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Abstract

Background: Powered exoskeletons provide a way to stand and walk for people with severe spinal cord injury. Here,
we used the ReWalk exoskeleton to determine the training dosage required for walking proficiency, the sensory and
motor changes in the nervous system with training, and the functionality of the device in a home-like environment.

Methods: Participants with chronic (> 1yr) motor complete or incomplete spinal cord injury, who were primarily
wheelchair users, were trained to walk in the ReWalk for 12 weeks. Measures were taken before, during, immediately
after, and 2-3 months after training. Measures included walking progression, sitting balance, skin sensation, spasticity,
and strength of the corticospinal tracts.

Results: Twelve participants were enrolled with 10 completing training. Training progression and walking ability: The
progression in training indicated about 45 sessions to reach 80% of final performance in training. By the end of training,
participants walked at speeds of 0.28-0.60 m/s, and distances of 0.74-1.97 km in 1 h. The effort of walking was about 3.3
times that for manual wheelchair propulsion. One non-walker with an incomplete injury became a walker without the
ReWalk after training. Sensory and motor measures: Sitting balance was improved in some, as seen from the
limits of stability and sway speed. Neuropathic pain showed no long term changes. Change in spasticity was
mixed with suggestion of differences between those with high versus low spasticity prior to training. The strength of
motor pathways from the brain to back extensor muscles remained unchanged. Adverse events: Minor adverse events
were encountered by the participants and trainer (skin abrasions, non-injurious falls). Field testing: The majority
of participants could walk on uneven surfaces outdoors. Some limitations were encountered in home-like environments.

Conclusion: For individuals with severe SCI, walking proficiency in the ReWalk requires about 45 sessions of training. The
training was accompanied by functional improvements in some, especially in people with incomplete injuries.

Trial registration: NCT02322125 Registered 22 December 2014.
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Background

Restoring walking is of high priority for individuals with
thoracic spinal cord injury (SCI) [1-3]. Treadmill and
over ground training improved functional walking for
those with sufficient residual strength in the lower ex-
tremities, but is much less effective for those with severe
injuries [4-7]. Assistive devices such as reciprocating
gait orthoses with or without functional electrical stimu-
lation can restore standing and walking for severely in-
jured individuals, but the energy expenditure is high [8,
9], making it unfeasible for daily use [10—12]. The recent
emergence of powered exoskeletons [13] for over ground
walking could change this.

Three powered exoskeletons for over ground walking
have been approved for sale in North America, the
ReWalk [ReWalk Robotics, Inc., Marlborough, MA [14]],
Indego [Parker Hannifin Co., Macedonia, OH [15]], and
Ekso [Ekso Bionics, Richmond, CA [16]]. With training,
individuals with severe SCI and preserved arm strength
to handle walking aids can achieve walking speeds from
0.03-0.71 m/s in the various devices, and cover distances
averaging 98 m in 6 min (CI: 80-117 m) [17]. The large
variation in speeds and distances are multifactorial, and
have been associated with level and severity of injury,
age, and training duration [18].

While reports on training in over ground exoskeletons
are promising, with suggestions of important physio-
logical changes [14], few have reported training-induced
changes in the nervous system, except for transient (i.e.,
within a session) reduction in spasticity [19, 20] and pain
[20], and no change in cortical activity as measured by
EEG, or H-reflex excitability [20]. We know that other
forms of walking training in people with chronic SCI,
including treadmill-based robotic training, can induce
changes in motor and sensory function [21-25]. The
number of training sessions used in studies of over
ground exoskeletons also vary largely from 5 sessions
[26] up to 60 or more sessions [27, 28]. It remains un-
clear the training dosage required to reach a plateau in
performance, with only 3 studies on the Ekso reporting
the number of steps achieved in each session [20, 29].
The dosage of training is highly relevant for clinicians,
and may be different for the different devices. Finally,
very few have reported the performance of these devices
on different terrain and environments such as outdoors
and in the home.

Here, we report findings from a training program with
the ReWalk, focusing on the progression in training, and
the neuroplasticity induced by the training, defined as
any change in performance that suggests modification in
the strength of neural pathways. We further report
results from preliminary testing of the device for use in
a home-like environment. Portions of this data have
been published in an abstract [30] and thesis chapter
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[31]. A companion paper [32] reports results from inter-
views with the participants, to capture their perspective
on training and using the device.

Methods

Participants

Potential participants were a convenience sample between
May 29, 2014 to July 30, 2018, including self-referred indi-
viduals, and those made aware of our study by clinicians
in the community or local support groups (Spinal Cord
Injury - Alberta). Potential participants contacted us and
were screened by phone, then in-person. Inclusion criteria:
chronic (=1 year after injury), non-progressive SCI, body
weight < 82kg (to ensure safety of our trainers), lower
extremity length appropriate for the ReWalk, uses the
wheelchair as the primary mode of mobility, able to use
forearm crutches, able to train for 4 days/week, and writ-
ten approval for participation from a primary care phys-
ician. Exclusion criteria: comorbidities that interfere with
training or measurements such as severe head injury, bone
fractures within the last 2 years, low bone density (femoral
neck t-score<-3), hip and knee contractures >10°
flexion, ankle plantarflexion contracture, active pressure
sores, severe spasticity, able to walk at a speed >0.4 m/s.
Uninjured (i.e., control) participants were also recruited
for comparison of some physiological measures. Partici-
pants were asked not to add new and regular activities
during the training period. If they were already enrolled in
a regular activity, they were welcome to continue. They
were also asked to report any changes in medications. The
study was approved by the Health Research Ethics Board
at the University of Alberta (Pro00036789). Written
consent was obtained from all participants (Table 1).

Experimental design

This was a prospective cohort study with a single, 12-
week intervention. The majority of measurements were
taken at least twice at baseline, then at 6 and 12 weeks
of training, and between 2 and 3 months after the end of
training (to suit the availability of participants). Some
measures were taken weekly (see below).

The exoskeleton

The ReWalk 2.0 was used initially. Velcro straps secured
the torso, pelvis, and legs to the device, with footplates
inside the shoes. After a skin abrasion on the foot was
experienced by the first participant, updated footplates
(called unilateral calf-holders) were used. The ReWalk
was upgraded to Version 5.0 during the training of P7
and P8. The Velcro straps below the knee were replaced
by knee brackets for the training of the last 3 partici-
pants. The mode of operation (i.e., standing, walking,
stair climbing) was controlled with a wrist worn commu-
nicator, which signaled the computer, carried by the
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Table 1 Characteristics of participants with spinal cord injury

Participant code-gender Age range Neurological level of injury AlS Cause of injury Time since injury (yr) Anti-spastic
medication

P1 2 T3 B MVA 4.2 Baclofen

P2 1 c7 C MVA 57 Baclofen, Tizanidine,
Oxybutynin

P3 1 (€ C MVA 25 Baclofen, Oxybutynin

P4 3 T6 Al Crush injury 242 Baclofen, Diazepam,
Oxybutynin

P5 2 T4 Al Sports 16.2 Oxybutynin

P6 2 T3 MVA 43 Oxybutynin

p7 1 T7 MVA 24 Baclofen, Oxybutinin

P8 2 T9 Fall 13 Oxybutynin

P9 1 T10 B! MVA 20 Baclofen

P10 2 T4A cA MVA 44 Baclofen, Oxybutinin

P11 3 €3 D! MVA 187 Baclofen

P12 1 7 Al MVA 16 Baclofen

Mean? 37.5 76

(SD) (13.7) 8.1)

Age ranges are used rather than exact numbers to avoid potential identification of individuals. Age range: 1=18-30yr., 2=31-50yr., 3 =50-65 yr. The mean and
SD for age were calculated from the actual age of each participant. AIS was that obtained in discharge summaries from rehabilitation centers unless otherwise
indicated. AlS - ASIA Impairment Scale, T - thoracic, C - cervical, MVA - motor vehicle accident, SD - standard deviation. Symbols: °Mean and SD do not include P6
who dropped out after 2 sessions of training. !AIS results not available from records or never performed, so AIS was estimated based on muscle strength scores
and sensory perception. 4 Evaluation occurred prior to occurrence of syrinx. Syrinx was operated on and resolved before participation in this study

participant in a backpack. In the walking mode, an
anterior tilt of a sensor on the pelvic band triggered
motors at the hips and knees to generate steps. A variety
of walking parameters were set with a computer pro-
gram prior to walking, including the threshold for the
tilt angle, swing phase time, delay between steps, and
maximum flexion angles at the hip and knee. Forearm
crutches were used for balance.

Trainers

All trainers were trained and certified by ReWalk Robot-
ics. One licensed physical therapist (DL) trained all par-
ticipants, with 4 other trainers (2 of whom are physical
therapists) substituting during DL’s occasional absence.

Procedures

Standing in the standing frame

Participants (n =4) who had not been standing weekly
prior to training started by standing in a standing frame
(EasyStand Evolv, Morton, MN) 5 days/week for 2 weeks
before walking. The aim was to ensure tolerance of the
upright position before walking. ReWalk training was
initiated when participants tolerated two 30-min bouts
of standing.

Donning and doffing the ReWalk

Participants transferred into the ReWalk, which was set
on a piano bench with adjustable height to accommo-
date different leg lengths. They participated in the

donning/doffing procedures, and were assisted as
needed. Padding was used at the discretion of the trainer
(Alpha Classic Gel Liner, WillowWood, Mt Sterling,
OH, normally used to line prosthetic sockets). Skin in-
tegrity was checked before and after each training ses-
sion, and more often if necessary.

Standing balance in the ReWalk

In the ReWalk, participants learned sit-to-stand, stand-
to-sit transitions and balancing in standing. Balance
tasks included lifting one crutch at a time, both crutches
simultaneously, and preventing falls with the crutches in
all directions. Walking began once participants could
maintain balance while lifting one crutch for > 30s.

Walking in the ReWalk

Participants started walking indoors on a smooth floor.
Each step was initiated by a slight forward lean of the
torso and a rapid return to upright to allow for foot
clearance. Walking speed was increased by modifying
the parameters of the ReWalk mentioned above, and by
the participant initiating consecutive steps more quickly.
Participants aimed to increase the walking speed and
distance, and the number of uninterrupted steps in a
sequence. They practiced turning while walking by using
the crutches to change the torso orientation and pivot
on the leg in the stance phase. Once participants were
comfortable walking, they learned to control the wrist-
worn communicator. When deemed safe by the trainer,
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other terrains were included: carpet, ramps, outdoors,
and some attempted stairs and curbs. The trainer main-
tained contact-guard of the pelvic band from behind and
assisted as needed, with a spotter in front throughout
training.

Outcome measures

Measures of training

The total step count, walking distance, average walk-
ing speed, steps per bout of walking without stopping,
and duration of the session were documented at every
training session. The number of consecutive steps was
counted manually for each sequence of walking, and
the average number of steps/bout was used to quan-
tify walking skill, because novice walkers often unin-
tentionally stalled the device with inadequate toe
clearance. Assistance required for donning and doffing
the device, and the walking skills practiced (see list in
Table 2) were documented weekly by the trainer. As-
sistance level required for each skill was categorized
as: independent, supervision, contact guard, minimal
assistance, moderate assistance, or not achieved. The
first 3 categories were considered as no assistance re-
quired. Simulated home tasks (Table 2) were tested
near the end of training for those who were safe to
perform those tasks, and again graded by the assist-
ance level required. The Activities of Daily Living La-
boratory in the Occupational Therapy Department in
our Faculty was used. The items tested were: 1)
Reach high cupboard — reach above shoulder level
and remove an item from a shelf, 2) Reach low cup-
board — reach below waist level to remove an item
from a shelf, 3) Open and close refrigerator door —
open the door, remove an item, place item on coun-
ter, close the door, 4) Use sink — take an item, move
item to sink, stand at sink, turn on tap, wash an item,
place item on drain, 5) Use stove — stand at stove
top, place an empty pot with a single handle on the
stove, turn the stove on and off, remove the pot from
the stove top. For all tasks, the participants moved to
the appropriate area (i.e,, walk by engaging ReWalk
motors, or otherwise move themselves). They were
instructed to use any method that allowed them to
accomplish the task.

Clinical outcomes

Walking Walking speed over 10 m was recorded during
continuous walking in the ReWalk (i.e., modified 10-Meter
Walk Test [IOMWT]), because starting and stopping the
device added unnecessary variability. The 6-Minute Walk
Test (6MWT) was performed in a 40m hallway. The
10MWT and 6MWT have been validated for individuals
with SCI [33-35]. The Physiological Cost Index (PCI) was
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estimated during the 6MWT and an identical test during
wheelchair propulsion as follows:

(Active HR-Resting HR)
Average locomotor speed

PCI (heart beats/m) =

Heart rate (HR: beats/min) was recorded every 30s
with a HR monitor with Bluetooth connection to a cell
phone (POLAR H?7, Polar Electro Canada, Lachine, QC).
Resting HR was the average HR during the last 2 min of
a 5-min sitting period immediately preceding the active
period, and Active HR was the last 2 min of walking or
wheeling for 6 min. Walking speed was averaged over
the 6 min. For the ReWalk, the device was donned be-
fore the measures in sitting. PCI was also measured for
walking without the ReWalk in participants who could
do so. The caveat with using the PCI for people with
SCI is that the level of injury (i.e., at or above T6) could
affect the sympathetic drive, and so the comparisons
should only be made within a participant [36]. Hence,
the relative effort of walking was expressed as a ratio of
PCI for walking over PCI for wheelchair propulsion in
the same individual. Finally, the maximum walking
distance without a rest, for up to 1h, was measured
indoors on a smooth floor at the end of training.

Manual muscle strength The Upper and Lower Extrem-
ity Muscle Strength (UEMS and LEMS) were estimated
with the scale from the International Standards for Neuro-
logical Classification of Spinal Cord Injury (ISNCSCI) [37]
by a physical therapist (DL), before and after training.
Upper extremity tests were only performed for those with
cervical lesions.

Spasticity The Spinal Cord Assessment Tool for Spasti-
city (SCATS) [38] was used to estimate clonus, flexor
and extensor spasms in the lower limbs. The scores from
both lower extremities were summed (total score: no
spasticity = 0; maximum spasticity = 18). A physical ther-
apist not involved in the training (PJM) performed the
measures weekly for the majority of the participants.
The first two participants were scored by the training
therapist (DL) monthly; their data showed us that more
frequent measures were necessary, so their data were
not used.

Pain Daily rating of pain immediately before and after a
training session was determined with a numerical rating
scale between zero (no pain) and 10 (worst pain imagin-
able) [39]. Neuropathic pain over a week was estimated
with the McGill Pain Questionnaire Pain Rating Index
[40], completed prior to a training session once a week.
Range of scores for the Pain Rating Index is 0 for no
pain, to 78 for maximum pain.
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Table 2 Number of participants achieving skills in ReWalk without assistance

# Donning/Doffing # Walking # Home environment
6/11 Transfer to/from device 9/11 Sit-stand transitions 9/9 Reach high cupboard
10/1 Attach chest straps 10/1 Tumn L & R 180° 0/9 Reach low cupboard
9/ Attach thigh straps 1/11 Stop when walking 6/9 Open/close fridge door
2/11 Attach leg straps 1/11 25 steps - no stops 9/9 Use stove
1/11 Insert & extract foot 9/11 6 min — no rest 9/9 Use sink

6/11 10 m on carpet

3/9 Up and down ramps

8/9 Use wrist controls

8/10 Concrete, asphalt, dirt, grass

The Column # refers to the number of participants who could perform the task without assistance/number who were tested on the task. Differences in the latter

number is because some individuals were not deemed safe to try the tasks

Neurophysiological outcomes

Balance Sitting balance was measured on a force plat-
form (Model OR6-7-1000, AMTI, Watertown, MA),
with feet unsupported and hands crossed over the chest.
For the limits of stability, visual feedback of the instant-
aneous centre of pressure with 8 equally spaced targets
in a circle [41] were displayed on a computer monitor,
about 2 m in front of the participant. Participants leaned
as far as possible towards each target in random order.
For postural sway, participants sat on the force plate as
above with eyes closed, and the trajectory of the centre
of pressure was measured for a maximum of 30s of
sitting [42, 43] or until balance was lost. The tests were
repeated several times on different days before training.
The last 2 measures were averaged to represent the
baseline.

Strength of sensory pathways Skin sensation was mea-
sured by surface electrical stimulation (Digitimer DS7A,
Hertfordshire, England) of the C3-S2 sensory key points
[44] defined by ISNCSCI [37], using disposable elec-
trodes. Single pulses at a stimulus frequency of 2—-3 Hz,
pulse width 0.5 ms, were applied from below threshold
to a maximum of 10 mA, twice. Sensory threshold was
the lowest current at which a tapping sensation was
reported out of the 2 trials [44].

Strength of descending motor pathways Single-pulse
transcranial magnetic stimulation (TMS) (Magstim 200,
Whitland, UK) was delivered through a double-cone coil
placed at the vertex with current flowing in an anterior
to posterior direction, to induce motor evoked potentials
(MEPs) in the back extensor muscles bilaterally. Bipolar
surface EMG electrodes (Kendall H59P, Mansfield, MA)
recorded the responses at 8 vertebral levels spanning the
injury (Cariga et al. 2002). Location of electrode place-
ments were photographed on the first testing session,
and used for verification in subsequent tests. Responses

were recorded with the muscles at rest, and stimulus
intensity at 60% (n=1), 70% (n=1) or 80% (n=9) of
maximum stimulator output (MSO) depending on the
participant’s tolerance. Because the MEPs were variable
at rest in the first 3 participants, in subsequent partici-
pants (n = 8), responses were recorded with background
muscle contraction, elicited by a variety of maneuvers
such as chair push-ups, arm raises, resisted back exten-
sion, and slight forward lean. The stimulus intensity for
these trials was set to a level that produced a consistent
response at rest and ranged from 50 to 70% MSO. The
stimulus intensity was kept the same for all background
contraction levels, and all testing sessions for each
participant. Five evoked responses were averaged for
each experimental condition.

Data analyses and statistics

Data analyses for each of the measures are described
below along with descriptive and/or inferential statistics.
Smallest real change or clinically meaningful differences
are included, where known. Where these differences are
unknown, statistical tests, effect size (Cohen d, mean
change/mean SD) and confidence intervals (mean +2 x
standard error of the mean) are used.

Measures of progression in training

During training The training data (see above) for each
participant were lightly smoothed with a 3 point running
average, then averaged across participants. The average
across participants was fit to an exponential curve: y=a
x (1 — €“Y9), where vy is the measure of performance at
a session, a is the estimated final performance reached, t
is the training session number, and c is the time con-
stant at which performance reached 63.2% of the value
of a. The equation assumes that the initial performance
is zero. This form of exponential curve is commonly
used to characterize motor learning [45].



Khan et al. Journal of NeuroEngineering and Rehabilitation

Pauses in training To determine if breaks in training
longer than 7 days resulted in degradation of walking,
the training measures of walking skill (i.e., average num-
ber of steps in uninterrupted walking bouts) and walking
endurance (i.e., total distance walked) from 3 sessions
before and after the break were compared. In addition,
outcome measures of walking and sitting balance at the
end of training were compared with the follow-up mea-
sures taken 2-3 months after training to determine if
there was retention of the skills gained from training.
Paired t-tests were used for these comparisons.

Clinical outcomes

The weekly measures from SCATS and the Pain Rating
Index from the McGill Pain Questionnaire were described
using Group-Based Trajectory Modeling (GBTM), as the
measures are repeated over many time points (i.e., time
series), and GBTM is ideal for describing such measures
to explore possible clusters of individuals who follow a
similar trajectory of change over time [46]; it is not an
inferential statistic. The GBTM is an unsupervised, statis-
tical modeling method to approximate the trajectory of
changes in discrete data over time, assuming that the
population distribution of trajectories arises from a finite,
unknown number of groups of individuals who follow
distinct longitudinal trajectories. The approach allows us
to determine, in a naturally heterogeneous population,
whether there are subgroups that follow different trajec-
tories over time. It has been used successfully in tracking
the time-course of participation in people after stroke
[47]. The Akaike information criteria [48] was used to
estimate the relative quality of GBTM models in cluster-
ing the presumed trajectories, i.e., the relative amount of
information lost by a GBTM model compared to other
models, for a given set of data. A STATA procedure traj
was used as a plug-in of STATA® 14.0 for GBTM (http://
www.andrew.cmu.edu/user/bjones/). When groupings
were identified, we further explored whether there were
differences between the identified groups in terms of their
initial scores on the respective measures.

Neurophysiological outcomes

Balance Data on sitting balance were analyzed using
custom written codes in LabVIEW (National Instruments
Corp., TX) and Excel. Sway speed was the average speed
estimated for 21s, which was the shortest duration all
participants successfully completed the trial with eyes
closed, with slower speeds indicating better performance
[49, 50]. Limits of stability was estimated as the maximum
excursions in the fore-aft and left-right directions, again a
commonly used measure [49], then summed to provide a
single score. The scores at baseline, mid-training and
immediately after training were compared using a
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repeated-measures ANOVA. In all statistical tests, p < 0.05
was defined as significant. For the repeated-measures
ANOVAs, if sphericity was violated, the Greenhouse-
Geisser correction was used. Post-hoc contrasts focused
on specific contrasts only (see Results). SPSS was used for
all ANOVAs, and Excel for Student’s t-tests.

Strength of sensory pathways We reasoned that the
perceptual thresholds may change at or just below the
level of the injury for those with clinically complete SCI,
because walking over ground with an exoskeleton
engages muscles in the torso [51], which may require
attention to sensory input from the torso, thus inducing
plasticity in sensory input around the level of the injury.
A repeated-measures ANOVA was used to compare the
thresholds before and after training for 3 spinal levels:
the level of injury, one and two levels below the injury.
A 2-way repeated-measures ANOVA was used, with
factors: time points and spinal level.

Strength of descending motor pathways The peak-to-
peak amplitude of the 5 MEPs evoked by the largest
stimulation intensity at rest were averaged together for
each thoracic level and then averaged across all levels
for the right and left side separately. MEPs from the two
baseline experiments were averaged together and com-
pared to the MEPs after training with a Paired t-test. For
trials recorded with a background muscle contraction,
MEPs that had a corresponding background EMG be-
tween 10 and 40 pV, as measured in the 50 ms window
before the TMS pulse [25], were averaged together and
analyzed similar to the resting MEPs. Only individuals
with more than 30 sweeps per testing session that fit the
above criteria for background EMG were included.

Results

Participants

Fifty-one potential participants were screened and 39
were excluded (Fig. 1). Twenty-seven of those excluded
did not meet the inclusion/exclusion criteria, with the
most common reasons being: over the weight limit (n = 6),
contractures in the lower extremities (n = 5) and pressure
sores (1 = 5). Twelve others declined to participate, result-
ing in 12 eligible participants who were enrolled, 4
females (Table 1). Ten participants completed 12 weeks of
training. One participant dropped out after two sessions
of standing in the ReWalk. The only reason this partici-
pant gave was that it was not for them. As only baseline
measures were available, the data from this participant
were not included in the analyses. Another participant
completed 6 weeks of training only, because an unrelated
injury made it unwise to continue. Available data from
this participant were included where possible. One par-
ticipant who completed all training was lost to follow-
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Assessed for eligibility
(n=51)

|
! !

Enrolled (n=12) Excluded (n=39)

e 12 weeks (n=10) ¢ Inclusion not

e 6 weeks (n=1) met (n=27)

e 2 sessions (n=1) e Declined (n=12)

Follow-up (n=9)
e OQut-of-town
(n=1)

Fig. 1 Participant flow chart. The number of potential participants
screened, enrolled and followed are shown

up because of location of residence. During training, 8
out of 11 reported no change in activity level outside of
the study. Three participants were engaged in other ac-
tivities prior to training (2 in FES cycling and 1 in
wheelchair rugby), but discontinued those activities
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during training either because of relocation or lack of
time and/or energy for concurrent activity. One partici-
pant reduced their pain medication during the training
because they found reducing it did not change their
pain. This was not reported to us during the training,
but became evident in the interviews [32]. While we
know of no other changes, we cannot rule out possible
changes that were unreported.

Progression of training

The progress in walking training is shown in Fig. 2 for
four performance measures obtained at each session: total
number of steps (A), total walking distance (B), walking
speed (C) and average number of steps in uninterrupted
bouts of walking (D). The best-fitting exponential curves
(solid lines in Fig. 2) are superimposed. The best-fitting
constants representing final performance (a) and the time
constant (c) are included in Fig. 2. Except for the two
participants who dropped out, all other participants com-
pleted >40 sessions of training (mean + SD: 51.5+ 6.0,
range: 43—-66) with an average frequency of 3.70 + 0.2 ses-
sions/week. By the end of training, all participants walked
for about 1h each session. The time constant, which is
the number of sessions required to reach 63.2% of the
final performance based on the best-fitting exponential

a. 3000

2000

1000

Total steps

0 10 20 30 40 50

0.4
0.3

0.2

Speed (m/s)

0.1

0
0 10 20 30 40 50

Session number

b. 1500 21550
—_ c=39
Q
(8]

c
8

2 500

=)
0
0 10 20 30 40 50

d',_, a=372
3 6001 (33
2 R?=0.74
2 400
=7
[72]

E=S
¥ 200
>
I
0

0 10 20 30 40 50

Session number

Fig. 2 Progression in training. The measures recorded at each session include: a. total number of steps, b. total distance walked, c. average
walking speed, and d. average number of steps in uninterrupted bouts of walking. This figure shows averages across all participants (n=11) in
the open circles, with one standard deviation shading. The best-fitting exponential curve (y=a x e ©Y9) is the solid black line, with the equation
parameters and variance accounted for (R?) indicated. Equation parameters: t = session number, a = final performance, ¢ = time constant, which is
the session number at which 63.2% of the final performance is reached (see Data analyses for details)
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equation, varied from 13 sessions for walking speed, to 39
sessions for walking distance. Individuals varied consider-
ably between each other with respect to the rate of
learning, as seen by the one standard deviation shading in
Fig. 2. Once participants could walk hundreds of steps
without the device stalling, more difficult skills were
added, so the average number of uninterrupted steps
declined after 40 sessions of training (Fig. 2d). Note that
participants varied largely with respect to when they were
ready to practice difficult skills. The fit of the exponential
curves to the data were good to excellent, with the
variance accounted for between 0.74 and 0.99 (R” in Fig. 2).
The number of training sessions required to reach 80% of
the final performance based on the equations were 21 for
walking speed, 42 for total number of steps, 63 for walking
distance, and 53 for walking skill (average of 45 sessions).

There were 14 required pauses of training that were
over 7 days long among 9 participants. The pauses were
for issues including skin abrasions, device breakage,
trainer injury, and holidays. These pauses were analyzed
to determine if resumption of training was associated
with a reduction in performance. The pauses ranged in
duration from 10 to 61 days (mean 22 days), and did not
affect the walking distance (Paired t-test, p = 0.32, effect
size = 0.27) nor the average number of uninterrupted
steps (Paired t-test, p=0.29, effect size=0.29). See
Additional file 1: Figure S3. Indeed, the follow-up mea-
sures at 2—3 months after training showed little sign of
reduction in ability in sitting balance and walking in the
ReWalk (Table 3).

Clinical outcomes

Walking in the ReWalk

Wealking outcomes taken at the end of training are shown
in Fig. 3, with each participant’s score shown in the circles,
and the means represented by the height of the bars. No
consistent differences were seen between those with motor
complete (open circles) vs. incomplete (filled circles) injur-
ies. The effort of walking in the ReWalk averaged across
participants was a PCI of 1.60 + 0.84 heart beats/m, which
was 3.34 + 1.75 times the effort of wheelchair propulsion in

Table 3 Comparison of measures immediately after training
and follow-up

Measure End training Follow-up N P-value
(mean+1SD)  (mean =+ 1SD)

TOMWT (m/s) 043 +0.11 042 +0.10 8° 013

6MWT (m) 1463 + 353 143.1 + 339 9 034

Limits of stability (cm) 214+ 126 212 £153 7! 0.89

Sway speed (cm/s) 1.96 + 145 164 +0.72 70064

All comparisons were made with Paired t-tests. SD: Standard deviation; N:
Sample size; T0OMWT: 10-Meter Walk Test; 6MWT: 6-Minute Walk Test. *One
participant did not perform the 1T0MWT at follow-up because of back pain.
10ne participant could not sit unsupported, another did not have a measure
for the end of training because of an unrelated injury

(2019) 16:145

Page 8 of 17

the same individual (Fig. 3d). The average effort for wheel-
chair propulsion was 0.49 + 0.09 heart beats/m for the par-
ticipants with SCI, similar to over ground walking for the
uninjured participants (n="7; age=36.3+13.3) at 0.52 +
0.14 heart beats/m in a 6MWT. The distance walked was
675 + 53 m for uninjured participants.

Walking without the ReWalk

Since P3 became a walker without the ReWalk after
training, and P2 and P11 were able to walk short dis-
tances prior to training, their 1I0MWT, 6MWT and PCI
without the ReWalk were also documented, using their
preferred walking aid. All three walked further in the
6MWT (29 m, 89 m, 90 m further) and at a lower effort
(PCI 38, 61, 80% less) with the ReWalk compared to
without the ReWalk. P2 made some gains after training
compared to before when not using the ReWalk, walking
14 m further in the 6MWT at a lower PCI (before train-
ing 3.5 heart beats/m, after training 2.3 heart beats/m).
P11 did not change much without the ReWalk (4m
further at a PCI of 0.1 heart beats/m less). The smallest
real difference in the 6MWT for people with SCI is 45.8
m [52]; similar information is not available for the PCI.
So the gains made without the ReWalk did not reach the
smallest real difference.

Skills

The number of participants attaining skills in the ReWalk
without assistance are shown in Table 2. Without assist-
ance was defined as not requiring physical assistance from
the trainer (see Methods). All participants required some
assistance with donning and doffing the device, especially
with inserting and extracting the foot from the shoe and
attaching the straps on the lower leg. Many walking tasks
were possible for the majority of the participants without
assistance, except for walking on carpet and ramps.
Reaching high cupboards in the simulated kitchen was
possible for most, while low cupboards were not, and
managing a refrigerator door to extract items was challen-
ging for some. Participants used a variety of means to
accomplish tasks, such as leaning their crutches against
the counters to free both hands, using one crutch to
extend their reach (e.g., slide items along a counter or turn
on a tap). Some could accomplish tasks at the counter
using both hands, because they were sufficiently stable to
stand without support, others leaned their body against
the counter top to balance. To move around the tight
space of a kitchen, many chose not to engage the ReWalk
motors, but instead to shuffle their feet using both
crutches to support body weight.

Pain
The Numerical Rating of Pain (scale ranges from 0 to 10)
indicates participants tended to report lower average levels
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of pain after each training session compared to before they
started the session. The real change in scores is smaller
than a meaningful reduction in pain for persons with SCI,
which is a change of 1.86 [53], with one exception (P2,
Fig. 4). Sustained changes in pain were evaluated with the
Pain Rating Index from the McGill Pain Questionnaire
[40] (score ranges from O to 78) for 9 participants with
scores over the 12 weeks of training. Meaningful reduction
in the McGill Pain Questionnaire for people with SCI is
unknown. The time course of change in these weekly
scores was described using the GBTM (see Data Ana-
lyses), which suggested 2 groups with distinct trajectories
over time and distinct initial scores (Fig. 5a). Group 1 was

composed of 6 individuals with early McGill pain scores
below 10; they showed minimal change over time. Group
2 included 3 individuals with higher pain scores (> 10);
they showed a rise in the pain, and then a reduction back
to baseline by Week 12. We emphasize that this analysis is
exploratory and does not imply that these groupings
might hold true for the population.

Spasticity

Eight participants had weekly measures on SCATS
(score ranges from 0 to 18), which were also explored
with the GBTM. The 3 sets of missing data were from
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Fig. 4 Average of pain scores before and after each training session for all participants. The numerical rating scale from 0 to 10 was used. P5 and
P12 did not have neuropathic pain. The average with 1 SD is shown across the training sessions for each participant
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the first 2 participants, who did not have weekly mea-
sures, and P5 who had incomplete measures because of
leaving the study prematurely. The modelling suggested
two patterns of change (Fig. 5b). Individuals in Group 1
(n = 3) with initial spasticity scores of 0 to 0.5 showed
a small increase in the spasticity at the beginning of train-
ing, followed by a reduction back to near zero. Individuals
in Group 2 with higher initial spasticity scores (mean +
1SD =94 £5.1; range 4.5 to 16.8) showed no change in
spasticity over time. Again, the smallest meaningful change
is unknown for this measure.

Muscle strength

Two out of 3 participants with motor incomplete injuries
showed improvements in the Manual Muscle Strength
Test for both upper and lower extremities (total score
from both sides were: P3 UEMS increased from 30 to 37,
and LEMS from 23 to 25; P11 UEMS increased from 33 to
37, and LEMS from 27 to 30, where the maximum score
for UEMS and LEMS is 50). One of the two became a
walker without the ReWalk. All other participants showed
no change in muscle strength.

Neurophysiological outcomes

Balance

Eight complete data sets are included for sitting balance,
because one participant was unable to sit unsupported
(P10), and two participants had incomplete data (P5
dropped out at mid-training, P12 had an unrelated fall
out of the wheelchair causing rib pain on the day of test-
ing at the after training time point), so the ANOVA re-
sults do not include these incomplete data sets.
Figure 6a shows 2 individual examples of the centre of

pressure trajectory during the testing of limits of stabil-
ity, before and after training. They illustrate participants
with small (P8) and large (P3) improvements. Limits of
stability scores from individuals, consisting of the sum of
the maximum fore-aft and left-right excursions, are
shown in Fig. 6¢, with solid circles representing people
with motor incomplete injuries. For comparison, mean +
SD for uninjured controls was 51+5cm (n=7; age=
35 + 15 years). ReWalk training improved the limits of
stability in sitting (repeated-measures ANOVA, with
Greenhouse-Geisser correction F (1.53, 10.71), p =0.03,
observed power =0.69). Students paired t-tests were
used for the only 2 contrasts of interest (Before vs Mid-
training, Before vs After training, hence significance with
Bonferroni correction for 2 comparisons is p < 0.025).
These comparisons showed the significant difference
was between Baseline and After training (Paired t-test,
p=0.02, effect size=1.09, CI=12.8 to —3.8cm, mean
change 4.5+4.1cm), not Baseline and Mid-training
(Paired t-test, p = 0.13, effect size =0.61, CI = 6.7 to — 3.6
cm, mean change 1.6+ 2.6cm). Sway speed in sitting
with eyes closed also improved for many participants.
Excursions of the centre of pressure during quiet sitting
(eyes closed) are shown in Fig. 6b for the same two indi-
viduals as in Fig. 6a, with the sway speed calculated over
21s from 8 participants in Fig. 6d. The change in aver-
age sway speed was statistically significant (repeated-
measures ANOVA, with Greenhouse-Geisser correction,
F (1.195, 8.367), p=0.03 observed power = 0.62). Post-
hoc contrasts indicated no differences between Baseline
and After training (Student’s paired t-test, p = 0.03, effect
size = 1.0, CI=-4.15 to 1.38 cm/s), as well as Baseline
and Mid-training (Student’s paired t-test, p=0.045,
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Fig. 5 Results from Group-Based Trajectory Modelling (GBTM) of the weekly scores on neuropathic pain and spasticity. a. Neuropathic pain scores
obtained from the McGill Pain Questionnaire. Dots represent the averages across participants in that group for each week starting from baseline
(Week 0), and the lines represent the model. Participants with low initial pain scores showed minimal change over time (Group 1 - circles, solid
line, n =6). Participants with pain scores above 10 showed an increase then decrease to baseline (Group 2 — squares, dashed line, n =3).
Maximum score is 78. b. Spasticity from the Spinal Cord Assessment Tool for Spastic reflexes (SCATS), shown in the same format as a. Group 1
(n=3, circles, solid line) consisted of participants with low initial spasticity (SCATS <0.5), who showed an increase then decrease in their spasticity.
Group 2 (n =5, squares, dashed line) consisted of participants with higher initial spasticity scores (SCATS 24.5), who did not show changes over
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effect size 0.86, CI=2.10 to -5.29cm/s). Uninjured
controls showed a sway speed of mean + SD =1.26 + 0.33
cm/s (n =7), see dashed line in Fig. 6d.

Strength of sensory pathways

The electrical perceptual threshold was compared for
people with motor complete injuries before and after
training, at 3 levels — at the level of injury, 1 and 2 levels
below the injury. Some reduction in thresholds (ie.,
change in stimulation current at which a sensation was
reported) were seen in 5 participants with motor
complete injuries, and in one participant who had re-
sidual sensation at the S1 level (Additional file 1: Figure

S1). Unfortunately, the clinically important change in
current level is unknown. People with motor incomplete
injuries (n = 3) are difficult to compare across individuals
because of the diversity of their injuries, and also
because their sensory thresholds were close to normal at
many dermatomes.

Strength of motor pathways

All 10 participants who completed the training provided
MEDPs at rest. Since measures were obtained on each side
and the injuries could be randomly asymmetric between
people, we treated the left and right sides as independ-
ent. A Paired t-test showed no differences in resting
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Fig. 6 Sitting balance before and after training. a. Trajectories of the centre of pressure from the force platform during the test of limits of
stability for 2 participants before and after training. The participants leaned in each of 8 directions with simultaneous visual feedback of the
instantaneous centre of pressure and the targets at the perimeter of a circle. b. Trajectories of the centre of pressure from the same two
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participants during the test of quiet sitting with eyes closed. ¢. Group data showing the change in limits of stability before (Before), in the middle
of (Mid), and at the end of training (After) for the 8 people with complete sets of data. The score in cm is the sum of the maximum fore-aft and
medial-lateral excursion, with higher numbers indicating an improvement. Uninjured 51 +5cm (n = 7; age = 35 + 15 years, not shown). d. Group
data showing the change in sway speed at the same time points as in ¢. Lower numbers indicate an improvement. Filled circles represent the
individuals with motor incomplete injuries. The horizontal dashed line in d. indicates the mean sway speed for the uninjured participants (n=7;

age 35+ 15 years)

MEDPs evoked at the highest tolerable stimulation inten-
sity before and after training (Paired t-test, p =0.90,
effect size = 0.03, n = 20, Mean + SD 165 + 177 pV before,
and 162+ 259 uV after training). Seven participants
provided MEP data with sufficient number of trials across
days with matched levels of background contraction
(Additional file 1: Figure S2). Although the MEPs in-
creased in two of the participants with incomplete injuries,
the changes compared across the 7 participants was not
significantly different (Paired t-test, p = 0.45, effect size =
021, n =14, Mean+SD 402+ 193 uV before, 353
118 uV after training). Background EMG values prior to
the stimulus was also not different (p = 0.82, effect size =
0.06, Mean + SD 22 + 4 1V before, and 22 + 3 1V after).

Adverse events and technical issues

Two participants experienced a fall in training, during
which the trainer controlled the fall, so no injuries
were sustained by the participants. The thigh beam
on the ReWalk 2.0 fractured just above the knee on 3
separate occasions, during which the trainer and spot-
ter were able to prevent a fall. Near falls occurred
occasionally, so the presence of a spotter and trainer
was important.

Skin abrasions were experienced by six participants at
skin locations in contact with the device, such as under
the straps, the pelvic band, the knee bracket and foot-
plate. Five required time away from the training to allow
complete healing. One experienced a minor muscle
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strain from unexpectedly stalling the device, which re-
solved in two days.

The trainer behind the participant also experienced
some minor injuries including biceps muscle strain pre-
cipitated by controlling a fall, first degree sprain of the
knee during another controlled fall, and a bruised shin
when the participant leaned too far forward during
stance phase, causing the swing leg to hit the trainer at
the time of toe-off.

Discussion

All participants who completed training learned to walk
in the ReWalk for about 1 km without a rest by the end
of training, at speeds consistent with an indoor walker
with spinal cord injury [54], and at an effort averaging
about 3.3 times that of wheelchair propulsion. The
rate of learning varied between participants, with an
average of 45 sessions required across parameters to
achieve 80% of the final performance. The number of
participants in this study was small, and SCI is
heterogeneous by nature, so the following discussion
will focus on descriptive information with some use
of inferential statistics.

Training to achieve walking proficiency

Walking speed was most quickly learned by the partici-
pants, whereas walking distance and skill required more
than 50 sessions to reach 80% of final performance
(Fig. 2). There was considerable variability among parti-
cipants with respect to the rate at which they learned to
use the device, especially walking skill, as measured by
the average number of consecutive steps without stalling
the device (Fig. 2d). The differences in the rate of
learning is presumably multifaceted.

In a large multi-center trial with the Ekso in Europe
[55], 52 participants with either subacute or chronic SCI
trained for 24 sessions. The average number of steps in
each session showed a plateau at about 1000 steps near
Session #18, with a walking time of about 25 min. At
Session #18, our participants averaged 1359 + 692 steps
in one hour, and continued to improve in the following
sessions (Fig. 2a). The European study suggested that by
24 sessions, a plateau in performance had been reached
in the Ekso, whereas we found walking distance, steps
and skill to continue to improve to beyond 40 sessions.
The differences between the studies might be because
the devices are different. For example, the Ekso provides
greater support to the torso, so it may be easier to learn
compared to the ReWalk. The differences could also be
because of the larger number of training sessions in our
study, allowing the participants to gain more endurance
and skill. Suggestions consistent with the latter come
from a longitudinal study using the HAL exoskeleton on
the treadmill for 52weeks of training, in which the
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walking distance and speed improved up to 12 weeks but
not after [56]. The only caveat is that training in the
HAL on the treadmill is very different from the ReWalk
over ground. Given that our participants showed consid-
erable variation in their progress, we recommend clini-
cians track each individual closely to identify when the
performance reaches a plateau.

The participants indicated through semi-structured
interviews, detailed in the companion paper [32] that
learning to use the ReWalk was not as easy as they
initially imagined. Many described the learning as a
process of trial-and-error, consistent with implicit,
motor learning.

Powered exoskeletons for home and community
Participants walked at speeds of between 0.28 to 0.60 m/
s in a I0MWT by the end of our study, which is com-
parable to other reports of similar powered exoskeletons
for over ground walking [17, 18, 57]. The walking speeds
achieved were between ‘supervised walker with outdoor
wheelchair dependency’ (0.34+0.1m/s) and ‘walker
indoor, wheelchair outdoor’ categories (0.57 +0.17 m/s)
estimated by Van Hedel and colleagues for people with
SCI [54]. Thus, the walking speeds are certainly func-
tional, but insufficient (i.e., <0.88 m/s) to be independ-
ent of a wheelchair.

The effort of walking in the ReWalk was 3.34 £ 1.75
times that of wheelchair propulsion in our participants
(Fig. 3d). This effort is lower than that reported for
reciprocating gait orthoses and hip-knee-ankle-foot
orthoses for people with severe SCI, as reviewed in [17],
and considerably lower than walking with Functional
Electrical Stimulation (FES) and bracing (~ 11 beats/m)
[58]. Oxygen consumption, a more direct measure of
energy consumption, was reported to be 31% VO? ., in
the ReWalk (11.2 + 1.7 ml/kg/min at a walking speed of
0.22+0.11m/s) [59], and 51.5-63.2% VO?,.. in the
Indego (11.5+ 1.4 ml/kg/min at a walking speed of
0.27 £ 0.05 m/s) [60], both lower than for FES walking at
70% VO?,.. (16.19 ml/kg/min with walking speed not
reported) [61]. Thus, walking in powered exoskeletons is
not exceptionally energy demanding, which was corrob-
orated by the impressions of the participants at the end
of training, and certainly feasible for some individuals
with SCI who are not otherwise ambulatory.

Wealking skills such as turning while walking, walking
on uneven surfaces, and on ramps were possible for the
majority of participants with no assistance from the
trainer (Table 2). Tasks in simulated home environments
showed that many kitchen tasks were feasible, but maneu-
vering in tight spaces remained challenging, as stopping
and turning require considerable space. The fact that a
companion is needed to ensure safety is also limiting.
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Many positive perspectives on training were also recorded
and detailed in the accompanying manuscript. Briefly,
participants expressed other physiological and emotional
benefits not documented by our quantitative measures.

Neuroplasticity induced by the training

The training-associated changes in walking and balance
suggest plasticity was induced in the nervous system, but
it is difficult to separate neuroplasticity resulting from
the use of uninjured pathways to support motor learning
above the level of the injury, versus neural plasticity from
changes in circuitry below the level of the injury. The
methods used here cannot distinguish these different
sources of plasticity. Presumably, those with incomplete
injuries have greater potential for change compared to
those with complete injuries.

The largest change was seen in P3, who has a motor-
incomplete injury. Prior to training, this participant
could stand only with the assistance of one person, and
used a sliding board for transfers. After training, this
participant could walk without the ReWalk at a slow
speed (0.12 m/s) using a standard walker, and became
independent in standing pivot transfers. These gains
were in parallel with gains in muscle strength in the
arms and legs (see Results). It is likely that the changes
seen in P3 were a result of the ReWalk training, as this
individual discontinued previous FES cycling during
the period of ReWalk training. The improvements
could have resulted from motor learning or recovery,
or both. In two other participants with incomplete SCI
(P2 & P11), training improved their walking speed
without the exoskeleton, with gains of 0.08 m/s and
0.12m/s, respectively in the 10-m walk test. These
gains are very close to the smallest real difference for
people with spinal cord injury of 0.05m/s to 0.13 m/s
[52, 62]. Conversion from a non-walker to a walker in
one individual with a chronic, incomplete injury was
also reported in the multi-center trial with the Ekso
[55]. In addition, participants with motor-incomplete
SCI who trained in the HAL showed average improve-
ments of 0.22m/s in the I0MWT without the device
[63]. Thus, for people with motor-incomplete injuries,
training in powered exoskeletons has the potential to
improve muscle strength and function outside of the
devices.

Most of our participants showed improvements in sit-
ting balance (Fig. 6), but the power of the analyses were
low (~0.6). Thus, these findings will have to be con-
firmed by future studies. The improvements observed
are likely related to the use of the torso for balance dur-
ing walking in exoskeletons over ground. Indeed, a re-
cent comparative study of treadmill-bound versus over
ground exoskeletons indicated more recruitment of
trunk flexor and extensor muscles during walking in the
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over ground exoskeleton [51]. As many individuals
showed some improvement in sitting balance, including
those with clinically complete injuries, it is likely this im-
provement resulted from plasticity associated with
motor learning. Improvements in sitting balance could
lead to better function in other daily tasks, but this was
beyond the scope of this study. Some participants indi-
cated in the semi-structured interviews [32] that they
noticed improvements in sitting balance, suggesting that
for some, the improvements were meaningful. Surpris-
ingly, the strength of the corticospinal tracts to back ex-
tensor muscles, as reflected by the size of the motor
evoked potentials from single-pulse TMS showed no
changes, although the statistical power was very low. It
is possible that the MEPs recorded were dominated by
the superficial muscles, such as the trapezius and latissi-
mus dorsi, whose function is more related to movements
of the neck, scapula and shoulder, rather than the
control of the torso. Signal content from the deeper back
extensor muscles may have been obscured. A better
strategy for the future may be to record from some
anterior muscles, such as the rectus abdominus, external
and internal obliques. Alternatively, pathways besides
the corticospinal tracts, such as reticulospinal pathways
may be involved in the improvements.

Small improvements in skin sensation were observed
in some individuals, but the changes were small and the
smallest real difference in this measure is unknown.
When changes were observed, they were typically in der-
matomes just below the injury level and in skin regions
with partial sparing of sensation. We speculate that these
improvements may have been driven by the need to
attend to all residual sensory input to successfully walk
in the ReWalk, especially given the importance of main-
taining balance during walking.

Neuropathic pain tended to be reduced after each
training session for most participants (Fig. 5), but the
magnitude of the reduction was small, below the
smallest real difference [53] with one exception (P2 in
Fig. 4). Small reductions in pain after each session of
walking have also been reported for training in the Ekso
[20, 64, 65], but long term reductions have not been
reported [65]. Long term changes were mixed in our
data set, as suggested by the GBTM (Fig. 5a) and would
be useful to explore in the future.

Change in spasticity over time suggested those with
initial SCATS scores of less than 2 showed a modest in-
crease in spasticity followed by a return to baseline
whereas those with initial scores greater than 5 showed
no specific pattern of change over time (Fig. 5b). The
small number of participants limit our ability to make
conclusions, but the patterns would be interesting to
track in a larger study or in meta-analyses if others also
record these patterns over time.
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Device-related considerations

We used both the ReWalk 2.0 and 5.0, and thus observed
some differences in their performances. The knee brackets
included in the 5.0 version were much better for support-
ing the legs, as seen by a more extended knee position
during standing and walking. While the incidence of skin
abrasions was reduced while using the ReWalk 5.0, some
were still unavoidable. The majority of participants also
still needed some help donning and doffing the device at
the end of training, with the task of inserting the feet in
the shoes being most difficult (Table 2). A way to make
this task easier or unnecessary would be helpful. For the
purposes of using the device for rehabilitation, a more
convenient adjustment to accommodate different pelvic
sizes would help reduce operator time.

Many participants preferred not to use the wrist-worn
controls, because it necessitated one crutch to be lifted
off the ground to work the controls, which could be
associated with trunk movement that could trigger a
step before the crutch was returned to the ground and
ready for walking. Locating the controls on the crutches
may be a better alternative. The stair function was un-
safe for our early participants, so we discontinued testing
that function. We understand the stair function has been
revised in ReWalk 6.0, which we did not have access to.

Fall prevention remains a problem [66], and to our
knowledge, has not been addressed by any exoskeleton
for over ground walking except the Rex, which is much
heavier and slower [67]. The Ekso allows for an overhead
tether, which is helpful in the early stage of training, but
remains impractical if the device is to be used on other
terrain or environments. Falls can occur even in experi-
enced users, so it remains an important unresolved risk.
We reduced this risk by always having 2 spotters, but this
is not a good long term solution.

Limitations

The number of participants in this study is small (z = 10
providing full data sets). The study is exploratory, and
where statistics are included, they must be interpreted
with caution. We did not correct the p values for the
overall number of comparisons. We did not include a
control group, based on the assumption that people with
chronic injuries are not likely to improve spontaneously,
but this remains a potential source of bias. Finally, there
could have been other unknown biases, such as sampling
bias, the participants changing their medication dosages
without telling us, as we discovered from the semi-
structured interviews in one case, reported in the compa-
nion paper [32].

Conclusions
The ReWalk is a promising device to train walking in in-
dividuals with severe SCI with good upper extremity
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strength. The personnel required for training is substan-
tial (i.e., average of 45 sessions with 2 trainers), balanced
by benefits such as: ability to walk for long distances
indoors and outdoors at a reasonable effort, improved
sitting balance in some, and improved muscle strength
in a few. While limitations remain, we feel that powered
exoskeletons such as the ReWalk are making walking
possible for many who previously were restricted to a
wheelchair for mobility. We hope continued improve-
ments to the devices will make them increasingly
feasible for daily use and exercise in these individuals.

Additional files

Additional file 1: Contains results from sensory testing, transcranial
magnetic stimulation, changes in walking skill and distance after long
breaks in training. (PDF 202 kb)

Abbreviations

TOMWT: 10-Meter Walk Test; 6MWT: 6-Minute Walk Test; FES: Functional
Electrical Stimulation; HR: Heart rate; ISNCSCI: International Standards for
Neurological Classification of SCI; LEMS: Lower Extremity Muscle Strength;
MPQ: McGill Pain Questionnaire; PCl: Physiological Cost Index; SCI: Spinal
cord injury; SD: Standard deviation; UEMS: Upper Extremity Muscle Strength

Acknowledgements

Special thanks to Dr. Richard B Stein, who introduced us to the ReWalk
exoskeleton, and provided continued support and encouragement
throughout the study. The Spinal Cord Injury Treatment Centre (Northern
Alberta) Society provided the ReWalk to us for the study without cost,
without which this study could not have been done. Drs Tania Lam and
Kristin Musselman provided helpful comments on earlier versions of this
manuscript, and Drs Ming Ye and Jacques Bobet provided advice and
assistance with statistical analyses and curve fitting. We are grateful to the
participants for the many hours of time and effort they devoted to the
study, the clinical and research staff (Dasom Kim, Michelle Teves, Su Ling
Chong, PT), our clinical collaborators who offered their time freely (Drs Ming
Chan and Elizabeth Condliffe) and the many volunteers who helped
document the training. We thank the Department of Occupational Therapy
at the University of Alberta, for providing access to the Activities of Daily
Living Laboratory. We thank Elise Bobet for support with graphic design.

Authors’ contributions

ASK: Performed data collection and analysis for many aspects of the study, as
well as assisted with training as needed. Portions of the study were part of
his PhD thesis. He produced the initial drafts of the manuscript and
participated in revisions. DCL: Conducted the screening and training of
participants, assisted with data collection, organization, analysis and
graphing, and edited the final manuscript. CLH: Provided training to
participants, assisted with data collection and analysis, and edited the final
manuscript. JEM: Provided access to hardware and software for the outcome
measures on postural balance, assisted with data collection and analysis, and
edited the final manuscript. MAG: Provided access to hardware and software
for the outcome measures on motor evoked potentials using transcranial
magnetic stimulation, performed data collection, analysis, and assisted with
interpretation of that data, and edited the final manuscript. PJM: Performed
the spasticity measures and interpretation, and led the qualitative evaluation
for the accompanying paper, in addition to editing the final manuscript. JD:
Assisted with data collection of the TMS data, performed analyses of that
data, and assisted with participant training as needed. JFY: Principal
investigator, designed the experiment, secured funding, assisted with
training, data collection, analysis, interpretation, and writing of the
manuscript. All authors read and approved the final manuscript.


https://doi.org/10.1186/s12984-019-0585-x

Khan et al. Journal of NeuroEngineering and Rehabilitation

Funding

Operating funds were provided initially by the Alberta Spinal Cord Injury —
Research Support Fund, and subsequently by the Craig H. Neilson
Foundation, Spinal Cord Injury Research Translational Spectrum grant to JFY.
Data curation funds were provided by the Center for Large Data Research &
Data Sharing in Rehabilitation, Pilot Project Program, to JFY.

Availability of data and materials

The datasets supporting the conclusions of this article are included within
the article and uploaded to Center for Large Data Research & Data Sharing
in Rehabilitation.

Ethics approval and consent to participate

Ethics approval was provided by the Health Research Ethics Board at the
University of Alberta (Pro00036789), with written consent obtained from all
participants.

Consent for publication
No identifiable information is contained in this paper.

Competing interests

Authors ASK, CLH, DCL, and JD were partially paid by the Craig H Neilson
Grant to assist with the study. All other authors declare no competing
interests or conflicts of interest.

Author details

'Neuroscience and Mental Health Institute, University of Alberta, Edmonton,
Alberta, Canada. “Department of Physical Therapy, University of Alberta, 2-50
Corbett Hall, Edmonton, AB T6G 2G4, Canada. *Biomedical Engineering,
University of Alberta, Edmonton, Alberta, Canada. 4Occupaﬁoma\ Therapy,
University of Alberta, Edmonton, Alberta, Canada.

Received: 23 April 2019 Accepted: 30 August 2019
Published online: 21 November 2019

References

1. Brown-Triolo DL, Roach MJ, Nelson K, Triolo RJ. Consumer perspectives on
mobility: implications for neuroprosthesis design. J Rehabil Res Dev. 2002;
39(6):659-69.

2. Anderson KD. Targeting recovery: priorities of the spinal cord-injured
population. J Neurotrauma. 2004;21(10):1371-83.

3. Simpson LA, Eng JJ, Hsieh JT, Wolfe DL, Spinal cord injury rehabilitation
evidence research Team. The health and life priorities of individuals with
spinal cord injury: a systematic review. J Neurotrauma. 2012;29(8):1548-55.

4. Waters RL, Adkins R, Yakura J, Vigil D. Prediction of ambulatory performance
based on motor scores derived from standards of the American spinal
injury association. Arch Phys Med Rehabil. 1994;75(7):756-60.

5. Dobkin B, Apple D, Barbeau H, Basso M, Behrman A, Deforge D, et al.
Weight-supported treadmill vs over-ground training for walking after acute
incomplete SCI. Neurology. 2006;66(4):484-93.

6. Yang JF, Norton J, Nevett-Duchcherer J, Roy FD, Gross DP, Gorassini MA.
Volitional muscle strength in the legs predicts changes in walking speed
following locomotor training in people with chronic spinal cord injury. Phys
Ther. 2011,91(6):931-43.

7. van Middendorp JJ, Hosman AJ, Donders AR, Pouw MH, Ditunno JF Jr, Curt A,
et al. A clinical prediction rule for ambulation outcomes after traumatic spinal
cord injury: a longitudinal cohort study. Lancet. 2011;377(9770):1004-10.

8. Bernardi M, Canale |, Castellano V, Di Filippo L, Felici F, Marchetti M. The
efficiency of walking of paraplegic patients using a reciprocating gait
orthosis. Paraplegia. 1995;33(7):409-15.

9.  Brissot R, Gallien P, Le Bot MP, Beaubras A, Laisne D, Beillot J, et al. Clinical
experience with functional electrical stimulation-assisted gait with Parastep
in spinal cord-injured patients. Spine (Phila Pa 1976). 2000;25(4):501-8.

10. Coghlan JK, Robinson CE, Newmarch B, Jackson G. Lower extremity bracing
in paraplegia—a follow-up study. Paraplegia. 1980;18(1):25-32.

11, Sykes L, Edwards J, Powell ES, Ross ER. The reciprocating gait orthosis: long-
term usage patterns. Arch Phys Med Rehabil. 1995;76(8):779-83.

12. Mikelberg R, Reid S. Spinal cord lesions and lower extremity bracing: an
overview and follow-up study. Paraplegia. 1981;19(6):379-85.

13.  Lajeunesse V, Vincent C, Routhier F, Careau E, Michaud F. Exoskeletons'
design and usefulness evidence according to a systematic review of lower

(2019) 16:145

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

Page 16 of 17

limb exoskeletons used for functional mobility by people with spinal cord
injury. Disabil Rehabil Assist Technol. 2016:11(7):535-47.

Karelis AD, Carvalho LP, Castillo MJ, Gagnon DH, Aubertin-Leheudre M.
Effect on body composition and bone mineral density of walking with a
robotic exoskeleton in adults with chronic spinal cord injury. J Rehabil Med.
2017;49(1):84-7.

http://www.indego.com/indego/en/home. Indego| Parker Indego: Parker
Hannifin Corp; 2017 [Available from: http://www.indego.com/indego/en/
home.

http://eksobionics.com/. Ekso Bionics: Ekso Bionics; 2017 [Available from:
http://eksobionics.com/.

Miller LE, Zimmermann AK, Herbert WG. Clinical effectiveness and safety of
powered exoskeleton-assisted walking in patients with spinal cord injury:
systematic review with meta-analysis. Med Devices (Auckland, NZ). 2016,9:455-66.
Louie DR, Eng JJ, Lam T. Gait speed using powered robotic exoskeletons
after spinal cord injury: a systematic review and correlational study. J
Neuroeng Rehabil. 2015;12:82.

Stampacchia G, Rustici A, Bigazzi S, Gerini A, Tombini T, Mazzoleni S. Walking
with a powered robotic exoskeleton: subjective experience, spasticity and pain
in spinal cord injured persons. Neurorehabilitation. 2016;39(2):277-83.

Kressler J, Thomas CK, Field-Fote EC, Sanchez J, Widerstrom-Noga E, Cilien
DG, et al. Understanding therapeutic benefits of overground bionic
ambulation: exploratory case series in persons with chronic, complete spinal
cord injury. Arch Phys Med Rehabil. 2014;95(10):1878-87 e4.

Thomas SL, Gorassini MA. Increases in corticospinal tract function by
treadmill training after incomplete spinal cord injury. J Neurophysiol. 2005;
94(4):2844-55.

Khan AS, Patrick SK, Roy FD, Gorassini MA, Yang JF. Training-specific neural
plasticity in spinal reflexes after incomplete spinal cord injury. Neural Plast.
2016;2016:6718763.

Smith AC, Knikou M. A review on locomotor training after spinal cord injury:
reorganization of spinal neuronal circuits and recovery of motor function.
Neural Plast. 2016,2016:1216258.

Sczesny-Kaiser M, Hoffken O, Aach M, Cruciger O, Grasmucke D, Meindl R,
et al. HAL(R) exoskeleton training improves walking parameters and
normalizes cortical excitability in primary somatosensory cortex in spinal
cord injury patients. J Neuroeng Rehabil. 2015;12:68.

Zewdie ET, Roy FD, Yang JF, Gorassini MA. Facilitation of descending
excitatory and spinal inhibitory networks from training of endurance and
precision walking in participants with incomplete spinal cord injury. Prog
Brain Res. 2015;218:127-55.

Samantha H, White F, Hayes S, White M. The effect of using a powered
exoskeleton training programme on joint range of motion on spinal injured
individuals: a pilot study. Int J Phys Ther Rehab. 2015;1(Article ID 1:1JPTR-102):5.
Spungen AM, Asselin P, Fineberg DB, Kornfeld S, Harel NY, editors.
Exoskeletal-assisted walking for persons with motor-complete paraplegia.
Force Sustainment: Rehabilitation, Regeneration and Prosthetics for Re-
Integration to Duty Meeting Proceedings STO-MP-HFM-228, Paper 6; 2013;
Neuilly-sur-Seine, France: Science and Technology Organization.

Asselin PK, Avedissian M, Knezevic S, Kornfeld S, Spungen AM. Training
persons with spinal cord injury to ambulate using a powered exoskeleton. J
Vis Exp. 2016;(112). https;//doi.org/10.3791/54071.

Gorgey AS, Wade R, Sumrell R, Villadelgado L, Khalil RE, Lavis T. Exoskeleton
training may improve level of physical activity after spinal cord injury: a case
series. Top Spinal Cord Inj Rehabil. 2017,23(3):245-55.

Khan A, Livingstone D, Misiaszek J, Stein RB, Gorassini M, Manns P, et al,,
editors. Improving walking and inducing neuroplasticity after chronic SCI by
training in the ReWalk exoskeleton. Chicago: Society for Neuroscience 2015
Annual meeting; 2015.

Khan AS. Retraining walking after spinal cord injury: functional gains and
neuroplasticity. Edmonton: University of Alberta; 2018.

Manns P, Hurd CL, Yang JF. Perspectives of people with spinal cord injury
learning to walk using a powered exoskeleton. J Neuroeng Rehabil. 2019;16(1):94.
van Hedel HJ, Wirz M, Curt A. Improving walking assessment in subjects with
an incomplete spinal cord injury: responsiveness. Spinal Cord. 2006;44(6):352-6.
van Hedel HJ, Wirz M, Dietz V. Assessing walking ability in subjects with
spinal cord injury: validity and reliability of 3 walking tests. Arch Phys Med
Rehabil. 2005;86(2):190-6.

Scivoletto G, Tamburella F, Laurenza L, Foti C, Ditunno JF, Molinari M.
Validity and reliability of the 10-m walk test and the 6-min walk test in
spinal cord injury patients. Spinal Cord. 2011;49(6):736-40.


http://www.indego.com/indego/en/home
http://www.indego.com/indego/en/home
http://www.indego.com/indego/en/home
http://eksobionics.com/
http://eksobionics.com/
https://doi.org/10.3791/54071

Khan et al. Journal of NeuroEngineering and Rehabilitation

36.

37.

38.

39.

40.
41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

lJzerman MJ, Baardman G, van ‘t Hof MA, Boom HB, Hermens HJ, Veltink PH.
Validity and reproducibility of crutch force and heart rate measurements to
assess energy expenditure of paraplegic gait. Arch Phys Med Rehabil. 1999;
80(9):1017-23.

Maynard FM Jr, Bracken MB, Creasey G, Ditunno JF Jr, Donovan WH, Ducker T8,
et al. International standards for neurological and functional classification of
spinal cord injury. Am Spinal Inj Assoc Spinal Cord. 1997;35(5):266-74.

Benz EN, Hornby TG, Bode RK, Scheidt RA, Schmit BD. A physiologically
based clinical measure for spastic reflexes in spinal cord injury. Arch Phys
Med Rehabil. 2005;86(1):52-9.

Siddall PJ, Cousins MJ, Otte A, Griesing T, Chambers R, Murphy TK.
Pregabalin in central neuropathic pain associated with spinal cord injury: a
placebo-controlled trial. Neurology. 2006;67(10):1792-800.

Melzack R. The McGill pain questionnaire: major properties and scoring
methods. Pain. 1975;1(3):277-99.

Preuss RA, Popovic MR. Quantitative analysis of the limits of stability in
sitting. J Appl Biomech. 2010;26(3):265-72.

Lemay JF, Gagnon D, Duclos C, Grangeon M, Gauthier C, Nadeau S.
Influence of visual inputs on quasi-static standing postural steadiness in
individuals with spinal cord injury. Gait Posture. 2013;38(2):357-60.

Harel NY, Asselin PK, Fineberg DB, Pisano TJ, Bauman WA, Spungen AM.
Adaptation of computerized posturography to assess seated balance in
persons with spinal cord injury. J Spinal Cord Med. 2013;36(2):127-33.

Savic G, Bergstrom EM, Frankel HL, Jamous MA, Ellaway PH, Davey NJ.
Perceptual threshold to cutaneous electrical stimulation in patients with
spinal cord injury. Spinal Cord. 2006;44(9):560-6.

Martin TA, Keating JG, Goodkin HP, Bastian AJ, Thach WT. Throwing while
looking through prisms. II. Specificity and storage of multiple gaze-throw
calibrations. Brain. 1996;119(Pt 4):1199-211.

Nagin DS, Odgers CL. Group-based trajectory modeling in clinical research.
Annu Rev Clin Psychol. 2010;6:109-38.

Mayo NE, Bronstein D, Scott SC, Finch LE, Miller S. Necessary and sufficient
causes of participation post-stroke: practical and philosophical perspectives.
Qual Life Res. 2014;23(1):39-47.

Bozdogan H. Model selection and Akaike information criterion (Aic) - the
general-theory and its analytical extensions. Psychometrika. 1987;52(3):345-70.
Qiu H, Xiong S. Center-of-pressure based postural sway measures: reliability
and ability to distinguish between age, fear of falling and fall history. Int J
Ind Ergonom. 2015;47:37-44.

Oliveira MR, Vieira ER, Gil AWO, Fernandes KBP, Teixeira DC, Amorim CF,

et al. One-legged stance sway of older adults with and without falls. PLoS
One. 2018;13(9):.e0203887.

Alamro RA, Chisholm AE, Williams AMM, Carpenter MG, Lam T. Overground
walking with a robotic exoskeleton elicits trunk muscle activity in people
with high-thoracic motor-complete spinal cord injury. J Neuroeng Rehabil.
2018;15(1):100.

Lam T, Noonan VK, Eng JJ, Team SR. A systematic review of functional
ambulation outcome measures in spinal cord injury. Spinal Cord. 2008;46(4):
246-54.

Hanley MA, Jensen MP, Ehde DM, Robinson LR, Cardenas DD, Turner JA,

et al. Clinically significant change in pain intensity ratings in persons with
spinal cord injury or amputation. Clin J Pain. 2006;22(1):25-31.

van Hedel HJ, Group ES. Gait speed in relation to categories of functional
ambulation after spinal cord injury. Neurorehabil Neural Repair.
2009;23(4):343-50.

Baunsgaard CB, Nissen UV, Brust AK, Frotzler A, Ribeill C, Kalke YB, et al. Gait
training after spinal cord injury: safety, feasibility and gait function following
8 weeks of training with the exoskeletons from Ekso bionics. Spinal Cord.
2018;56(2):106-16.

Jansen O, Schildhauer TA, Meindl RC, Tegenthoff M, Schwenkreis P, Sczesny-
Kaiser M, et al. Functional outcome of neurologic-controlled HAL-
exoskeletal neurorehabilitation in chronic spinal cord injury: a pilot with
one year treatment and variable treatment frequency. Global Spine J.
2017;7(8):735-43.

Tefertiller C, Hays K, Jones J, Jayaraman A, Hartigan C, Bushnik T, et al. Initial
outcomes from a multicenter study utilizing the Indego powered exoskeleton
in spinal cord injury. Top Spinal Cord Inj Rehabil. 2018,24(1):78-85.

Stein RB, Hayday F, Chong S, Thompson AK, Rolf R, James KB, et al.
Speed and efficiency in walking and wheeling with novel stimulation
and bracing systems after spinal cord injury: a case study.
Neuromodulation. 2005;8(4):264-71.

(2019) 16:145

59.

60.

62.

63.

64.

65.

66.

67.

Page 17 of 17

Asselin P, Knezevic S, Kornfeld S, Cirnigliaro C, Agranova-Breyter |, Bauman
WA, et al. Heart rate and oxygen demand of powered exoskeleton-assisted
walking in persons with paraplegia. J Rehabil Res Dev. 2015;52(2):147-58.
Evans N, Hartigan C, Kandilakis C, Pharo E, Clesson I. Acute cardiorespiratory
and metabolic responses during exoskeleton-assisted walking Overground
among persons with chronic spinal cord injury. Top Spinal Cord Inj Rehabil.
2015;21(2):122-32.

Jacobs PL, Klose KJ, Guest R, Needham-Shropshire B, Broton JG, Green BA.
Relationships of oxygen uptake, heart rate, and ratings of perceived
exertion in persons with paraplegia during functional neuromuscular
stimulation assisted ambulation. Spinal Cord. 1997;35(5):292-8.

Musselman KE. Clinical significance testing in rehabilitation research: what,
why and how? Phys Ther Rev. 2007;12:287-96.

Aach M, Cruciger O, Sczesny-Kaiser M, Hoffken O, Meind! R, Tegenthoff M,
et al. Voluntary driven exoskeleton as a new tool for rehabilitation in
chronic spinal cord injury: a pilot study. Spine J. 2014;14(12):2847-53.
Kozlowski AJ, Bryce TN, Dijkers MP. Time and effort required by persons
with spinal cord injury to learn to use a powered exoskeleton for assisted
walking. Top Spinal Cord Inj Rehabil. 2015;21(2):110-21.

Baunsgaard CB, Nissen UV, Brust AK, Frotzler A, Ribeill C, Kalke YB, et al.
Exoskeleton gait training after spinal cord injury: an exploratory study on
secondary health conditions. J Rehabil Med. 2018;50(9):806-13.

He Y, Eguren D, Luu TP, Contreras-Vidal JL. Risk management and
regulations for lower limb medical exoskeletons: a review. Med Devices-Evid
Res. 2017;10:89-107.

Barbareschi G, Richards R, Thornton M, Carlson T, Holloway C. Statically vs
dynamically balanced gait: analysis of a robotic exoskeleton compared with
a human. Conf Proc IEEE Eng Med Biol Soc. 2015,2015:6728-31.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Background
	Methods
	Results
	Conclusion
	Trial registration

	Background
	Methods
	Participants
	Experimental design
	The exoskeleton
	Trainers
	Procedures
	Standing in the standing frame
	Donning and doffing the ReWalk
	Standing balance in the ReWalk
	Walking in the ReWalk

	Outcome measures
	Measures of training
	Clinical outcomes
	Neurophysiological outcomes

	Data analyses and statistics
	Measures of progression in training
	Clinical outcomes
	Neurophysiological outcomes


	Results
	Participants
	Progression of training
	Clinical outcomes
	Walking in the ReWalk
	Walking without the ReWalk
	Skills
	Pain
	Spasticity
	Muscle strength

	Neurophysiological outcomes
	Balance
	Strength of sensory pathways
	Strength of motor pathways

	Adverse events and technical issues

	Discussion
	Training to achieve walking proficiency
	Powered exoskeletons for home and community
	Neuroplasticity induced by the training
	Device-related considerations
	Limitations

	Conclusions
	Additional files
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

