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Objective: The primary aim of this study was to de-
termine the feasibility of delivering an exoskeleton-
assisted walking intervention targeting lower urinary
tract function in people with motor-complete spinal
cord injury. Secondary aims were to determine if ex-
oskeleton walking activates the pelvic floor muscles,
and compare 2 exoskeleton programmes regarding
lower urinary tract function.

Design: Randomized pilot trial.

Subjects: Adults with motor-complete spinal cord
injury at or above T10.

Methods: Participants were randomized to receive
Ekso or Lokomat training. Feasibility outcomes in-
cluded recruitment rate, adherence, and adverse
events. Pelvic floor muscle electromyography was
recorded during walking. Urodynamic studies, 3-day
bladder diary, and Qualiveen-30 were administered
pre- and post-training.

Results: Twelve people were screened and 6 people
enrolled in the study. Two subjects withdrew from
unrelated reasons. There was one adverse event.
Pelvic floor muscle activity was greater in the Ekso
group. Lower urinary tract function did not clearly
change in either group.

Conclusion: This pilot study demonstrates the fea-
sibility of delivering an exoskeleton training pro-
gramme targeting lower urinary tract function.
Ekso-walking elicits pelvic floor muscle activity, but
it remains unclear how locomotor training impacts
lower urinary tract function.
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eurogenic lower urinary tract dysfunction
(NLUTD) impacts nearly 80% of the spinal
cord injury (SCI) population and has far-reaching
implications for physical and psychosocial health. The
consequences of chronic NLUTD are a leading cause
of rehospitalization post-injury (1), and recovery of

(LAY ABSTRACT )
Some studies in people with spinal cord injury have
reported improvements in urinary bladder health after gait
therapy, but the mechanisms behind this are unclear.
Strong pelvic floor muscles are crucial to urinary blad-
der health, and these muscles are normally active during
walking. It is possible that the pelvic floor muscles are
similarly engaged during exoskeleton-walking in people
with spinal cord injury, and this could improve urinary
bladder health. This study demonstrates that delivering an
exoskeleton intervention to people with spinal cord injury
for urinary bladder health is feasible. Participants were
successfully recruited to a training programme, and any
dropouts were because of issues unrelated to the study.
Furthermore, the study showed that the pelvic floor mus-
cles are active while walking in 1 type of exoskeleton, but
it remains unclear how exoskeleton-walking may help
improve urinary bladder outcomes. Further research is
needed to explore how exoskeleton interventions may en-
gage the pelvic floor muscles and improve urinary bladder

\health outcomes for those with spinal cord injury. ),

lower urinary tract (LUT) function is a top priority for
the SCI community (2).

While rarely prescribed to people with SCI, phys-
ical therapy approaches targeting the pelvic floor
muscles (PFM) are the first-line treatment for urinary
incontinence (UI) in the able-bodied population. This
approach focuses on strengthening the PFM to better
assist the external urethral sphincter in closing the
urethra for maintaining urinary continence (3). There
is also evidence that PFM contractions can reflexively
relax the detrusor muscle, effectively reducing detrusor
overactivity and increasing bladder capacity (3, 4). This
mechanism is of particular interest for people with SCI,
who often experience neurogenic detrusor overactivity.

The PFM are also active during gait, possibly as part
of a control strategy to regulate intra-abdominal pres-
sure, in coordination with other muscles of the trunk
(5). In people with SCI, gait interventions may improve
LUT function, but the mechanisms are unclear (6). The
degree of trunk muscle engagement in people with SCI
varies with the type of gait training device used. During
Ekso-assisted walking, which is overground and re-
quires weight-shifting to trigger steps, we have observed
activation of muscles in the trunk even in people with
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motor-complete SCI (mcSCI) (7). In contrast, during
Lokomat-assisted walking, which is treadmill-based,
no trunk muscle activation is observed (7).
Considering that the PFM co-activate with trunk
muscles and are active during gait, and taking into
account recent evidence of spared innervation to the
PFM in people with mcSCI (8), it is plausible that
these muscles would be similarly activated during
Ekso walking. However, it is yet to be determined if
Ekso walking is a viable approach to improve LUT
function through training the PFM. The purpose of
this pilot study was to determine the feasibility of an
Ekso vs. Lokomat-assisted walking programme on
LUT function in people with mcSCI. Our secondary
aims were to determine if the PFM are active during ex-
oskeleton walking, and compare the possible effects of
2 exoskeleton training programmes on LUT function.

MATERIAL AND METHODS

Participants

Participants had to be between 19 and 65 years of age; at least
6-months post-injury; and have a mcSCI (i.e. American Spinal
Injury Association Impairment Scale (AIS) A or B) at or above
the T10 neurological level, as verified by the International
Standards for Neurological Classification of SCI examination,
which was performed post-enrolment. Participants had to meet
the Ekso and Lokomat manufacturer requirements and present
with NLUTD. Individuals were excluded if they had a cogni-
tive impairment or additional neurological impairment beyond
SCI. All procedures were approved by the University of British
Columbia’s Clinical Research Ethics Board, and all participants
provided informed written consent.

Since this was a pilot study, a sample size calculation was
not performed (9). However, the study aimed to recruit 10
participants, which was considered a large enough sample to
determine the practicalities of delivering a similar intervention
as a full-scale randomized control trial.

Procedures

This study employed a parallel-group randomized design, in
which participants were randomized using a computer-generated
sequence with allocation concealment to receive either a Lokomat
or Ekso walking programme. Group allocation was revealed
after completion of baseline assessments.

The training intervention included 36 sessions of exoskeleton
training (45 min walking/session), scheduled thrice weekly, over
12 weeks. A session rating of perceived exertion (RPE) score
was calculated by taking the mean of RPE values reported by
the participant every 10 min. Total distanced walked and mean
speed in the Lokomat, as well as total steps taken and speed as
determined by the 10-Meter Walk Test in the Ekso, were recorded.

Feasibility outcomes

Recruitment was examined by recording the number of participants
approached, screened for eligibility, and randomly assigned, as well
as the reasons for exclusions. Adherence was determined by the
number of participants who participated in the intervention, their
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attendance to scheduled sessions with reasons for drop-outs and
missed sessions, and the time taken to complete the intervention.
Adverse events to the intervention or outcomes measures were
recorded. Feasibility of the training intervention was measured
by changes in RPE, speed, steps (Ekso), and distance (Lokomat).

Pelvic floor muscle recruitment

To evaluate the activation pattern of the PFM in the different de-
vices, electromyography (EMG) recordings were taken from each
participant while they walked at a comfortable, self-selected pace in
their assigned exoskeleton during a post-training session. Bilater-
al surface electrodes were placed perianally (Trigno, Delsys Inc.,
Natick, Massachusetts, USA) and data were recorded at 2,000 Hz.

Lower urinary tract function

LUT function was assessed using urodynamic studies (UDS), a
3-day bladder diary, and the Qualiveen-30 questionnaire. UDS
were performed in accordance with the International Continence
Society Good Urodynamic Practices guidelines by a blinded
assessor and UDS reports were reviewed by a blinded urologist
(10). For the 3-day bladder diary (11), participants were instruct-
ed to record their 24-h fluid intake (ml), 24-h catheterized urine
volume (ml), and any episodes of UI per 24-h.

To assess the impact of NLUTD on quality of life (QoL),
participants completed the Qualiveen-30 questionnaire (12).
This questionnaire includes 30 questions on a 0—4 scale in 4
categories: Bother with Limitations, Frequency of Limitations,
Fears, and Feelings.

Data analysis

Mean speed, steps, distance, and session RPE were taken for
each participant during the first and last 5 sessions to assess
improvement in exoskeleton use over time.

All EMG data were band-stop filtered at 60 Hz and then high-
pass filtered at 30 Hz with an 8-order dual-pass Butterworth
filter and rectified.

Five outcomes were extracted from the UDS data: bladder
compliance (ml/cmH,0), maximum storage detrusor pressure
(cmH,0), cystometric capacity (ml), presence of neurogenic
detrusor overactivity (NDO), and volume at first involuntary
detrusor contraction (ml).

Six outcomes were extracted from the 3-day bladder diaries:
number of Ul episodes, mean catheterized urine volume (ml),
maximum catheterized urine volume (ml), number of bladder-
emptying events via catheterization, fluid intake and (ml) ca-
theterized urine volume (ml) per 24-h. For each outcome, the
mean over the 3 days was calculated.

The Qualiveen-30 results were calculated as per the scoring
guidelines. Total and subdomain scores range from 0 to 4, with
lower scores representing better QoL.

Descriptive statistics were applied (Microsoft Excel 2016,
Redmond, Washington, USA). Raw data were plotted or placed
in a table for visual inspection.

RESULTS
Feasibility
Fig. 1 shows the CONSORT flow diagram of parti-
cipant recruitment and retention. Twelve individuals

were screened for eligibility. Five individuals did not
meet the study criteria and one eligible person decided
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Fig. 1. Consolidated Standards of Reporting Trials (CONSORT) flow diagram for pilot and feasibility trials. EMG: electromyography; UDS: urodynamic studies.

against participating due to scheduling commitments.  days (Table II). All participants rescheduled at least
The other 6 individuals were enrolled and began the  one appointment due to unrelated illness or scheduling
intervention (n=4 Ekso, n=2 Lokomat). One Ekso  conflict, and there were some delays in training due to
participant withdrew after 5 sessions due to an injury  extraneous factors, such as transportation or unexpected
from a motorcycle accident, and 1 Ekso participant ~ work commitments.

finished the intervention, but was unable to complete The majority of training sessions included 45 min
the post-training assessments due to unrelated illness.  of walking, but some sessions had to be stopped early
Demographics and injury characteristics of the 5 partic-  for various reasons, including neuropathic pain (LK01
ipants who completed the study are shown in Table I. once), lower limb spasticity (EK01 once, EK02 twice),

All 5 participants completed 36 sessions of exoske-  symptomatic autonomic dysreflexia (EK0O1 once), or

leton training. Training time ranged from 92 to 154  bowel incontinence (EK02 once).

Table I. Participant demographics

Group ID Age, years  Sex Neurological injury level AIS Time post-injury, years Prescription medications Eligibility

Ekso EK012 42 Male T3 A 24 None NDO
EK02 30 Male C5 B 1 Baclofen, Tizanidine NDO, FC
EKO3 24 Male T8 A 2 None NDO

Loko LKO1 26 Male T5 A 3 Gabapentin, Baclofen, Oxycodone, UI, NDO

Nortriptyline, Mirabegron
Gabapentin UI, FC, NDO

@

A

=
o

LK02 49 Male T6

The participant characteristics for each person that completed at minimum the training intervention. AIS: American Spinal Injury Association Impairment Scale,
where A=motor and sensory complete, and B=motor complete and sensory incomplete; Eligibility=neurogenic lower urinary tract dysfunction present at intake
including NDO: neurogenic detrusor overactivity; UI: urinary incontinence, or FC: frequent catheterization (less than 4 h on average). @unable to complete the
post-training assessments. bLK02 was 7 months post-injury at enrolment in the trial.

Table II. Training outcomes

Participant  Training duration, days Early speed, km/h Late speed, km/h  Early steps Late steps Early RPE Late RPE
EK012 94 1.20 1.35 1,173 1,824 4.6 6.1
EK02 111 0.89 1.08 671 1,331 2.9 3.1
EKO3 134 1.07 1.86 1,066 2,054 2.4 2.7

Training duration, days Early speed, km/h Late speed, km/h  Early distance, m Late distance, m Early RPE  Late RPE

LKO1 154 1.91 1.95 977.2 1,315.8 2.3 2.3
LK02 92 2.04 2.42 1,260.6 1,859.4 0.7 0.5

The Ekso and Lokomat training results for each person who completed the training intervention. Lokomat users were given subject codes beginning with LK, and
Ekso users were given subject codes beginning with EK. Early =the mean of the first 5 sessions; Late=the mean of the last 5 sessions. Speed represents mean
walking speed selected in the Lokomat, or speed as calculated from the 10MWT in the Ekso. Steps reflect the total number of steps taken in the Ekso while talking
per session, whereas distance represents the total distanced walked in the Lokomat per session. Rating of perceived exertion (RPE) was taken using the Borg
CR10 Scale. 2Unable to complete the post-training assessments.

J Rehabil Med 53, 2021
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Fig. 2. Pelvic floor muscle electromyography (PFM EMG) recordings
during quiet supine (rest) and walking in either the Ekso or Lokomat.
The speed at which each participant walked is reported under their ID.
The top trace (light grey) represents the right muscle, while the bottom
trace (dark grey) represents the left muscle. The envelope of each signal
is overlaid on each plot as a black trace. The grey vertical lines during
the walking condition represent right heel strikes.

All participants improved their walking speed and
steps/distance from pre- to post-assessment (Table II).

Table III. Lower urinary tract function and quality of life outcomes

There was minimal or no change in RPE from early
to late training for all participants, with the exception
of EKO1 (Table II).

Only one adverse event (grade 1, i.e. mild) was
recorded during this study. LKO1 developed minor skin
abrasions over the anterior surface of his tibias, where
the Lokomat’s leg cuffs were in contact. The partici-
pant was given time off training to allow for healing.
When training resumed, extra padding and additional
body-weight support was provided.

Pelvic floor muscle recruitment

Bilateral activity was observed in the PFM EMG in both
EKO02 and EK03 during Ekso walking trials (Fig. 2). The
activity appeared rhythmic in EK02, while there was no
clear activation pattern in EK03. Little, ifany, PFM EMG
activity was observed in LKO1 and LK02 as they walked
in the Lokomat; LKO1 showed possible PFM activity
on the right side, but this activity was of a much smaller
amplitude compared with those in the Ekso group.

Lower urinary tract outcomes

The results from the UDS, 3-day bladder diary, and
Qualiveen-30 questionnaire are shown in Table III.

EK02 EKO3 LKO1 LK02
Pre Post Pre Post Pre Post Pre Post
Urodynamic study
Compliance (ml/cmH,0) 33 12 17 93 53 41 24
Maximum storage detrusor 101 112 35 14 17 72 93
pressure (cmH,0)
Cytometric capacity (ml) 266 155 604 600 638 680 210 220
Volume at first involuntary 165 70 - 560 527 206 145
detrusor contraction (ml)
Presence of NDO (Yes/No) Yes Yes No No Yes Yes Yes Yes
3-day bladder diary
Fluid intake per 24-h (ml) 1,569.7 3,375.0 3,000.0 1,786.7 2,933.3 2,850.0 1,700.0 1,683.3

(1,500-1,639) (2,625-4,450) (2,800-3,200) (1,650-2,050) (2,800-3,200) (2,100-3,700) (1,500-1,900) (1,350-2,000)

Number of bladder emptying via — - 5.5 (5-6) 5.3 (5-6) 4.7 (4-5) 4.0 (4) 8.3 (7-10) 9.3 (8-10)
catheterization per 24-h
Mean catheterized urine volume - - 477.5 344.4 492.5 633.3 223.6 210.0
(ml) per 24-h (475-480) (283-380) (430-560) (538-725) (207-245) (200-220)
Maximum catheterized urine - - 650.0 566.7 666.7 750 316.7 300
volume (ml) per 24-h (650) (500-600) (600-700) (700-800) (250-400) (200-400)
Catheterized urine volume per 8502 2,833.32 2,625.0 1,816.7 2,300.0 2,533.3 1,883.3 1,966.7
24-h (ml) (750-1,000) (1,800-4,400) (2,400-2,850) (1,700-1,900) (1,950-2,800) (2,150-2,900) (2,450-1,450) (1,600-2,200)
Number of urinary incontinence - - 0 (0) 0 (0) 1.6 (1-3) 0 (0) 2.3 (1-4) 1(0-1)
episodes per 24-h

Qualiveen-30
Total score 0.85 0.45 1.03 1.25 1.25 1.34 1.34 2.64
Bother with limitations 1.00 0.67 1.33 1.33 0.67 2.22 1.00 2.89
Frequency of limitations 0.88 1.00 1.13 1.38 1.63 2.00 2.75 3.00
Fears 1.13 0.13 0.88 1.50 1.13 1.13 0.63 1.88
Feelings 0.40 0.00 0.80 0.80 1.60 0.00 1.00 2.80

The UDS, 3-day bladder diary, and Qualiveen-30 results for each participant at the pre- and post-assessment. -: this outcome could not be extracted for this
participant. For the bladder diary, the mean (upper number) and range (lower numbers in parentheses) of each parameter is presented. All mean calculations
were taken over the 3-day bladder diary window, with the exception of EKO3 who only completed 2 days of recordings at the baseline assessment. Fluid intake per
24-h =total volume of fluids consumed each day; Number of bladder emptying via catheterization per 24-h = number of catheterizations per day; Mean catheterized
urine volume per 24-h = volume of urine expelled during each catheterization; Maximum catheterized urine volume per 24-h =largest single volume catheterized
each day; Catheterized urine volume per 24-h =total volume of urine catheterized each day; Number of urinary incontinence episodes per 24-h =number of urine
leaks per day. 2EK02 used a condom catheter to void; as such his bladder diary volumes represent collected urine volume per 24 h instead of catheterized urine
volume per 24 h. UDS: urodynamic studies; NDO: neurogenic detrusor overactivity.

www.medicaljournals.se/jrm
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Changes in UDS outcomes were minor and variable
across participants.

For the 3-day bladder diary, EK02 used a condom
catheter to void, limiting the parameters that could be
extracted from this participant. Ul episodes improved
for both participants in the Lokomat group; neither
participant in the Ekso group experienced Ul at the
pre- or post-assessment.

For the Qualiveen-30 questionnaire, EK02 showed
an improvement (overall score reduced by more than
half), while LK02 had a more substantial worsening
of LUT-associated QoL (overall score doubled). Only
minor changes in scores were reported by EK03 and
LKO1. Changes in subdomain scores were variable
across participants.

DISCUSSION

This pilot study demonstrates the feasibility of deliver-
ing an exoskeleton training programme to people with
mcSCI to assess changes in LUT function. While we
saw reasonable participant recruitment and adherence,
with only one adverse event, it remains unclear how
LUT function may be impacted by this type of training.

Exoskeleton training is a feasible intervention

Recruiting individuals with SCI to clinical trials is chal-
lenging; however, exoskeletons are generally viewed
positively for rehabilitation and health benefits (13), and
the opportunity to use an exoskeleton may incentivize
participation. The current study aimed to recruit 10
participants, and screened 12 individuals, but only half
were eligible and enrolled in the study. Of the 6 partici-
pants who started the intervention, 2 withdrew from the
study. Reasons for dropout were not due to the demands
of the study or adverse events, suggesting that the study
protocol was well tolerated. However, participants took
between 8 and 70 days longer to complete the interven-
tion than intended. Traditional PFM training protocols
are often more concentrated, as participants may perform
exercises daily and over a shorter period of time (3); it
is unclear how the protracted duration of the protocol in
this study might have impacted LUT outcomes.

Ekso walking elicits more pelvic floor muscles
activity than Lokomat walking

More PFM activity was observed in participants who
walked in the Ekso than those who walked in the
Lokomat. It is possible that trunk muscle activation
evoked by the Ekso (7) is sufficient to co-activate the
PFM during walking. In comparison, reduced trunk
engagement observed during Lokomat walking could
minimize any co-activity of the PFM.

p. 50f 6

Previous work in able-bodied participants has demon-
strated that PFM activity increases with gait speed (5).
While walking speed was not matched across partici-
pants, the speed of the 2 Lokomat participants was within
the range of the Ekso participants. As such, variance in
speed between the 2 devices is unlikely to account for
the increased PFM activity seen in the Ekso users.

Does exoskeleton training impact lower urinary
tract function?

Considering the relatively small sample size, the
results of the current study did not yield a clear pattern
in UDS findings between groups. While UDS is con-
sidered the gold standard for assessing LUT function,
previous studies have demonstrated poor repeatability
of UDS outcomes in people with SCI (14). Clinically
significant changes in UDS outcomes have also yet
to be established, but the current findings seem to
fall largely within the range of normal variability,
suggesting that the changes observed in the current
study post-intervention are likely not significant (15).

Similar to the UDS findings, the 3-day bladder diary
results did not provide a clear picture. Importantly,
UI was reduced or eliminated in both Lokomat users
post-training. However, neither Ekso participant expe-
rienced Ul initially, so we are unable to make effective
comparisons between the 2 groups.

The Qualiveen-30 results were also variable; while 1
Ekso user substantially improved and 1 Lokomat user
substantially worsened, the other 2 participants had
only minimal change. The substantial improvement
in the Ekso user is encouraging, but additional work
is needed to explore these findings.

Methodological considerations

As we did not stratify by the severity of NLUTD
symptoms at intake, there was an imbalance where no
participant in the Ekso group experienced Ul at the pre-
assessment, which made for ineffective comparisons.
Future studies may consider stratifying participants by
symptoms at intake.

EMG recordings were only taken while each par-
ticipant was in their assigned exoskeleton. It remains
unclear from this small sample size if the PFM activity
observed in the current study was due to the effect of
the device itself or individual variation.

Despite these potential limitations, this pilot study
demonstrates the feasibility of delivering an exoskele-
ton training intervention on LUT function to people
with mcSCI. These findings suggest that the Ekso can
elicit PFM activity from mcSCI, but it remains unclear
how this intervention may impact LUT function and
LUT-related QoL.

J Rehabil Med 53, 2021
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