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Background: Multi-channel surface functional electrical stimulation (FES) for walking has been used to improve
voluntary walking and balance in individuals with spinal cord injury (SCI).
Objective: To investigate short- and long-term benefits of 16 weeks of thrice-weekly FES-assisted walking
program, while ambulating on a body weight support treadmill and harness system, versus a non-FES
exercise program, on improvements in gait and balance in individuals with chronic incomplete traumatic SCI,
in a randomized controlled trial design.
Methods: Individuals with traumatic and chronic (≥18 months) motor incomplete SCI (level C2 to T12, American
Spinal Cord Injury Association Impairment Scale C or D) were recruited from an outpatient SCI rehabilitation
hospital, and randomized to FES-assisted walking therapy (intervention group) or aerobic and resistance
training program (control group). Outcomes were assessed at baseline, and after 4, 6, and 12 months. Gait,
balance, spasticity, and functional measures were collected.
Results: Spinal cord independence measure (SCIM) mobility sub-score improved over time in the intervention
group compared with the control group (baseline/12 months: 17.27/21.33 vs. 19.09/17.36, respectively). On
all other outcome measures the intervention and control groups had similar improvements. Irrespective of
group allocation walking speed, endurance, and balance during ambulation all improved upon completion of
therapy, and majority of participants retained these gains at long-term follow-ups.
Conclusions: Task-oriented training improves walking ability in individuals with incomplete SCI, even in the
chronic stage. Further randomized controlled trials, involving a large number of participants are needed, to
verify if FES-assisted treadmill training is superior to aerobic and strength training.
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Introduction
In Canada, there are currently about 86 000 individuals
living with spinal cord injury (SCI), with approximately
3400 new cases occurring each year.1 Given the signifi-
cant impact sustaining an SCI holds to both the individ-
ual and to society, there is a need for the development of
technologies that can aid in restoring independence in
daily living in individuals with SCI. Not surprisingly,

the recovery of walking ability has been identified as a
top priority by people with SCI in order to regain
maximum independence.2

The rate and degree of recovery following SCI varies,
but some clear patterns do emerge across impairment
groups. According to the Guidelines for Conduct of
Clinical Trials for SCI, developed by the International
Campaign for Cures of Spinal Cord Injury Paralysis
panel, individuals with American Spinal Cord Injury
Association Impairment Scale (AIS) C and D have a
greater potential to achieve a high level of functional
recovery, including ambulation, compared to individuals
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with AIS A and B.3 Regardless of impairment, the
largest amount of recovery occurs within the first 6
months following injury and the rate of recovery pla-
teaus at 12 to 18 months post-injury.3,4. However,
there is evidence5–8 for the effectiveness of different
therapeutic modalities for improving gait in persons
with chronic incomplete SCI beyond the 12–18-month
mark. For instance, Body Weight Support Treadmill
Training (BWSTT) has been shown in several studies
to improve gait in this patient population.5 Harkema
et al. found improvements in balance and walking
speed in 196 individuals with incomplete SCI who
were between 32 days to more than 25 years post-
SCI.5 As such, there is a need to further explore which
types of therapeutic modalities can be applied to maxi-
mize function post-SCI, even for those people who are
many years post-injury.

Functional electrical stimulation (FES)-assisted
walking has been found to be a promising method for
improving walking function in individuals with SCI.6,7

FES uses short electrical pulses to generate muscle con-
tractions. If the muscle contractions are properly timed
and coordinated one can generate walking function in
otherwise paralysed individuals such as patients with
SCI. Although many FES systems have been developed
to function as permanent orthoses (i.e. the user would
have to wear the system all the time in order to walk8),
recent advances in FES therapy have shown that indi-
viduals with incomplete SCI have the capacity to
improve voluntary walking function following short-
term intensive FES therapy.9–13 In other words, one
can use FES therapy as a means to deliver restorative
locomotion therapy to enhance spinal and supraspinal
neuroplasticity, instead of using it as a pure compensa-
tory walking aid as was done in the past.6,7 Although
the majority of FES therapies for walking have been
delivered to individuals with SCI who have drop
foot,10–13 our team and others have demonstrated that
multichannel FES systems (eight channels and more),
which activate the lower limb muscles in the proper
walking-like sequence, can be used in persons with
chronic incomplete SCI who have much more profound
walking impairment and not only a drop foot, to help
them improve or restore voluntary walking function.8,9

Specifically, we have demonstrated in a pilot study that
a multichannel FES system that produces coordinated
muscle activations in the lower limbs, which mimics
the natural gait cycle, has the capacity to enhance volun-
tary over ground walking in SCI population9,11.
Therefore, the specific intent of this study was to apply
a multichannel FES system in a larger chronic incom-
plete SCI patient population as a restorative locomotion

therapy, and to examine its capacity to improve volun-
tary over ground walking in this patient population.

To the best of our knowledge, no Phase II randomized
controlled trials have been carried out to-date to test the
efficacy of a multichannel short-term FES intervention
for improving walking in individuals with chronic
incomplete SCI. Therefore, the purpose of this study
was to investigate whether a thrice weekly FES-assisted
walking program was better than a non-FES exercise
program for improving gait and balance in individuals
with chronic incomplete traumatic SCI.

Methods
Subject selection
The design was a parallel group randomized controlled
trial (http://www.clinicaltrials.gov – NCT00201968)
conducted at Lyndhurst Centre, Toronto
Rehabilitation Institute, University Health Network.
The study was approved by the Research Ethics Board
of the Toronto Rehabilitation Institute, and we certify
that all applicable institutional and governmental regu-
lations concerning the ethical use of human volunteers
were followed. Recruitment for the study commenced
in March 2005, and the last subject completed follow-
up in December 2010. The inclusion criteria were indi-
viduals who sustained a traumatic incomplete spinal
cord lesion between C2 and T12 that was motor incom-
plete (grade C or D on the AIS neurological impairment
scale) and who were at least 18 months post-injury at the
time of recruitment. Furthermore, participants were
expected either not to walk at all at the baseline, or if
they were walking independently that they had to use
an assistive device to walk (e.g. a walker) or they had
to have walking speed ≤0.5 m/s, which precluded
them from being community walkers.14 Participants
were excluded if they had any contraindications for
FES, such as cardiac pacemakers, skin lesions or rash
at potential electrode sites, or denervation of targeted
muscles. Muscle denervation was confirmed when the
muscle did not produce a single twitch or a contraction
after it was exposed to high intensity electrical stimu-
lation (e.g. pulse amplitude ≥ 60 mA, frequency =
40 Hz and pulse duration = 300 μs). Participants were
also excluded if they had grade 4 pressure ulcers any-
where on the lower extremities, grade 2 or 3 pressure
ulcers at locations where FES or the harness was
applied, or if they suffered from any of the following car-
diovascular conditions: (1) uncontrolled hypertension;
(2) symptoms of orthostatic hypotension upon standing
for 15 minutes; or (3) susceptibility to autonomic dysre-
flexia, requiring medication. Medical clearance was
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required from the participant’s family physician prior to
recruitment in the study.

Randomization
Upon completion of baseline assessments, participants
were randomly assigned to the intervention or control
group in a 1:1 allocation ratio. The randomization
sequence was generated using randperm.m function in
Matlab (TheMathWorks, USA). Envelopes were pre-
pared by a research assistant not involved in enrolling
participants; each envelope contained a unique reference
number. Each participant selected an unmarked, sealed
envelope from a box. This reference number corre-
sponded to another sealed envelope in a separate
location that pointed to group allocation for that
participant.

Intervention and control group protocols
Due to the nature of the treatment, it was not possible to
blind the subjects (i.e. no placebo group). The patient’s
physician was blind to group allocation unless a
serious adverse event occurred. The control group and
the intervention group received the same volume of
therapy, which was 45 minutes per session, 3 days per
week, for 16 weeks (48 sessions in total). A physically
active control protocol was selected so that any interven-
tion effects were attributed to the FES walking protocol
rather than an improved fitness level. Adherence was
determined by counting the number of sessions com-
pleted. Subjects who missed sessions were permitted to
make them up.

Control group
Individuals assigned to the control group participated in
an individually tailored exercise program consisting of
20–25 minutes of resistance training (using hand
weights, cables, and Uppertone training system (GPK
Inc., USA)) and 20–25 minutes of aerobic training
(arm cycling, leg cycling, and walking in parallel bars
or on treadmill), supervised by trained kinesiologists.
Two to three sets of a resistance training exercise were
performed at 12–15 repetition maximum resistance for
all major muscle groups that were capable of voluntary
activity. Both the resistance and repetitions were
progressively increased according to tolerance. During
the therapy we monitored participants’ blood pressure
and heart rate, and we ensured that the aerobic exercise
was performed at a moderate pace (3–5 on the Modified
Borg Rating of Perceived Exertion Scale). By doing this
we ensured that the progression in training did not
increase the participant’s exertion rate over the course
of therapy. The supervised control group activities
ensured that any differences between groups in the

outcome measures were attributed to the FES walking
intervention and were not a result of an increased level
of physical activity. The control group had an opportu-
nity to exercise on the treadmill in case if they were able
to walk unassisted.

Intervention group
Individuals assigned to the intervention group (FES
group) received FES stimulation while ambulating on
body weight support treadmill and harness system
(Loko70, Woodway, USA). FES was delivered using
two non-invasive, 4 channel electric stimulators
Compex Motion (Compex SA, Switzerland) that uses
surface self-adhesive stimulation electrodes.15 The elec-
trodes were placed on the subject’s skin corresponding
to the muscles targeted with FES. Stimulus signals
were balanced, biphasic, and pulse-width modulated
with constant current regulation. Pulse amplitudes
from 8 to 125 mAwere used (subject and muscle depen-
dent), and pulse-widths from 0 to 300 μs were used to
modulate the stimulation intensity depending on the
gait phase. Pulse frequency of 40 Hz was used. Note:
pulse amplitudes were selected such that they would
generate contractions required to produce desired
functional movements. Because we used a current regu-
lated stimulator, the stimulation intensities did not
change frequently from one session to the next.
However, as the patient involved in the therapy gained
muscle strength, the pulse amplitudes used to generate
desired movements were typically gently reduced with
time. These adjustments were individualized and no
general pattern was observed.
The key muscles targeted by the FES were bilateral

quadriceps, hamstrings, dorsiflexors, and plantarflexors
in a physiological sequence that they are activated
during ambulation in able-bodied individuals.9 The
stimulator provided open-loop stimulation sequences
triggered by a pushbutton, which was pressed by two
physiotherapists to initiate each step. In the early
stages of therapy, each therapist controlled one leg, inde-
pendently. Which means that when the leg needed to go
into push-off phase of the gait, the therapist would press
the pushbutton and the push-off phase and all sub-
sequent phases of the gait would be performed auto-
matically by the FES system (i.e., open-loop control
strategy). As the participant progressed with the
therapy he/she was allowed to control the gait using
the two push buttons, each being pressed by one hand,
where each hand controlled the corresponding ipsilat-
eral leg.
Walking exercises were performed on a body-weight

support treadmill Loko 70, specifically designed for
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BWSTT. This apparatus includes an overhead harness
that attached to cables and pulleys such that a constant
upward force could be applied to the subject while
walking as well as for the subject’s safety. Minimal
amount of body-weight support was used to facilitate
walking. This amount differed between participants and
from session to session.Walking exerciseswere performed
at a speed decided by the attending physiotherapist to
realize subject’s natural walking. When we say natural
walk we want to suggest a progression in gait at a loco-
motion speed that the study participant could tolerate
with ease, and during which lower and upper limb move-
ments were properly coordinated and the limbs moved in
a manner as close as possible to the one observed in able-
bodied individuals. We took special care that the move-
ments of the trunk were also within the envelope of
what natural gait would look like. We actively prevented
events in which the participant was having jerky move-
ments and was bouncing from one side of the treadmill
to the other. Naturally, the first therapy sessions were
not the easiest in this regard, and frequently we needed
up to three therapists to assist with the training.
However, after the initial 3 to 5 training sessions the gait
of the participant fully stabilized and the participant’s
gait sequence looked very similar to the natural gait.

As suggested earlier, the gait speed was adjusted to
meet patients individual therapy needs. This was done
by adjusting the temporal aspects of the FES protocol.
The push-off phase of the gait is short and intensive,
and for the most part it has similar temporal properties
for the walking speeds that we use during the FES
therapy. The main difference was in the force exerted
during the push-off phase, which was regulated by
adjusting stimulation intensity. What differed between
patients was the duration of the swing phase. On the
first day of therapy we would provide the patient with
the “swing phase duration” that we thought was appro-
priate for the early phase of rehabilitation for that indi-
vidual, based on their actual (if the patient was able to
walk on his/her own) or targeted walking speed. After
each session the therapist would indicate if we need to
speed up or slow down the walking cycle, and by how
much. If a change was required, a temporal aspect of
the swing phase was adjusted in the protocol. With
our FES system this was very easy to do and this
change took less than 5 minutes to carry out. The
change would allow for a shorter or longer swing
phase, as advised by the therapist. During the next treat-
ment session we would examine how the patent walked,
and we would either adopt this newly adjusted protocol,
or we would need to adjust it one more time until the
proper gait speed was achieved. This process typically

did not require more than two iterations. It very seldom
happened that we needed to adjust the gait speed
within a session. When this was required, the engineering
team was ready and available to make that change fast.

During the therapy, when needed, manual assistance
was applied to the participant’s lower extremities and
lower back to facilitate walking and ensure that move-
ments were carried out in a physiological way. Within a
session, 4–5-minute bouts of walking were repeated as
many times as possible with resting intervals in between.

Outcome measures
The original purpose of this study was to examine how the
FES-assisted walking program would enable the
reduction of secondary health complications in chronic
incomplete individuals with SCI. Therefore, the primary
outcomes were to investigate the between group differ-
ences in outcomes related to secondary health compli-
cations such as (i) spasticity, (ii) muscle atrophy, (iii)
bone loss, and (iv) to determine whether the hypothesized
reduction in secondary health complications resulted in
improvement in participants’ satisfaction with life and
societal participation. Hence, the sample size calculations
for the study were determined taking into consideration
only the primary outcome measures, as explained in the
section “Statistical Analysis”. The findings regarding
bone loss and satisfaction with life and societal partici-
pation are reported elsewhere.16,17 The current report out-
lines the effects of the intervention on subjects’ function,
gait, balance, and spasticity.

Outcome measures were performed at baseline, and
4 months (i.e. upon completion of the treatment sessions),
6 months, and 12 months post-baseline, unless otherwise
stated. All measures were performed when the partici-
pants were not using the FES system. In other words,
only function that the participant could generate volun-
tary was assessed. Data were collected by blinded asses-
sors. The tests administered were:

Gait measures
1. 6-Minute walk test: Participants were asked to walk at a

comfortable pace for as long as they could up to a
maximum of 6 minutes using their preferred assistive
device (e.g. 2-wheel walker and cane) but with no
manual assistance.18,19 The distances walked at 2, 4,
and 6 minutes were assessed.

2. 10-Meter walk test: The time for walking 10 meters was
recorded to evaluate the participant’s maximumwalking
speed.19 The participants walked at their fastest walking
speed between two pre-defined lines that were drawn on
the floor 10 meters apart. The participants were allowed
to use any assistive device that they routinely used during
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ambulation; however, no manual assistance was pro-
vided during the test.

3. An assistive device score (ADS): ADS was obtained
using an ordinal rating based on the usage of upper
extremity devices and lower extremity orthoses.19,20

4. Walking mobility scale (WMS): In order to determine
the extent to which participants were walking at
home and in the community, they were rated using
the subjective and self-reported WMS.21

Balance and mobility measure
1. Timed up-and-go test (TUG): The TUG was a test used

to assess patients’ dynamic balance during a functional
task. In the TUG, the subject began from a sitting pos-
ition, walked a 3-meter distance, turned around,
walked back, and then sat down. The participants
were timed from the point when his/her back
stopped being in contact with the backrest of the
chair to the time when they completed the walk and
sat back down and his/her back was again resting on
the backrest of the chair.21

Functional measures
1. Spinal cord independence measure (SCIM): The SCIM

is a disability scale that has been specifically developed
to evaluate the functional outcomes of patients with
traumatic and non-traumatic SCI.22 The SCIM
assesses function in the three core areas: (1) self-care,
which includes feeding, bathing, dressing, and groom-
ing, and is scored between a range of 0–20; (2) respir-
ation and sphincter management are scored between
a range of 0–40; and finally (3) mobility, also scored
between a range of 0–40. The SCIM was assessed
only at baseline and at 12 months after baseline.

2. Functional independence measure (FIM) locomotor
score: A FIM locomotor score was recorded to
provide a measure of the amount of physical assistance
and independence in walking based on a 7-point
ordinal scale.23

Spasticity measures
1. Modified Ashworth scale (MAS):MAS is the most com-

monly used subjective scale for clinical assessment of
spasticity, and primarily measures movement-provoked
spastic muscle resistance (increased muscle tone),
which has been employed in a number of studies exam-
ining spasticity in various populations that include
stroke patients, persons with traumatic brain injuries,
multiple sclerosis, and SCI.24 The scale requires that
the examiner move the patient’s limb through its full
range of movement and to rate the amount of resistance
felt according to an ordinal 6-point scale (grades 0, 1,
1+, 2, 3, 4). Grade 0 represents a normal response.
The muscles tested were hip adductors, knee flexors,
knee extensors, ankle dorsiflexors, and plantar flexors.

2. Pendulum test: The pendulum test is an objective quan-
titative biomechanical measurement in which the knee

is released from full extension and the leg allowed to
swing until motion ceases. The data are collected by
an electrogoniometer.25 The goniogram pattern of the
pendulum test reflects the oscillations of knee flexion
and extension accompanying the drop. Three trials
were executed.

Statistical analysis
The trial reporting was done in accordance with the
CONSORT criteria, and subject flow through the
study was depicted using a CONSORT flow diagram
(Fig. 1) (http://www.consortstatement.org/). Mean
and standard deviation (SD) and count, percent were
used to summarize participant characteristics and
study outcome measures. Note: the original objective
of this study was to examine how the FES-assisted
walking program could be used to help reduce second-
ary health complications in chronic incomplete
individuals with SCI. Consequently the primary out-
comes in this study were between group differences in
assessments related to secondary health complications
such as: i) spasticity; ii) muscle atrophy; iii) bone loss;
and iv) to determine if the hypothesized reduction in sec-
ondary health complications resulted in improvement in
participants’ satisfaction with life and societal partici-
pation. Therefore, for the purpose of this study the
sample size was determined using the outcome that
was expected to demonstrate the smallest effect size for

Figure 1 Consort diagram.
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the registered trial, namely tibia cortical bone mineral
density (BMD; not reported here). In a report on
FES-assisted cycling, Eser et al.26 reported a standard
deviation of 0.03–0.06 g/cm3 for the tibial cortical
BMD in participants with SCI (determined by com-
puted tomographic scan). These values translated to
relative changes of 0.6–0.8% per month. We considered
0.6% per month a clinically significant difference in
BMD change. Therefore, n= 13 for a significance
level of 5%. Assuming a 20% drop out rate, a total of
17 participants per group was the targeted recruitment
number, i.e. 34 individuals in total.

The comparison between the groups (control group
and intervention group) and among time course (base-
line, 4-, 6-, and 12-month) were performed using two-
way repeated measures analysis of variance for each
outcome measure (SPSS, IBM, USA). The comparisons
were performed with the participants who completed all
assessments in the study (see Consort diagram in Fig. 1
for details). A Bonferroni post hoc test was carried out
where applicable. An α of 0.05 (two-tailed) was used
for all tests unless indicated otherwise. The data are pre-
sented as mean (standard deviation) in the following sec-
tions and the tables.

Results
Thirty-four individuals with motor incomplete, trau-
matic, and chronic SCI, who passed the screening
assessment and provided informed consent, were
recruited in the study (Fig. 1). Upon completion of the
study, we had 27 subjects who completed the training
and attended all follow-up assessments and were
included in analyses. Of the seven individuals that

dropped out of the study, two dropouts were secondary
to medical issues not related to the study, one was lost to
follow-up secondary to leaving the country, one dropped
out because of randomization to control group, and
three participants dropped out for unknown reasons. Of
the 27 participants who completed the study, 16 were in
the intervention group (FES group) and 11 in the
control group (conventional exercise group). Details of
the participant demographics are listed in Table 1. On
average participants in the study received 44.1 sessions
during the training period (in the intervention group the
average number of sessions was 43.5 and in the control
group the average number of sessions was 44.5). Study-
related adverse events have been reported previously.16

Functional measures
SCIM
Table 2 shows the group means for SCIM. The SCIM
data were available at both baseline and 12-month
follow-up for 26 participants (one participant’s SCIM
data in the intervention group were not available for
the baseline). The total SCIM scores showed a signifi-
cant change over time (F(1, 24)= 4.75, P= 0.039).
The main effect of the groups (F(1, 24)= 0.254, P=
0.619) and the time-group interaction (F(1, 24)=
2.681, P= 0.115) were not significant. In other words,
there was no statistically significant difference in total
SCIM scores between the groups, while both groups
experienced increase in total SCIM scores at 12-month
follow-up compared with baseline.

SCIM mobility sub-score
There was no significant main effect for time (F(1, 24)=
1.747, P= 0.199) and no difference between the groups

Table 1 Participant demographics, mean and standard deviations*

Variable Treatment Control Total

Age (years) 56.59 (14.00) 54.06 (16.45) 55.32 (15.10)
Sex (M in %) 82.35% (14) 70.59% (12) 76.5% (26)
Height (cm) 174.25 (7.89) 173.64 (9.20) 173.95 (8.44)
Weight (kg) 81.31 (13.05) 90.74 (38.99) 86.02 (26.03)
BMI 26.74 (3.88) 30.45 (14.35) 28.60 (10.52)
Duration Injury (years) 8.75 (9.74) 10.32 (11.13) 9.53 (10.33)
Para AIS C–D 17.65% (3) 29.41% (5) 23.5% (8)
Tetra AIS C–D 82.35% (14) 70.59% (12) 76.5% (26)
ASI motor score: UEMS 38.29 (7.44) 37.47 (13.83) 37.88 (10.95)
ASI motor score: LEMS 30.41 (8.19) 27.94 (9.76) 29.18 (8.96)
ASI motor score: TMS 68.71 (11.32) 65.47 (17.61) 67.09 (14.67)
Ambulatory participants at baseline 8 out of 11 13 out of 16 21 out of 27
Etiology of SCI: MVA 29.41% (5) 23.53% (4) 26.47% (9)
Etiology of SCI: Fall 47.06% (8) 41.18% (7) 44.12% (15)
Etiology of SCI: GSW 0% (0) 5.88% (1) 2.94% (1)
Etiology of SCI: Sports 5.88% (1) 23.53% (4) 14.71% (5)
Etiology of SCI: Other 17.65% (3) 5.88% (1) 11.76% (4)

*The values are shown in mean (standard deviation).
BMI, body mass index; SCI, spinal cord injury.
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(F(1, 24)= 0.166, P= 0.687) on the SCIM mobility sub-
score (Fig. 2 and Table 2). However, the interaction was
significant (F(1, 24)= 10.716, P= 0.003). The mean
score at baseline for the intervention group was 17.27
(SD= 7.25) and 19.09 (SD= 7.08) for the control
group. The scores at 12 months post-intervention were
21.33 (SD= 7.62) for the intervention group and 17.36
(SD= 5.46) for the control group. When the interaction
was examined, it was determined that the SCIM mobi-
lity sub-scores improved over time for the intervention
group (P< 0.01) but not for the control group.

FIM locomotor score
We did not perform any statistical tests for this measure
as no changes were seen in the FIM locomotor scores
over the course of the study (Table 2).

Gait measures
6-Minute walking test
There was a wide variability in the baseline walking
ability of the participants recruited, ranging from par-
ticipants being unable to take any steps on over
ground walking with or without an assistive device to
participants being able to cover 413.9 m on a 6-minute
walk test (intervention subject 2). Figure 3 shows the

individual data for 2-minute walking distance. Of the
34 participants who were recruited and randomized, at
baseline, 18 were able to complete a 2-minute walk at
least at two time-points, 18 were able to complete a 4-
minute walk, and 16 participants were able to complete
a 6-minute walk. Irrespective of group allocation almost
all participants showed an increase over time in the dis-
tance covered on the 2-minute (F(3, 48)= 7.09, P<
0.001), 4-minute (F(3, 48)= 6.33, P= 0.001), and 6-
minute (F(3, 42)= 5.80, P= 0.002) walk distances
(Fig. 3 and Table 2). However, there was no statistically
significant difference between the two groups on any of
the above three measures (F(1, 16)= 1.79, P= 0.199;
F(1, 16)= 2.40, P= 0.141; F(1, 14)= 3.18, P= 0.096;
for the 2-, 4-, and 6-minute walking distances, respect-
ively). Furthermore, there was no significant interaction
for any of these measures for any of the time points (F(3,
48)= 0.525, P= 0.667; F(3, 48)= 0.410, P= 0.746; F(3,
42)= 0.431, P= 0.732; for the 2-, 4-, and 6-minute
walking distances, respectively).

10-Meter walking test
Of the 34 participants, 21 were able to complete the 10-
meter walk test at baseline (intervention group – 14 and
control group – 7). Figure 4 shows the individual data

Table 2 Mean scores of Intervention (FES) and Control (CON) Groups on gait measures, functional measures, and balance
measures. The values are shown as: mean (standard deviation)

n - analyzed
Baseline 4-month 6-month 12-month

FES/CON FES CON FES CON FES CON FES CON

Gait measures
6-min walking test
2-min walk distance [m] FES= 11

CON= 7
57.1
(43.2)

27.4
(29.1)

68.2
(46.2)

43.5
(15.0)

66.6
(50.0)

45.8
(27.2)

67.2
(46.2)

42.9
(20.7)

4-min walk distance [m] FES= 11
CON= 7

115.3
(79.6)

52.9
(56.5)

134.1
(85.1)

83.1
(27.5)

135.2
(91.5)

89.3
(53.4)

138.1
(82.1)

86.6
(45.6)

6-min walk distance [m] FES= 9
CON= 7

187.9
(123.4)

79.4
(83.9)

217.1
(134.4)

130.9
(46.0)

219.3
(146.2)

132.3
(79.1)

232.5
(138.9)

126.4
(63.8)

10-m walking test
10-m walk time [sec] FES= 14

CON= 7
42.8
(46.2)

49.1
(41.7)

35.2
(49.8)

28.7
(8.3)

33.8
(39.8)

30.9
(12.7)

42.2
(67.7)

35.1
(18.8)

WMS FES= 16
CON= 11

2.6
(1.4)

2
(1.2)

2.7
(1.5)

2.6
(1.4)

2.9
(1.4)

2.7
(1.7)

2.8
(1.4)

3.4
(3.2)

ADM FES= 16
CON= 11

9.2
(2.6)

6.3
(4.0)

9.3
(3.0)

6.9
(3.4)

9.0
(2.8)

6.6
(2.7)

8.9
(2.8)

7.2
(3.0)

Balance and mobility measure
TUG [sec] FES= 10

CON= 6
43.6
(25.5)

61.6
(36.2)

33.0
(15.7)

49.5
(21.9)

33.2
(16.7)

43.2
(15.3)

32.2
(19.1)

51.3
(19.6)

Functional measures
SCIM FES= 15

CON= 11
57.7
(17.8)

63.9
(18.9)

– – – – 64.1
(19.2)

64.8
(13.4)

SCIM mobility sub-score FES= 15
CON= 11

17.27
(7.25)

19.09
(7.08)

– – – – 21.33
(7.62)

17.36
(5.46)

FIM locomotor score FES= 16
CON= 11

4.70
(1.82)

4.18
(2.14)

5.19
(1.80)

4.82
(1.66)

5.00
(1.86)

4.81
(1.78)

5.19
(1.83)

5.09
(2.98)

FES, functional electrical stimulation; WMS, walking mobility scale; TUG, timed up-and-go test; SCIM, spinal cord independence
measure; FIM, functional independence measure.
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for 10-meter walking time, and its group result is shown
in Table 2. Awide range of walking speeds were seen in
our sample ranging from participants being unable to
ambulate over ground (intervention subjects 3 and 15
and control subjects 2, 4, and 10) to a maximum
walking speed of 1.66 m/s (intervention subject 11).
The 10-meter walk test showed no significant change
over time (F(1.27, 24.0)= 3.07, P= 0.084) and there
was no difference between the groups (F(1, 19)=
0.048, P= 0.829). The interaction was also not signifi-
cant (F(1.27, 24.0)= 1.78, P= 0.195).

WMS and ADM
We did not perform any statistical tests for these
measures. No changes were seen in the use of assistive
devices (walking aids) for the participants over the
course of the study, except for two participants
(Table 2). One participant in intervention group went
from using a cane at baseline to no walking aid at dis-
charge and follow-up assessments. The second partici-
pant from the intervention group went from using a
walker at baseline to no walking aids at discharge.

However, this individual was using a walker when they
returned for follow-up assessments at 6 months and
the same individual used a cane when they returned
for follow-up assessments at 12 months.

Balance and mobility measure
TUG
Sixteen participants were able to perform the TUG at
baseline (intervention group – 10 and control group – 6).
The average time taken to complete the test by the entire
cohort was 51.3 seconds indicating that most of the partici-
pants recruited to the study were at risk for falling.27

The TUG test showed significant change over time
(F(1.56, 21.9)= 5.55, P= 0.016) and there was no differ-
ence between the groups (F(1, 14)= 2.48, P= 0.138).
The interaction was also not significant (F(1.56,
21.9)= 0.579, P= 0.528). In other words, there was no
statistically significant difference in TUG scores
between the groups, while both groups experienced
increase in TUG scores at 4-, 6-, and 12-month
follow-up assessments compared with baseline. Only
two of the participants in the intervention group were

Figure 2 Individual subject results on the SCIMMobility Sub-score assessment: a) Control Group results and b) Intervention Group
results.
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able to complete the test in less than 14 seconds, which is
considered the cut-off for increased risk of falls.27 It is
worth noting that three participants in the intervention
group including the two participants who were able to
complete the test in less than 14 seconds were able to
complete the TUG in less than 14 seconds at 12-
month follow-up.

Spasticity measures
MAS
The MAS test for most of the muscles around the hip,
knee, and ankle, except the right quadriceps and the
left dorsiflexors, showed no statistically significant
change over time or between groups. The time group
interaction was also not significant. The right quadri-
ceps showed a significant change overtime; however,
this change was in an unexpected direction, i.e. spasti-
city in the right quadriceps worsened in both control
group (0.58(1.17) and 0.92(1.24) at baseline and 4-
month, respectively) and intervention group
(0.13(0.34) and 0.44(0.81) at baseline and 4-month,
respectively) (F(1, 26)= 5.272, P= 0.015). There was

no significant main effect for group (F(1,26)= 2.15,
P= 0.155), and no significant time-by-group interaction
(F(1,26)= 0.005, P= 0.942).

Pendulum test
There was no statistically significant difference over time
or between groups for the right or left leg (see Table 3).
The time-by-group interaction was also not significant
for either leg.

Discussion
In this study, we found that based on the SCIM mobility
sub-score the FES-assisted walking training was superior
to a conventional exercise program, which included
aerobic and resistance exercises. The SCIM mobility sub-
score was the only outcome in this study that was signifi-
cantly better after the FES-assisted walking intervention
compared witn a conventional exercise program. On all
other outcome measures, FES-assisted walking training
was not superior to a conventional exercise program.
Of note, within group comparisons for two groups

suggested that both interventions were efficacious.
Both intervention group (FES group) and control

Figure 3 Individual subjects results during 2-min Walk Tests: a) Control Group results and b) Intervention Group results. “Unable to
walk” suggests that the participant was unable to perform the tests on all four assessment occasions.
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group (conventional exercise group) improved signifi-
cantly from the time they were assessed at baseline com-
pared with assessments taken at 4-, 6-, and 12-month
time intervals on the following measures: (i) 2-minute

walking distances, (ii) 4-minute walking distances,
(iii) 6-minute walking distances, and (iv) TUG. As
such, both the intervention group and control group
demonstrated improved functional abilities as a result

Table 3 Summarized results of the statistical analysis for the pendulum test*

Time component of the pendulum test

Limb Source df F P (1 – tailed)

Right leg Group (1, 13) 0.067 0.400, NS
Time (3, 39) 1.802 0.082, NS
Group × time (3, 39) 0.274 0.422, NS

Left leg Group (1, 18) 0.064 0.402, NS
Time (3, 54) 1.029 0.186, NS
Group × time (3, 54) 1.224 0.154, NS

Velocity component of the pendulum test
Right leg Group (1, 13) 0.001 0.490, NS

Time (3, 39) 0.047 0.493, NS
Group × time (3, 39) 0.631 0.300, NS

Left leg Group (1, 18) 0.012 0.457, NS
Time (3, 54) 1.146 0.170, NS
Group × time (3, 54) 1.768 0.082, NS

*None of the results were statistically significant.

Figure 4 Individual subjects results during 10m Walk Tests: a) Control Group results and b) Intervention Group results. ”Unable to
walk” suggests that the participant was unable to perform the tests on all four assessment occasions.
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of their respective therapies. The improvements in both
intervention and control groups following 40 sessions of
respective therapies were clinically meaningful and stat-
istically significant, and they persisted over time. This
essentially means that either of these two therapeutic
interventions was able to improve walking ability in
individuals with chronic traumatic incomplete SCI,
but that FES-assisted walking may not be superior to
a tailored exercise program that also targets walking.
To the best of our knowledge, this study was the first

randomized control trial that has systematically
attempted to look at the benefits of using a multichannel
FES system to activate the lower limb muscles in close-
to-physiological activation sequences.9,11 We chose an
active comparator primarily to reduce attrition, but we
were also interested in understanding if it was the
FES-assisted walking, or just participating in thera-
peutic exercise, that could improve walking. To that
end, we allowed participants in the group receiving con-
ventional exercise to participate in lower extremity
strengthening and, depending on individual ability,
over-ground walking training. One of the key findings
of our study is that the individuals with chronic trau-
matic incomplete SCI have the potential to improve
function even years after injury. These results further
support findings published by the NeuroRecovery
Network27,28 and Field-Fote’s team,29 which suggest
that individuals with chronic incomplete SCI can
improve gait if they are involved in a structured and
task oriented rehabilitation program. This finding re-
emphasizes the need for rehabilitation in chronic trau-
matic incomplete SCI population, and it also demands
a change in attitude that 12–18 months following SCI,
patients are not expected to improve any longer. This
study and other recent studies in this patient popu-
lation12,13,21,28,30–38 clearly demonstrate that individuals
with chronic traumatic incomplete SCI have a capacity
to improve walking and grasping function years follow-
ing the injury.
Rehabilitation interventions for improving gait in

individuals with incomplete SCI include BWSTT train-
ing, robotic devices and FES, and it is unclear whether
one is superior to another. There is conflicting evidence
regarding the benefits of BWSTT training and robot-
assisted treadmill training for improving walking
ability in SCI population, and presumably that is one
of the reasons that these therapies have not been
adopted widely in clinical practice.30,31,39 In a review
by Wessels et al.,40 the authors concluded that over
ground training is actually better than BWSTT training,
i.e. individuals with subacute incomplete SCI who
trained over ground reached higher levels of

independent walking compared with individuals
trained on BWSTT. The authors also indicated a need
for more randomized controlled trials to clarify the
effectiveness of BWSTT on walking ability, activities
of daily living and quality of life for subgroups of
persons with an incomplete SCI. In a recent study
done by Schwartz et al.,39 the authors evaluated the
benefits of Lokomat robotic training over conventional
physiotherapy in subacute incomplete SCI, and found
that all participants improved their walking ability
measured by the Functional Ambulation Category and
Walking Index of Spinal Cord Injury, irrespective of
their group allocation. Therefore, our study adds to a
growing body of evidence that suggests that walking
training can improve with task-specific practice, but
the optimal method remains elusive.
As noted, the FES therapy applied in this randomized

clinical trial was different from most widely used FES
intervention for walking in SCI population, which is
better known as the drop foot stimulation.11 The drop
foot stimulator is an FES system used to stimulate the
peroneal nerve. Pending which stimulation method
and which branch of the peroneal nerve is stimulated
one can elicit either the spinal withdrawal reflex or a
contraction of the tibialis muscle. The tibialis muscle
contraction generates foot dorsiflexion that very effec-
tively compensates for drop foot. On the other hand,
the activation of the spinal withdrawal reflex essentially
produces a “feeling of stepping on a sharp object” and
in response to that sensation the leg moves away from
the “sharp object”. By fine tuning the stimulation that
is used to activate the spinal withdrawal reflex one can
generate a leg movement that looks less abrupt and is
sufficiently prolonged to appear like a walking
sequence.15 A distinction has to be made that this is
not a proper gait sequence. To date, there is no solid evi-
dence to show that the foot dorsiflexion stimulation+
BWSTT training or spinal withdrawal reflex+ BWSTT
training are superior to over ground walking or
BWSTT training alone or robotic training.21,29,41,42

Probably the reasons for that finding is the fact that
the spinal withdrawal reflex stimulation does not acti-
vate the lower limb muscles in the temporarily correct
manner, as walking and the spinal withdrawal reflex
have different muscle activation patterns and they
engage different spinal circuits.9,11 Also, the drop foot
is fairly infrequent and relatively minor problem in the
SCI population, making it more challenging to demon-
strate the benefits of foot dorsiflexion stimulation com-
pared to other therapeutic interventions. Nevertheless,
there is emerging evidence that the drop foot stimulation
that produces only dorsiflexion, if it is used as a short
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term therapy, is capable of inducing lasting neurolastic
changes in the motorcortex10.

This is why we anticipated that our multichannel FES
intervention, which activates the multitude of limb
muscles in the close-to-physiological activation
sequences, would be superior as a neurorehabilitation
intervention for improving voluntary walking function
compared with conventional aerobic and resistance
exercises. However, contrary to our hypothesis, FES-
assisted walking was not superior to conventional exer-
cise. The only exception was SCIM mobility sub-score,
which was significantly higher after the FES-assisted
walking intervention as compared with a conventional
exercise program. However, this was the only assessment
that showed a difference between the two groups. We
have previously shown that individuals with chronic
traumatic incomplete SCI can improve upper limb func-
tion with FES training, but that the benefits are more
profound in the subacute (<6 months) stage.32–35

Therefore, future research might consider evaluating
the efficacy of multichannel FES-assisted walking
therapy in individuals with SCI who are subacute (<6
months post-SCI).

Limitations
Our study has several limitations that should be
acknowledged. Our study may not have been adequately
powered to detect small but clinically meaningful differ-
ences. Further, many participants could not complete all
measures at all time points, resulting in missing data.
Future research may need to choose a measure that is
responsive to change across a wider range of gait abil-
ities, or make the ability to complete the primary
outcome an inclusion criterion. Our sample had a very
wide range of functional abilities ranging from partici-
pants being wheelchair bound to participants who
were community ambulators. There is evidence
suggesting that individuals with SCI who have slower
walking speed and limited ambulatory distance have a
greater potential to improve, compared with those
with increased gait abilities.20,29 We propose that
future research include individuals with at least grade
2 manual muscle testing scores in key lower extremity
muscles. Another limitation of this study is that we did
not compare FES therapy to usual care, i.e. no interven-
tion. Although we did not directly compare FES-
assisted walking intervention to no intervention, the
fact that subjects who took part in the study were indi-
viduals with chronic (≥18 months) SCI who were neuro-
logically stable at the time they joined the study, suggests
that FES-assisted walking intervention is better than no
intervention. On the other hand, we believe that we were

able to retain a large proportion of our sample at 12-
month follow-up because we had an active comparator.

Conclusion
FES therapy for walking resulted in improved volun-
tary walking function in individuals with traumatic
and chronic (≥18 months) motor incomplete SCI
(level C2 to T12, AIS C or D), but it was not superior
to an equal dose (45 minutes per session, with 3 ses-
sions per week for 16 weeks) of aerobic and resistance
training. The FES-assisted walking training was only
superior to a conventional exercise program with
respect to SCIM mobility sub-score, which was signifi-
cantly higher after the FES-assisted walking interven-
tion compared to a conventional exercise program.
We speculate that the heterogeneity of the patient popu-
lation that took part in the study, as well as the small
sample size, resulted in the findings that are for the
most part inconclusive. We believe that a study that
will be performed with a larger sample size and with
a much more homogenous population will be able to
provide more conclusive results with respect to efficacy
of the FES-assisted walking intervention. On the other
hand, we can conclude that even in the chronic stage a
structured and task oriented training may improve the
walking function of individuals with chronic incom-
plete SCI.
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