
RESEARCH Open Access

Exoskeleton-assisted gait training to
improve gait in individuals with spinal cord
injury: a pilot randomized study
Shuo-Hsiu Chang1,2* , Taimoor Afzal1,2, TIRR SCI Clinical Exoskeleton Group3, Jeffrey Berliner4 and
Gerard E. Francisco1,2,3

Abstract

Background: Robotic wearable exoskeletons have been utilized as a gait training device in persons with spinal
cord injury. This pilot study investigated the feasibility of offering exoskeleton-assisted gait training (EGT) on gait in
individuals with incomplete spinal cord injury (iSCI) in preparation for a phase III RCT. The objective was to assess
treatment reliability and potential efficacy of EGT and conventional physical therapy (CPT).

Methods: Forty-four individuals were screened, and 13 were eligible to participate in the study. Nine participants
consented and were randomly assigned to receive either EGT or CPT with focus on gait. Subjects received EGT or CPT,
five sessions a week (1 h/session daily) for 3 weeks. American Spinal Injury Association (ASIA) Lower Extremity Motor Score
(LEMS), 10-Meter Walk Test (10MWT), 6-Minute Walk Test (6MWT), Timed Up and Go (TUG) test, and gait characteristics
including stride and step length, cadence and stance, and swing phase durations were assessed at the pre- and
immediate post- training. Mean difference estimates with 95% confidence intervals were used to analyze the differences.

Results: After training, improvement was observed in the 6MWT for the EGT group. The CPT group showed significant
improvement in the TUG test. Both the EGT and the CPT groups showed significant increase in the right step length. EGT
group also showed improvement in the stride length.

Conclusion: EGT could be applied to individuals with iSCI to facilitate gait recovery. The subjects were able to tolerate
the treatment; however, exoskeleton size range may be a limiting factor in recruiting larger cohort of patients. Future
studies with larger sample size are needed to investigate the effectiveness and efficacy of exoskeleton-assisted gait
training as single gait training and combined with other gait training strategies.

Trial registration: Clinicaltrials.org, NCT03011099, retrospectively registered on January 3, 2017.
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Background
Inability to walk is one of the major consequences of
spinal cord injury (SCI). As of the year 2010, 265,000
people have sustained a SCI in the USA with nearly 61%
having incomplete spinal lesions [1]. As a result of SCI,
individuals may experience a loss of independence in
mobility impacting their community participation and

integration and leading to a decreased quality of life [2].
In order to restore the capability for locomotion in a
short period of inpatient stay and outpatient therapy,
gait rehabilitation usually focuses solely on providing
compensatory strategies such as walking with assistive
device and braces [3]. However, compensatory strategies
limit the potential regeneration and reintegration of the
neuromuscular system that leads to functional recovery.
Thus, the current trend of SCI rehabilitation has empha-
sized more on task-dependent or activity-dependent
neuromusculoskeletal plasticity and recovery [4].
Neuroplasticity, a condition and ability of modification

of neural pathways and synapses in the nervous system,
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plays a critical role in motor and functional recovery [5].
A substantial number of research studies have demon-
strated that neural plasticity and cortical reorganization
could occur through systematic execution of task-
specific training which leads to recovery of walking after
sustaining neurological injury [6–11]. One of the most
commonly seen examples of task-specific training for
gait is body weight-supported treadmill training
(BWSTT). BWSTT produces a large number of stepping
repetitions that could induce neuroplastic changes at
both the spinal and the cortical levels [12] and lead to
gait improvement [13]; however, the results are incon-
clusive. Several studies involving BWSTT have suggested
to be beneficial, but the improvements were not signifi-
cantly different when compared to conventional over-
ground walking gait [14, 15]. A study by Duncan et al.
showed no superiority of BWSTT over home-based
physical therapy in improving the functional level of
walking and reducing the incidence of falls in individuals
with stroke [14]. These findings could be explained,
partly by the difference in gait kinematics and subject in-
volvement between treadmill and overground walking.
Some gait kinematics when walking on a treadmill are
not an exact replica to overground gait kinematics as the
body does not move forward in space over the lower limbs
[16, 17]. It is also difficult to judge the patient’s active in-
volvement which is a key factor in administering effective
rehabilitation [12]. To have more effective gait training
that follows task-specific training principles, overground
gait training with body weight support features from
exoskeleton robotic devices should be considered.
Lower limb robotic assistive devices known as exoskel-

etons have been developed to assist individuals with
lower limb paralysis and weakness to walk [18] and can
be used as a gait training device [19]. Exoskeleton
robotic devices utilize the user’s movements to control
externally powered gait. Therefore, the users of the exo-
skeleton must be both physically and cognitively engaged
to advance the limb. The device is equipped with
computer-controlled motors at the hip, knee, and even
ankle joints to provide assistance in sit-to-stand, stand-
to-sit, upright standing, and walking tasks [18]. The
developments have been inspired by the recent advances
in technology, with a variety of them being utilized in
rehabilitation centers to assist individuals with disabil-
ity. In recent studies, the safety of walking with wear-
able exoskeleton devices has been clinically evaluated
[18–20], and it is safe for individuals with thoracic SCI,
when utilized in a controlled environment with assist-
ance by a trained personnel. Compared to BWSTT,
exoskeleton-assisted training could provide potential
advantages such as the ability to provide overground
walking by using a biomechanical reciprocating pattern
that allows achievement of hip extension and full

loading of the lower limbs that is similar to a natural
gait pattern and engages active involvement. Moreover,
the reciprocal gait feature that provides the capability
of producing repeated patterns of walking could facili-
tate neural plasticity. However, the effectiveness of
exoskeleton-assisted gait training for individuals with
SCI remains unclear.
The primary purpose of this pilot study was to investi-

gate the feasibility of exoskeleton-assisted gait training
(EGT) in individuals with chronic incomplete SCI (iSCI).
The primary feasibility objectives were assessing patient
eligibility, pre-assessment, randomization process, treat-
ment reliability, and post-assessment. The secondary ob-
jective of the study was to investigate the potential
efficacy of EGT on motor and gait performance com-
pared to conventional physical therapy (CPT) gait train-
ing. We hypothesized that subjects who received EGT
would show greater improvement in motor and gait per-
formance compared to those who received CPT
designed for gait training. Studies that have included
complete SCI populations have examined the clinical ef-
fectiveness, feasibility, and safety during exoskeleton-
assisted walking [18, 21]. As the focus of this study was
to examine the potential efficacy of training with exo-
skeleton on gait and potential underlying mechanisms
that lead to improvement, therefore, we only considered
incomplete SCI individuals who were also ambulatory.
Moreover, chronic individuals particularly > 6 months
post-injury reach a stable level of recovery, and any
observed improvement from any intervention could be
attributed to the intervention itself, unlike acute and
sub-acute stage where the observed improvements could
also be a result of spontaneous recovery [22]. Further,
acute and sub-acute SCI may still have other medical
complications that exclude them from utilizing wearable
exoskeletons. The results of this study will allow us to
ascertain if the complete procedure, i.e., assessing
patient eligibility, baseline assessment, randomization
process, treatment reliability, and post-assessments,
could be conducted in a well-defined manner prior to a
definitive randomized controlled trial (RCT).

Methods
Design, setting, and subjects
We conducted a parallel-group randomized controlled
pilot trial (Houston, TX, USA 2014-2016). Between
January 2014 and March 2015, clinical staff at TIRR
Memorial Hermann hospital locations in Houston,
Texas, scanned and identified potential participants that
met the basic study inclusion criteria. Later, the inter-
ested participants were screened over the phone by a
member of the research staff. If the participants passed
the phone screen, they were invited for an onsite screen-
ing. The onsite screening was performed by a member
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of the research team who also consented them. All par-
ticipants gave their written consent to participate in the
study. The study protocol was approved by the Commit-
tee for Protection of Human Subjects (CPHS) at the
University of Texas Health Science Center at Houston.
Individuals with confirmed diagnosis of chronic motor

iSCI classified by the American Spinal Injury Association
Impairment Scale (AIS) grades C or D, above the T12
level, were recruited to participate in the study. Inclusion
criteria were 18 years of age or older, male or non-
pregnant female, at least 6 months after injury, height
between 1.5 and 1.88 m, weight less than 100 kg, able to
independently stand for 2 min with or without an assist-
ive device and with or without orthoses distal to the
knee, and able to follow three-step instructions for cog-
nitive assessment. Subjects were excluded if they had
any of the following: presence of clinical signs of lower
motor neuron injury; history of severe neurologic injuries
other than SCI (multiple sclerosis, cerebral palsy, amyo-
trophic lateral sclerosis, traumatic brain injury, cerebro-
vascular accident, etc.); severe comorbidities such as
active infections, heart, lung, or circulatory conditions,
pressure ulcers, or any skin issues that would prevent
wearing the device; documented severe osteoporosis af-
fecting the hip and spine; severe spasticity in the lower ex-
tremities (Modified Ashworth ≥ 3) or uncontrolled clonus;
unstable spine; unhealed limb or pelvic fractures; range of
motion restrictions that would prevent a subject from
achieving a normal, reciprocal gait pattern or would re-
strict a subject from completing normal sit-to-stand or
stand-to-sit transitions; upper extremity strength deficits
that limit ability to support and balance on a front rolling
walker or crutches; heterotopic ossification that resists
functional range of motion in lower extremities; contrac-
tures (> 15.0° at the hips or > 20.0° at the knees); psychi-
atric or cognitive comorbidities resulting in motor
planning or impulsivity concerns; colostomy; or received
any physical therapy intervention within 3 months prior
to enrollment in the study.

Randomization and training protocol
The subjects were randomized by the members of the
research team into two groups (EGT and CPT) by draw-
ing lots, maintaining allocation concealment. However, it
was impossible to blind the subjects to their allocation
as EGT and CPT are completely different interventions
requiring extensive subject involvement in training.
Exoskeleton utilized in this study was Ekso® (Ekso
Bionics, Richmond, CA). In EGT group, subjects donned
the Ekso exoskeleton and participated in individualized
treatment sessions that included sit to stand, static and
dynamic standing balance, weight shifting, walking, turn-
ing, and stand to sit. Each training session was 60 min
long. The time required to don and doff the device was

not included in the training time. The training was held
5 days per week for 3 weeks with a total of 15 sessions.
During the training period, the subjects were required to
maintain the same amount and level of regular daily
physical activity and exercise.
The CPT group received physical therapy designed to

facilitate gait improvement. This included individualized
treatment sessions consisting of stretching, strengthen-
ing, balance training, standing, sit to stand, stair, and gait
training. Subjects were not allowed to participate in any
form of robotic-assisted or body weight-supported tread-
mill training during the study period. Each training ses-
sion lasted 60 min, and the training was held for a total
of 15 sessions with 5 days per week for 3 weeks. Consist-
ent with the EGT group, subjects were required to main-
tain the same amount and level of regular daily physical
activity and exercise during the study period.

Feasibility objectives
We evaluated four primary objectives to assess the feasi-
bility of conducting the EGT protocol.
Patient eligibility: We assessed the patient eligibility by

determining the percentage of patients who were eligible
for the study and the percentage who were ineligible due
to the exo size range limitations.
Outcome assessments (pre and post): The feasibility of

the outcome assessment sessions was assessed by deter-
mining the number of assessment parameters that the
subjects were able to complete.
Treatment reliability: We assessed the treatment reli-

ability by determining the number of adverse events oc-
curring during the trainings or the assessments.

Assessment protocol
Pre- and post-assessment sessions were conducted at
the pre- and immediate post-training for both groups by
a physical therapist who was masked of the group as-
signment. The pre-training session included an initial
evaluation of each subject’s height, weight, range of mo-
tion, sensation, ability to walk, and muscle strength. The
following measures were assessed during both the pre-
and post-assessment.

Lower Extremity Motor Score
The ability for an individual to volitionally contract mus-
cles in accordance with myotomes is assessed using the
American Spinal Injury Association (ASIA) Lower
Extremity Motor Score (LEMS). Strength is graded on a
scale of 0–5. A thorough description of the assessment
procedure is specified in [23].

Gait spatial and temporal characteristics
Spatial and temporal characteristics of gait were mea-
sured using the GAITRite system (GAITRite, CIR
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system Inc., USA, 2008). The standard GAITRite walk-
way contained six sensor pads encapsulated in a rolled
up carpet having an active area of 3.66 m in length and
0.61 m in width [24]. During the walk over the walkway,
footfalls were captured by the sensors as a function of
time. The information was stored and analyzed offline
for footfall patterns. The parameters evaluated were ca-
dence, step length, stride length, and stance and swing
phase durations, and the mean of the three repetitions
was used [25].

10-Meter Walk Test
Gait speed was assessed with the 10-Meter Walk Test
(10MWT). The subjects walked for 14 m to account for
potential acceleration and deceleration effects. The time
was recorded after the subject walked 2 m and was
stopped 2 m before the end line. Subjects were
instructed to maintain a comfortable pace and walk in a
straight line over the required distance. The subjects also
had the option to use a preferred assistive device, includ-
ing minimal physical assistance as needed. The speed
was measured in meters per second (m/s).

6-Minute Walk Test
Gait endurance was assessed using the 6-Minute Walk
Test (6MWT) [26]. Subjects walked for 6 min at their
self-selected speed and could rest when they felt unable
to continue. The total walking distance was recorded.
Use of any physical assistive device or bracing was docu-
mented. Each subject used the same assistive device or
bracing at all assessment sessions. The distance covered
during the 6MWT is measured in meters (m).

Timed Up and Go
Multi-task mobility including sit-to-stand transfers and
balance were assessed using the Timed Up and Go (TUG)
test [27]. The time was recorded when the subjects rise
from the chair and was stopped when the subjects sit on
it. In between, the subjects walk 3 m, turn around, and
again walk 3 m. The time was measured in seconds (s).
10MWT, 6MWT, and TUG are commonly and widely

used functional ambulation outcome measures and have
good test-retest, inter-observer reliability, and construct
validity in ambulatory SCI [28]. As the focus of this study
is on ambulatory SCI, therefore, we proposed using
10MWT, 6MWT, and TUG as the assessment measures.

Statistical analysis
As this was a pilot study, sample size calculation
was not performed [29]. The aim was to recruit at
least 10 subjects (five in each intervention) as this
would be a large enough sample to infer about the
practicality of delivering the interventions in iSCI

population, randomization process, treatment reliabi-
lity, and assessments. Descriptive analysis and mean
difference estimated with 95% confidence intervals (CI)
were performed to examine within-group differences.

Results
Forty-four subjects were screened for the study, 13 were
eligible and nine of the 13 subjects consented to partici-
pate. Two participants withdrew during training, and
seven participants completed the study. The Consoli-
dated Standards of Reporting Trials (CONSORT) dia-
gram is shown in Fig. 1. The mean age of subjects in
EGT (1 female, 3 males) was 56 years (SD 17 years)
with a post-injury duration of 15 years (SD 14 years),
and the mean age of subjects in CPT (1 female, 2
males) was 60 years (SD: 2 years) with a mean post-
injury duration of 7 years (SD 3 years). The level of
lesion ranged from C4 to T12 in the EGT and C5 to
C12 in the CPT. Subject characteristics are shown in
Table 1.

Feasibility objectives
Thirteen subjects were eligible to participate in the
study from a total of 44 participants (30% success
rate). Of the 31 screen failures, two subjects did not
meet the height and weight requirements, whereas
one subject met the height requirement but had long
tibia and femur bones. Therefore, 10% of the screen
failures were a result of the subjects not meeting the
inclusion criteria for height and weight. All subjects
were able to complete assessment protocols during the
pre- and post-assessment sessions. Regarding the
treatment reliability, in the CPT group, all subjects
completed the assessment and training sessions with-
out the occurrence of an adverse event. In the EGT
group, only one subject acquired ankle soreness after a
training session. However, the subject was able to con-
tinue the study protocol once the ankle soreness
disappeared.

ASIA LEMS
ASIA lower extremity motor scores at the pre- and post-
training for each participant are shown in Fig. 2.
Subjects E1, E2, and E4 showed improvement in LEMS
score, but no change in LEMS score was observed in
subject E3.

Gait characteristics
Increase in the stride length was found in the EGT
group (pre-stride length 66 cm (SD 7 cm), post-stride
length 72 cm (SD 9 cm). The difference between pre-
and post-stride length was statistically significant (mean
difference 6.33; 95% CI = (3.4, 9.3)). However, no signifi-
cant change in stride length was observed in the CPT
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group (pre-stride length 102 cm (SD 11 cm), post-stride
length 99 cm (SD 15 cm), mean difference − 2.2; 95% CI
= (− 9.9, 5.5)). All subjects in the EGT group displayed
increase in stride length (Fig. 3a).
Increase in cadence was observed in the EGT group,

increasing from 32 steps/min (SD 6 steps/min) during
pre-assessment to 37 steps/min (SD 5 steps/min) dur-
ing post-assessment; however, the difference was not
significant (mean difference 5.6; 95% CI = (− 2.0, 13.1)).
The CPT group showed steps/min increase from 57
(SD 23) to 59 (SD 26). The results are shown in
Fig. 3b.
The right step length in the EGT group increased

(pre-right step length 36 cm (SD 2 cm), post-right

step length 40 cm (SD 4 cm)), with a statistically sig-
nificant difference (mean difference 2.0; 95% CI = (0.7,
8.0)). A significant change was also observed in the
right step length in the CPT group (pre-right step
length 52 cm (SD 7 cm), post-right step length
53 cm (SD 7 cm)), mean difference 1.2; 95% CI = (0.3,
2.1)). No significant group difference was found in
swing phase percentage, stance phase percentage, and
left step length in EGT and CPT subjects. These re-
sults are shown in Table 2.

Functional activities
Gait speed was measured during the 10MWT. The aver-
age speed achieved by the EGT group was 0.17 m/s (SD

Table 1 Participant characteristics

Characteristics EGT CPT

E1 E2 E3 E4 Mean (SD) C1 C2 C3 Mean (SD)

Age 30 66 62 64 56 (17) 59 63 59 60 (2)

Weight (kg) 83 72 81 78 79 (5) 92 81 55 76 (19)

Height (m) 1.75 1.65 1.72 1.78 1.7 (0.1) 1.78 1.83 1.6 1.7 (0.1)

Gender M F M M M M F

Injury level C7 T12 T12 C4 T12 C5 T12

AIS classification C D D D C D D

Years post-injury 2 6 16 34 15 (14) 5 6 10 7 (3)

Fig. 1 Consolidated Standards of Reporting Trials (CONSORT) diagram. CONSORT showing the enrollment process for the iSCI subjects that were
included or excluded in the study
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0.01 m/s) and 0.22 m/s (SD 0.03 m/s) during pre- and
post-assessments respectively. However, the mean differ-
ence was not statistically significant (mean difference
0.04; 95% CI = (− 0.02, 0.11)). The CPT group walked at
a speed of 0.51 m/s (SD 0.28 m/s) and 0.55 m/s (SD
0.31 m/s) during pre- and post-assessments respectively.
Also, the mean difference was not statistically significant
(mean difference 0.04; 95% CI = (− 0.09, 0.17)).
Multi-task mobility was assessed by TUG with time to

complete as the assessment parameter. The EGT group
required a mean time of 71 s (SD 23 s) to complete the
test during pre-assessment and 55 s (SD 8 s) during
post-assessment. However, no statistically significant
changes were observed in the mean difference between
pre- and post-assessments (mean difference − 15.43; 95%
CI = (− 47.5, 16.6)). CPT group required a mean time of
37 s (SD 17 s) to complete the test during pre-
assessment and 36 s (SD 17 s) during post-assessment.

Although the percentage of improvement observed in
the CPT group was less compared to that in the EGT
group, the mean difference estimate showed a statisti-
cally significant reduction in TUG time (mean difference
− 1.6; 95% CI = (− 2.6, − 0.6)).
Walking endurance was assessed during 6MWT with

distance walked as the assessment parameter. The EGT
group walked an average distance of 50 m (SD 23 m) at
pre-assessment and 67 m (SD 25 m) at post-assessment.
The improvement in 6MWT distance at post-assessment
was statistically significant (mean difference 16.9; 95%
CI = (1.2, 32.5)). The CPT group walked an average dis-
tance of 147 m (SD 87 m) at pre-assessment and 154 m
(SD 94 m) at post-assessment. No significant improve-
ment was observed in the 6MWT distance in CPT sub-
jects (mean difference 7.7; 95% CI = (− 9.3, 24.7)). The
results are also shown in Table 3. Subjects in EGT group
spent substantially more time 66% (SD: 9%) on walking
compared to subjects in CPT group who spent 37% (SD:
13%) of the time in weight bearing activities (i.e. stand-
ing and walking) (Fig. 4).

Discussion
To our knowledge, this study is one of the few pilot
studies to investigate the feasibility and potential efficacy
of exoskeleton-assisted gait training (EGT) and conven-
tional physical therapy (CPT) on gait performance in in-
dividuals with iSCI. As individuals with SCI can walk
safely with exoskeleton as an assistive device [18, 19]
and there is a potential to receive various health benefits
such as improved bowel and bladder function and re-
duced spasticity [18], wearable exoskeletons could also
be utilized as a gait training device to facilitate motor
and gait function recovery and health promotion in this
population. By increasing the duration of the training
and inducing large number of the repetitions, the use of
exoskeleton provides intense repetitive locomotor train-
ing to facilitate gait function recovery as compared to
conventional physical therapy gait training. As we ob-
served improvement in both EGT and CPT groups, the

Fig. 2 Total AISA lower extremity motor score pre- and post-training.
EGT subjects showed an increase in the total LEMS score. No significant
increase was observed in percentage change during post-assessment
compared to pre-assessment. Dotted lines represent the CPT group.
Solid lines represent the EGT group

Fig. 3 Pre- and post-assessment values for a stride length and b cadence in EGT and CPT subjects. EGT groups showed increased stride length.
CPT group showed a decrease in stride length. Dotted lines represent the CPT group. Solid lines represent the EGT group
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effectiveness of EGT requires further investigation. Our
experience also indicated that the use of wearable exo-
skeleton may relieve clinicians (i.e., physical therapists)
from improper body mechanics and musculoskeletal
burden in manual body weight support and guidance
during locomotion training. Although the sample was
small and the results are not statistically significant to
support a strong conclusion, the results have provided
insightful and critical information such as assessing
patient eligibility, baseline assessment, randomization
process, treatment reliability, and post-assessments
could be conducted in a well-defined manner prior to a
definitive RCT.
The current protocol was feasible as all subjects were

able to complete the training and assessments. The
training frequency (five sessions/week) was feasible;
however, this may not be ideal for persons who are
employed full time or need transportation assistance
from family members or friends. The subject inclusion
and exclusion criteria was feasible and designed appro-
priately. The exoskeleton technology is new, and only a
few clinical trials were or are being conducted; the inclu-
sion and exclusion criteria was designed and determined
for subject safety. The only adverse event (ankle sore-
ness) occurred during the EGT, showing that EGT is safe
and the training protocol was tolerable. The assessment
sessions were 3–4 h long and were performed in one
time slot. The patient was able to complete all tasks in
one session that shows the reliability of the assessment
protocol. The exoskeleton-assisted walking involves a
human-machine contact, particularly the thighs and
shanks are wrapped with straps attached to the

exoskeleton for an upright posture. These areas could
potentially develop redness if pressure is applied for a
long time. Therefore, it is important to monitor the skin
for any potential adverse effects before and after each
training session. In addition, the assessment protocol
was designed to look at the different parameters such as
muscle strength, endurance, gait speed, etc. Static and
dynamic balance assessments could be added in future
trials to further evaluate the effectiveness of EGT.
An effective gait requires a multi-factor and system

control including the neuromuscular, musculoskeletal,
cardiopulmonary, sensory, and cognitive systems. We
observed improvement in gait characteristics and gait
speed and distance in EGT with significant improvement
in the stride length, right step length, and 6MWT. The
results are similar with the results in the study by Sale et
al. [30]. Three subjects with SCI participated in 20 ses-
sions of mobility training using wearable exoskeleton
(Ekso), and improvement was found in walking speed,
cadence, step length, and walking distance in 6 min after
training. The significant improvement in gait speed and
distance could be attributed to the improvement in
LEMS. The increases in muscle strength could be associ-
ated, at least partially, with the effects on neuroplasticity
after EGT. Literature has shown that short-term
strength and endurance training, especially at higher
gait speeds, improves gait parameters and facilitates
neuromuscular output [31, 32]. Therefore, EGT may
have led to strengthening of intact neural pathways in
the subjects and the improvements in gait characteris-
tics. Moreover, the improvement could also be attrib-
uted to the cardiopulmonary and musculoskeletal

Table 2 Results of swing phase percentage, stance phase percentage, and step length for EGT and CPT participants

Parameter EGT CPT

Pre-mean (SD) Post-mean (SD) Mean difference (95% CI) Pre-mean (SD) Post-mean (SD) Mean difference (95% CI)

Left

Swing percentage 16.5 (7.6) 18.3 (7.5) 1.8 (− 5.8, 9.4) 24.5 (8.4) 26.0 (9.0) 2.4 (− 0.3, 3.4)

Stance percentage 83.5 (7.6) 81.7 (7.5) −1.8 (− 9.4, 5.8) 75.5 (8.4) 74.0 (9.0) − 2.3 (− 3.4, 0.3)

Step length (cm) 30.0 (5.1) 32.0 (7.0) 2.0 (− 1.7, 5.7) 49.4 (6.2) 46.0 (9.6) 4.4 (− 11.9, 5.1)

Right

Swing percentage 16.5 (4.8) 18.8 (8.6) 1.8 (− 6.5, 11.2) 26.5 (6.6) 25.0 (7.3) − 1.5 (− 7.0, 4.1)

Stance percentage 83.6 (4.8) 81.2 (8.6) − 1.8 (− 11.2, 6.5) 73.5 (6.6) 75.0 (7.3) 1.5 (− 4.1, 7.0)

Step length (cm) 36.0 (2.1) 40.4 (3.7) 2.0 (0.7, 8.0) 52.8 (7.0) 53.4 (6.6) 1.2 (0.3, 2.1)

Table 3 Mean of the functional assessment parameters at pre- and post-assessments for EGT and CPT groups and within-group differences

Parameter EGT CPT

Pre-mean (SD) Post-mean (SD) Mean difference (95% CI) Pre-mean (SD) Post-mean (SD) Mean difference (95% CI)

10MWT (m/s) 0.17 (0.01) 0.22 (0.03) 0.04 (− 0.02, 0.11) 0.51 (0.28) 0.55 (0.31) 0.04 (− 0.09, 0.17)

6MWT (m) 50 (23) 67 (25) 16.9 (1.2, 32.5) 147 (87) 154 (94) 7.7 (− 9.3, 24.7)

TUG (s) 71 (23) 55 (8) − 15.4 (− 47.5, 16.6) 37 (17) 36 (17) − 1.6 (− 2.6, − 0.6)
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stress induced during exoskeleton-assisted walking. It
has been suggested that cardiorespiratory and meta-
bolic demands of exoskeleton-assisted walking are
consistent with activities performed at a moderate in-
tensity in individuals with SCI [33] and the perceived
exertion when using a powered exoskeleton for
assisted walking could range from mild to somewhat
hard [34]. Long-term application of exoskeleton-
assisted walking, therefore, could be treated as a car-
diopulmonary and endurance training with appropri-
ate assistance setting in the device. In addition, EGT
could also provide essential afferent inputs such as
proprioceptors responding to hip extension for initiat-
ing swing (hip position) and extensor load during
stance-to-swing transition (external loading) [10]. It
also provides an opportunity for hip extension and
external load during overground walking, by predeter-
mined walking speed, and inter-limb and intra-limb
coordination and kinematics that could enhance the
neural output and modulate neuroplasticity for walk-
ing in spinal and/or supra-spinal level [20].
It is important to note that the recovery of gait after

SCI depends on the type and level of the injury, post-
injury medical care, and rehabilitation intervention. EGT
could be treated as a standalone gait training program
or as a part of the rehabilitation program depending on
the treatment goals, recovery phases, or disability sever-
ity of the patients; thus, further investigation is required.
The design and control of wearable exoskeleton utilized
in this study require the user to use and control assistive
device such as walker or canes to maintain standing bal-
ance and perform lateral and forward trunk sways for
movement (stepping) initiation of the exoskeleton.
Therefore, the strategy of exoskeleton-assisted training is
different between training with paraplegia and quadriple-
gia. One of the significant differences is the ability to
maintain balance and trigger stepping movement when
using wearable exoskeleton; however, this could be com-
pensated by body weight supported harness and assist-
ance from the trainer (i.e., assist the user to perform
trunk sway). Depending on the impairment and patient
goals, potential therapeutic effects, if any, of
exoskeleton-assisted gait training could focus on gait
and balance for paraplegia and bowel and bladder func-
tion or cardiopulmonary strengthening for quadriplegia.
Some important insights regarding the duration and

intensity of the study and the randomization process are
provided to facilitate the conduction of future RCTs.
Our EGT protocol may not provide sufficient intensity.
EGT program was held five times per week for 3 weeks
with a total of 15 sessions. Short-term (6–12 weeks)
strength and endurance training at higher gait speeds
improves gait parameters [31, 32]. In Aach et al.’s study,
subjects showed improvement in 10MWT, TUG, and

6MWT after 90 days (five times per week) of body
weight support of exoskeleton-assisted treadmill training
[35]. In the study by Hornby et al., 6MWT started to im-
prove after 4 weeks of training and continued to increase
up to 12 weeks [36]. In future studies, longer training
duration should be considered when conducting EGT.
Moreover, subjects were randomly assigned to either
group by drawing lots, not by injury and functioning
level. Subjects in the CPT group had better baseline
function in 10MWT, 6MWT, and TUG as compared to
EGT group but still not close to the normal values in
healthy able-bodied. Persons with low functioning may
have difficult time at the beginning of the EGT in learning
how to maintain balance and coordinate upper and lower
limb movement during walking with exoskeleton, and
therefore, less time was spent in walking early during
training. Statistical comparison of the CPT and EGT
groups was not performed due to the modest sample size
and the fact that the baseline scores of the two groups
were different (CPT higher functioning than EGT). The
subjects were allocated to either intervention after
randomization, yet the CPT group has a higher function-
ing level than EGT. This explains that even if the injury
level of the individuals is same, their functional level could
be different; therefore, the intergroup differences could be
impacted because of baseline functional differences. To
reduce the likelihood of biased group assignment, differ-
ent randomization methods could be used when allocating
patients to different interventions. We suggest using
stratified randomization for balanced and unbiased alloca-
tion of individuals. For future definitive RCT, a stratified
scheme would be used. Individuals would be assigned to
groups based on the functional level, i.e., low functioning,
mid-functioning, and high functioning. Then, within each
group, randomization scheme can be separately per-
formed reducing the risk of biased group assignment.

Fig. 4 Comparison of walk time during CPT and EGT intervention.
Subjects walking with exoskeleton assistance walked more time
during the training sessions than CPT subjects
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Finally, one of the practical challenges observed in this
study was the small number of patients (30%) who quali-
fied for the study. This was partly (10% screen failures)
due to the size range of the exoskeleton (i.e., body height,
weight, hip width, and lower limb segment length) which
limits the number of subjects who could be fitted in the
exoskeleton and qualify for the trial. Future wearable exo-
skeletons which may have better capability to fit a wider
range of body size and a larger scale of trials to investigate
effectiveness will be feasible. Conducting a multi-center
trial is another potential solution as greater outreach is
possible. Apart from the size range of exoskeleton, other
factors such as time, location, and intervention assign-
ment also play a major part in subject recruitment.

Conclusions
Exoskeleton-assisted gait training for individuals with iSCI
could improve gait, but studies with a larger cohort of in-
dividuals with iSCI are required to signify improvement.
The results suggest that powered exoskeletons not only
provide iSCI patients the ability to walk overground but
may also be utilized for therapeutic intervention to im-
prove gait function. The plausible mechanisms leading to
the observed improvement need further investigation;
therefore, further studies are needed to measure plasticity
and physiological changes in response to training. More-
over, further investigation in the form of large randomized
trials is also required to investigate the cost-effectiveness
and dose-response relationship of exoskeleton-assisted
gait training as standalone training or combined with
other gait training in SCI.
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