve a total stepping time of 30 minutes on the treadmill and 10 

minutes overground, taking rest breaks as needed [7, 32]. Therefore, depending on the 

duration of rest bouts, the session extended beyond the duration of the tsDCS.

Assessment of feasibility

Protocol achievement—Protocol achievement during the single-session visits was based 

on whether tsDCS and LT parameters (e.g., duration of tsDCS application, LT walking 

and rest bout durations, treadmill speeds, body weight support, and trainer assistance) were 

consistent between sessions. For the training portion of the study, protocol achievement was 

primarily assessed through the participants’ ability to complete the prescribed 16-session 

intervention. Therefore, we tracked the parameters assessed during the single sessions and 

added others, such as training intensity.

Tolerance—During all sessions, tolerance was assessed by monitoring for adverse changes 

in pain, spasticity, and motor function as well as skin irritation or discomfort at the electrode 

sites. During the 16-session training portion, participants were asked at each session to 

respond to the prompt “since the last session, have you experienced any changes in pain, 

spasticity, sleep patterns or medication use?”.

Safety—Safety was assessed by monitoring blood pressure and heart rate. An automatic 

blood pressure gauge was used to assess blood pressure at least three times during each 

session: prior to treadmill LT, after treadmill LT/before overground LT, and immediately 
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after overground LT. If the participant reported symptoms of orthostatic hypotension or 

autonomic dysregulation, blood pressure was also assessed during rest breaks in the 

training to assure safety. Heart rate was measured continuously with an optical heart 

rate monitor over the brachial artery, allowing close monitoring of safety and training 

intensity throughout training. Since autonomic dysreflexia is a common serious condition 

after SCI, changes in blood pressure and subjective reports were carefully considered. 

Physical therapists experienced in walking rehabilitation post-SCI also monitored for any 

other adverse physiological responses or other serious issue that would constitute a health 

risk (e.g., wound development, severe pain, new onset of neuropathic pain).

Assessment of Walking Performance

Walking performance was assessed before and after the 16-session protocol. The 10-meter 

walk test was used to assess walking speed [33]. Participants walked overground at their 

fastest comfortable speed using their typical assistive device with the minimally necessary 

assistance and bracing to maintain safety. Walking endurance was assessed using the 6-

minute walk test [33].

Analysis

Descriptive statistics are provided as group mean (standard deviation) for demographic 

information as well as training parameters and outcomes in each group. Due to the small 

group size (n=4) and likelihood that statistical analysis would yield inaccurate results, effect 

sizes and non-parametric tests are not reported [34].

Results

Participants

Eight individuals were screened. Initially, three did not pass the screening (current infection, 

participation in other walking study, injury acuity) and were later rescreened and passed. 

Consequently, a total of 11 screenings were completed to enroll eight participants. All 

completed the study (n=4 in each training intervention group). Demographic information is 

included in Table 2.

Feasibility

Protocol Achievement—All participants completed both single sessions and 16 sessions 

of training as prescribed. During the single sessions, each participant was able to replicate 

their LT parameters (e.g., walking bout length, speed) between the tsDCS+LT and sham+LT 

sessions, allowing for comparison of the sessions. Participants completed five to seven 

walking bouts ranging from one to four minutes within the 30 minutes of tsDCS. Total 

stepping time varied from 9.6 to 20 minutes and walking speed ranged from 0.2–0.7 meters 

per second. During the 16-session training, the groups had similar average treadmill stepping 

times (tsDCS+LT: 28.6(1.5) min, sham+LT: 28.7(1.6) min) and overground stepping 

times (tsDCS+LT: 7.3(2.4) min, sham+LT: 8.7(1.6) min). Subjective reports of fatigue or 

musculoskeletal pain were always the reason for not completing the entire protocol. During 

treadmill LT, body weight support averaged 32% for participants in the tsDCS+LT group 

and 24% in the sham+LT group. Across both groups, all but one participant (participant 
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01) required physical assistance to maintain upright posture and rhythmic stepping during 

treadmill LT. Five participants required assistance at the trunk and bilateral lower extremities 

for all treadmill LT sessions. During overground LT, seven of the eight participants used 

an assistive device or handhold assistance; five participants required use of a rolling walker 

or bilateral handhold assistance. Overall, examination of training intensity outcomes (i.e., 

peak heart rate response during training, treadmill training RPE, overground training RPE, 

steps per session, training treadmill speed and increase in training treadmill speed compared 

to their pre-training speed) indicated that the groups reached similar levels of intensity. 

Intensity parameters are detailed in Table 3.

Tolerability—No discomfort or other side effects were reported during the single session 

of tsDCS+LT and, overall, the participants receiving tsDCS+LT during training tolerated 

the repeated exposure. Two minor issues related to the skin under the electrodes were 

noted. One participant in the tsDCS+LT group, 01, reported itchiness in the area of the 

posterior electrode; examination revealed dry skin, likely the result of the repeated skin 

preparation with alcohol, and the issue resolved with the use of lotion in the evenings. 

Another participant in the tsDCS+LT group, 02, developed an abrasion near the edge of the 

posterior electrode that was covered for future sessions. When a similar abrasion developed 

in a member of the sham+LT group, 06, it was determined that an exposed rough edge on the 

strap’s Velcro for attaching the electrodes was the cause. While multiple factors (electrode 

moisture, post-SCI skin changes, older age) may have contributed to skin integrity issues, 

covering the rough edge for the subsequent participants resolved the issue.

There was only one participant receiving tsDCS who reported a direct side effect from the 

stimulation; participant 11 (randomized to sham+LT) reported a burning sensation during 

the 30 seconds of stimulation in her third intervention session and the intensity was lowered 

to 1 mA for the 30 seconds. In subsequent sessions, she also reported a mild burning 

sensation but tolerated the normal intensity. No other participants reported pain caused by 

the stimulation.

A few other side effects were noted during training. Two participants in the sham+LT group, 

08 and 11, had musculoskeletal pain that delayed intervention for at least one session. One 

participant in the tsDCS+LT group, 02, reported a nighttime episode of brief, intense foot 

pain. This individual also reported periods of increased spasticity or spasms that mildly 

affected his sleep. Similarly, one individual in the sham+LT group, 08, also reported similar 

fluctuations in spasticity. The influence of tsDCS cannot be definitively ruled out, but 

participants in the tDCS+LT group did not appear to have worse side effects than those in 

the sham+LT group. It is more likely the intense training parameters, a marked increase in 

physical activity, and high repetitions of stepping contributed to these reports.

Safety—In seven out of eight participants, there were no adverse events. During both the 

tsDCS+LT and sham+LT single sessions, one participant, 08, experienced a decrease in 

heart rate and increase in blood pressure while stepping, consistent with onset of autonomic 

dysregulation. Each episode resolved with a seated rest break. Participant 08, who was 

randomized to the sham+LT group, continued to have similar episodes during his first seven 
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training sessions, but the issue subsided gradually and resolved for later training sessions. 

No other adverse responses were noted during the training portion of the study.

16-Session Training Walking Performance Outcomes

Assessment of walking speed with the 10-meter walk test following the 16-session training 

protocol revealed an average walking speed change of 0.18(0.29) m/s in the tsDCS+LT 

group compared to an average change of −0.05(0.23) m/s in the sham+LT group. Three 

participants in the tsDCS+LT group exceeded the test’s minimal clinically important 

difference (MCID; 0.06 m/s) compared to only one participant in the sham+LT group [35]. 

Assessment of walking endurance with the 6-minute walk test demonstrated an average 

improvement of 36.4(69.0) m in the tsDCS+LT group and 4.9(56.9) m in the sham+LT 

group. One participant in each group reached the MCID (0.10 m/s or 36 m)[36]. Individual 

results are included in Table 4.

Discussion

The feasibility outcomes (protocol achievement, tolerance and safety) in a small, diverse 

sample indicate combined tsDCS and LT is safe and feasible for individuals with motor 

incomplete SCI. The participants had varied injury characteristics and walking abilities 

indicating that those with both low and high walking function can participate in this 

clinically-translatable combinatorial intervention. Furthermore, all individuals were able to 

complete the protocol/training at high intensities based on heart rate and perceived exertion. 

Gains in walking function after 16 sessions indicate the potential of this intervention to 

improve walking function. Overall, study outcomes are encouraging in this small cohort of 

individuals indicating further investigation of efficacy is warranted.

Feasibility

Feasibility was demonstrated by this study in a small group with individuals who had a 

range of injury characteristics consistent with those who participated in prior studies of 

SCI walking rehabilitation [7]. Furthermore, the majority of the group had severe walking 

impairment and were wheelchair dependent, suggesting that this intervention is feasible 

for most individuals who pursue walking rehabilitation interventions. The addition of the 

tsDCS protocol did not create a barrier to achieving two critical ingredients in walking 

rehabilitation after SCI: the amount and intensity of stepping practice [30, 37]. Training 

frequency and stepping time were consistent with prior studies that reported these variables 

[30, 32, 38]. It was also feasible to deliver the intervention in a manner consistent with 

recent reports of high-intensity training [30].

An important indicator of feasibility is the absence of side effects and adverse events. 

Individuals post-SCI have several health concerns to consider, particularly with respect to 

intense walking interventions and electrical stimulation. First, nearly 60% of individuals 

with SCI have impaired autonomic regulation, altering the precise control of heart rate and 

blood pressure adjustments that typically accompany postural changes and exertion during 

training. Moreover, serious complications such as autonomic dysreflexia can be triggered 

by a variety of stimuli causing unsafe elevations in blood pressure and limiting the ability 
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to complete some types of rehabilitation. In this cohort of eight individuals, there were 

no serious episodes of autonomic dysregulation or dysreflexia that limited the intervention. 

While one individual experienced symptoms of an altered autonomic response, this response 

was likely unrelated to the addition of tsDCS; autonomic dysregulation occurred during both 

of his single sessions (tsDCS+LT and sham+LT) and had occurred previously during other 

walking interventions.

The assessment of tolerability also focused on how this combined intervention could 

potentially impact common post-SCI impairments. First, post-injury changes in skin 

integrity are a serious concern [20, 39]. The use of the commercially available saline-soaked 

electrodes under the tight harness during the intervention appeared well-tolerated. Correct 

and secure electrode placement required close attention and frequent monitoring of electrode 

sites ensured skin integrity. Second, spasticity is a severe and limiting complication for 

participation in walking rehabilitation. It was therefore encouraging that fluctuations in 

spasticity during the study appeared unrelated to use of tsDCS.

Two other concerns in SCI walking rehabilitation are pain and changes in sensation. While 

participant 11 reported a burning sensation during tsDCS for the short bout it is applied in 

the sham protocol, it is reassuring that the intensity only required adjustment on one training 

day. Interestingly, this individual reported no issues when the stimulation was on for the full 

30 minutes during the tsDCS+LT single session. Participant 02 reported an episode of foot 

pain that occurred between sessions. The participant characterized the episode as a positive 

event since he had not had any sensation below his injury before the study. He also reported 

beginning to feel his feet on the floor during the course of the intervention which he felt 

improved his ability to walk. These participant responses highlight the importance of close 

monitoring and ongoing investigation of this combinatorial intervention.

Walking Performance

The outcomes for walking speed following the 16-session training suggest a possible benefit 

from the addition of tsDCS; achievement of clinically meaningful improvements in walking 

speed after training were more consistent in the tsDCS+LT group, occurring in three out 

of four, compared to the sham+LT group (one of four). Evidence of walking changes 

specific to the addition of tsDCS cannot be determined definitively in this small cohort, but 

examination of individual subject characteristics and training responses may provide insight 

to guide future directions.

Individuals who demonstrated training-induced improvement in walking speed, compared 

to those who did not, had no apparent differences in baseline walking function, lower 

extremity motor scores or intensity of training completed. One factor that may have 

contributed to their positive outcomes was their ability to practice walking outside of the 

intervention as reported by two of the three who made gains in the tsDCS+LT group. 

Of note, one participant progressed during the study to start walking at home with 

the assist of his wife, whereas prior they were unable to safely do so. The other was 

already an independent ambulator and could implement his practice in everyday community 

ambulation. Interestingly, the sham+LT group also had two individuals who reported 

walking practice outside of the intervention (one who was previously independent and the 
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other reaching a new level of function), but only one demonstrated improved walking speed. 

Of note, while all participants had chronic SCIs, all four of the individuals demonstrating 

clinically meaningful gains in walking speed were less than three years post-injury. It is 

possible that the spinal circuits in less chronic injury are more amenable to intervention from 

LT or tsDCS. Therefore, the relative contributions of tsDCS, self-training, injury chronicity 

and other factors are currently difficult to separate in determining their greater responses to 

the training.

While the speed change outcomes are encouraging, less gains were evident in the 6-minute 

walk test outcomes. Greater gains in speed may be evident since increased speeds were 

used to promote intensive training and many training sessions involved walking bouts that 

were less than six minutes. It is also possible that a limited number of training sessions, 

the presence of non-responders and lack of sensitivity in the 6-minute walk test may have 

contributed [33, 40].

Future Directions

Prior to a large-scale clinical trial of tsDCS with LT, further examination of this approach 

is needed. In particular, a larger sample size will be necessary to accurately estimate 

variance in response and determine the sample size for a large clinical trial. However, 

due to numerous participant factors (e.g., injury severity, chronicity, baseline capacity), 

response heterogeneity may require targeted investigations of individuals with narrower 

injury and baseline characteristics. While this approach will limit study inclusion, and 

thereby challenge recruitment, it may enable initial determination of efficacy and study 

of individuals most likely to respond. One limitation of this pilot investigation is our 

lack of data on the feasibility of recruiting individuals post-SCI who would be eligible 

for this intervention from the general public; our recruitment procedures were targeted at 

individuals associated with our large rehabilitation health system and utilized pre-approved 

approaches for database and record screening. Additionally, since this investigation included 

a small sample, further verification of tolerance and safety of this approach is warranted. 

The unfavorable response in one individual suggests that some individuals may need to 

acclimate to the stimulation. Since the unfavorable response occurred with someone during 

the sham exposure, it is not clear how they would have responded to the 16-session active 

stimulation protocol. Furthermore, advancement of combined tsDCS with LT will benefit 

from improved understanding of the mechanisms underlying tsDCS and how combination 

with rehabilitation may enhance effects, as well as investigation of long-term effects.

Implication for Clinical Translation

There are many therapist-identified barriers encountered when translating research to the 

clinic, such as development of new habits and routine clinical procedures required to 

ensure efficient practice. Other factors may include device use or set-up complexity, limited 

potential application (appropriate for a small number of patients), increased costs, and 

equipment access. However, several factors may allow for a combined intervention of tsDCS 

and task-specific training to be implemented easily and quickly. tsDCS is non-invasive and 

can be delivered with relative ease. The stimulation devices are also relatively low-cost and 

commercially available. Furthermore, neuromuscular electrical stimulation during functional 
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rehabilitation, such as LT, is already a standard of clinical practice. tsDCS could also 

be combined with other types of rehabilitation, increasing its potential use and ease of 

integration into clinical practice. Finally, this study adds to prior research on tsDCS during 

a single session post-SCI [17] and an intervention protocol post-stroke [28] to demonstrate a 

lack of adverse responses or safety concerns.
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Figure 1. 
Study procedures. Participants first completed two sessions in a random order of either 

tsDCS+LT or sham+LT where assessments were completed pre- and post-intervention in 

each session. Participants were then randomized to receive either tsDCS+LT or sham+LT 

for the 16-session training. Assessments were completed on a separate day before and after 

training.
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Table 1.

Inclusion and exclusion criteria for study participation.

Inclusion criteria

1) age from 18 to 65
2) a single SCI (duration >1 year) classified as neurologic level T12 or above based on the International Standards for Neurological 
Classification of Spinal Cord Injury, and classified on the American Spinal Cord Injury Association (ASIA) Impairment Scale (AIS) as “C” or 
“D” motor incomplete at screening (Kirshblum et al., 2011)
3) capability of ambulating 3 meters with or without the use of gait devices, braces, or the assistance of one person
4) medical stability with no acute illness or infection
5) ability to provide informed consent

Exclusion criteria

1) current diagnosis of an additional neurologic condition (e.g., multiple sclerosis, Parkinson’s disease, stroke, or brain injury)
2) presence of unstable or uncontrolled medical conditions such as cardiovascular disease, myocardial infarction (<1 year), pulmonary infection 
or illness, renal disease, autonomic dysreflexia, infections, pain, heterotopic ossification
3) cognitive or communication impairments limiting communication with study staff or ability to provide informed consent
4) lower extremity joint contractures, pain, skin lesions/wounds, severe spasticity/uncontrolled movements or an acute or unstable fracture, 
diagnosis of osteoarthritis or bone impairments affecting participation in walking rehabilitation
5) body weight or height that is incompatible with safe use of a support harness and body weight support system
6) current participation in rehabilitation to address walking function
7) botox injections in lower extremity muscles affecting walking function within 4 months of study enrollment
8) legal blindness or severe visual impairment
9) known pregnancy
10) implanted metal hardware of the spine below the 8th thoracic vertebrae.
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Table 2.

Participant demographics. AIS and Lower Extremity Motor Score were determined using the International 

Standards for Neurological Classification of Spinal Cord Injury completed at the pre-training assessment.

Participant 
number

Training group Age AIS Months 
post-injury

Lower Extremity 
Motor Score

Walking 
speed (m/s)

Ambulatory status

01 tsDCS+LT 33 C1, D 27 Left: 18/25
Right: 20/25

0.83 Community ambulator 
No assistive device

02 tsDCS+LT 61 C1, C 21 Left: 0/25
Right: 5/25

0.13 Power wheelchair user

03 tsDCS+LT 58 T3, D 89 Left: 15/25
Right: 19/25

0.16 Manual wheelchair user

06 Sham+LT 62 C1, D 63 Left: 14/25
Right: 11/25

0.14 Ambulates with caregiver 
assist (grip deficits limit 
device use)

08 Sham+LT 31 C6, D 101 Left: 15/25
Right: 13/25

0.07 Manual wheelchair user

09 tsDCS+LT 59 C1,D 20 Left: 7/25
Right: 25/25

0.14 Power wheelchair user

10 Sham+LT 60 T7, D 486 Left: 25/25
Right: 18/25

0.59 Community ambulatory 
with walking stick

11 Sham+LT 52 T1, D 12 Left: 14/25
Right: 25/25

0.28 Manual wheelchair user

tsDCS+LT group average 52.8 39.3 27.8/50 0.32

Sham+LT group average 51.3 165.5 34.0/50 0.27

Abbreviations: AIS - American Spinal Injury Association (ASIA) Impairment Scale; m/s – meters per second
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Table 3.

Average intensity indicators during training for each participant and by group.

OG RPE TM RPE TM Peak HR % of HR max TM speed (m/s) % increase in training 
TM speed

Estimated steps

tsDCS+LT

01 N/A 15.9 119.4 65 2.6 63 2826

02 18.5 18.3 100.1 61 0.9 125 1563

03 17.6 15.7 117.9 71 1.1 83 1280

09 18.8 17.6 109.5 68 1.1 57 2117

Average(SD) 18.3(0.6) 16.9(1.3) 111.7(8.9) 66.3(4.3) 0.6(0.4) 82(31) 1947(682)

Sham+LT

06 13 11.9 129.9 79 1.0 100 1298

08 15.5 16.8 123.4 66 0.6 20 806

10 13.4 13.1 118.2 74 1.6 33 1765

11 16.5 14.9 95.2 57 1.5 67 1469

Average(SD) 14.6(1.7) 14.2(2.1) 116.7(15.1) 69.0(9.6) 0.5(0.2) 55(36) 1335(402)

Abbreviations: RPE – rate of perceived exertion; OG – overground; TM – treadmill; HR – heart rate; tsDCS – transcutaneous spinal direct current 
stimulation; LT – locomotor training; sham – sham tsDCS; m/s – meters per second
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Table 4.

Change in walking function outcomes after 16-session training.

01 02 03 09 tsDCS + LT 06 08 10 11 Sham + LT

10 MWT (m/s) 40% 43% −26% 84% 35(46)% −19% −27% −30% 50% −7(38)%

0.60 0.06 −0.08 0.15 0.18(.29) −0.07 −0.05 −0.33 0.24 −0.05(.23)

6 MWT (m) 41% −3% −15% 25% 12(26)% −16% 64% −24% 130% 39(73)%

(139.3) (−1.1) (−4.9) (12.4) 36.4(69.0) (−7.7) (22.6) (−65.7) (70.2) 4.9(56.9)

Abbreviations: 10 MWT – 10-meter walk test; 6 MWT – 6-minute walk test.
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