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Improvement of quality of life after 2-month
exoskeleton training in patients with chronic
spinal cord injury
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Objective: To examine changes in quality of life (QoL) after an eight-week period of robotic exoskeleton training
in a homogeneous group of patients with chronic complete spinal cord injury (SCI).

Design: Prospective single-group pre-post study.

Setting: Rehabilitation center.

Participants: Patients with a chronic (>6 months) motor complete SCI (T1-L1).

Intervention: Twenty-four training sessions with the ReWalk exoskeleton over an eight-week period.

Main outcome measure: QoL, assessed with the sum score of the Short Form-36 with Walk Wheel modification
(SF-36ww). Secondary outcome measures were the eight SF-36ww subdomains, satisfaction with bladder and
bowel management, lower extremity joint passive range of motion (pROM), and lower extremity spasticity.
Results: Twenty-one participants completed the training. QoL significantly improved after the training period
(average SF-36 sum score 621 + 90) compared to baseline (571 + 133) (#20)=-2.5, P=.02).
Improvements were seen on the SF-36ww subdomains for pain (P=.003), social functioning (P=.03), mental
health (P=.02), and general health perception (P=.01). Satisfaction with bladder management (range 1-5)
improved from median 3 at baseline to 4 after exoskeleton training (P=0.01). No changes in satisfaction with
bowel management (P=.11), pROM (hip-extension (P=.49), knee-extension (P=.36), ankle dorsiflexion
(P=.69)), or spasticity (P=.94) were found.

Conclusion: Even in patients with chronic motor complete SCI and a relatively high level of QoL at baseline, a
short-term exoskeleton training improved their QoL, pain and satisfaction with bladder management; findings
that warrant further controlled studies in this specific SCI population.
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Introduction

Despite advances in the acute medical care for patients
with spinal cord injury (SCI), full recovery of mobility
after complete SCI is uncommon.' Of the approxi-
mately 450 new cases each year in the Netherlands,” a
majority will remain (at least substantially) dependent
on a wheelchair. This wheelchair dependance coincides

with a sedentary lifestyle, which has a significant impact
on one’s daily life activities, social participation, and
quality of life (QoL).>> Moreover, patients with com-
plete SCI are predisposed to multiple secondary
health complications. A lifetime of sitting has been
associated with an increased risk of osteoporosis, cardi-
ovascular disease, pressure ulcers, bladder and bowel
malfunctioning, infections, joint contractures and
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the general population.® They typically lead to high
levels of healthcare utilization and health care costs.”
Hence, reducing the occurrence and effects of second-
ary health complications is an important target in the
lifelong care for people living with SCI.

Technological developments such as powered exoske-
letons give patients with complete SCI the possibility to
stand, walk and even climb stairs.'®!? In comparison
with other orthotic devices, such as hip-knee-ankle-
foot orthoses (HKAFO) and a reciprocating gait ortho-
sis (RGO), powered exoskeletons are less metabolically
demanding and allow a higher walking speed.*'313
Moreover, gait training with a powered exoskeleton in
people with complete SCI may contribute to a reduction
of secondary health complications, in particular, those
that are caused by loss of the standing and walking
capacity.*'®?° Previous studies have reported improved
bowel* and bladder function ?' generated through task
specific stepping and/or loading, leading to stimulation
of the neural circuitries controlling urogenital and
bowel functions.”’ Furthermore, previous exoskeleton
training studies have reported enhanced ankle dorsiflex-
ion and hip extension,'® reduced spasticity,'®**** and
less severe (neuropathic) pain.”® However, evidence for
these health benefits of powered exoskeletons is still
low due to small-sized studies (sample sizes 5-12).'¢>3
In addition, inclusion of mixed research populations
(often combinations of paraplegia and tetraplegia as
well as complete and incomplete injuries with different
time periods since injury) hamper the interpretation of
results for specific populations, such as patients with a
chronic complete SCI.!” Moreover, for people with
chronic complete SCI, full-body training opportunities
outside a clinical setting are scarce. Nevertheless, exos-
keleton training may be a promising up-right training
opportunity to enhance health benefits in people with
chronic complete SCI.

In addition to the health benefits, the evidence of
improving QoL with exoskeleton training is low,
especially in people with chronic complete SCI. The
group of Baunsgaard et al. found positive effects on
QoL, but 41% of their participants had some walking
capacity outside the exoskeleton and 48% were recently
injured.'” In contrast, Juszczak and colleagues did not
find an effect on QoL in a similar heterogeneous
group of SCI patients.”* Because changes in QoL are
more likely to be expected in people with a recent
injury or people with the prospect of functional recovery
(i.e. people with an incomplete SCI), a positive effect of
exoskeleton training on QoL in people without spon-
taneous functional recovery (i.e. chronic complete
SCI) is less likely. Nevertheless, with the exception of

exoskeletons, there are virtually no full-body training
options for people with chronic complete SCI which
potentially impact QoL. Hence, for future develop-
ments in exoskeletons, it is important to know if exoske-
leton training can improve the QoL of patient with
chronic complete SCI and reduce the occurrence and
effects of secondary health complications.

Therefore, the primary aim of this study was to
examine the potential effects of short-term training
with an exoskeleton on QoL in a homogeneous group
of patients with chronic motor complete SCI. The sec-
ondary aim was to examine the effects of this training
on satisfaction with bladder and bowel management,
lower extremity joint passive range of motion
(pROM), and lower extremity spasticity.

Material and methods

Participants and training program

This study is part of a larger study to investigate the
home and community use of a powered exoskeleton
by people with complete SCI.?>*° People with complete
SCI who were known at the rehabilitation center of the
Sint Maartenskliniek and who were interested to par-
ticipate were enrolled. The in- and exclusion criteria
are presented in Table 1.

The training program consisted of 24 sessions with
the ReWalk exoskeleton (ReWalk™ Rehabilitation
System and the ReWalk™ Personal 6.0) of 1.5 h each,
distributed over an eight-week period. All participants
used crutches while using the exoskeleton and all train-
ing sessions were performed in the sports hall at the Sint
Maartenskliniek rehabilitation center. During each
session, at least two certified physical therapists were
present and a maximum of four physical therapists
were involved in the entire training program. The
study was approved by the medical ethics committee
of the region Arnhem-Nijmegen (nr. 2016-2418) and
the internal review board of the Sint Maartenskliniek.
All participants signed informed consent forms in
accordance with the Declaration of Helsinki.

Procedure

Patients were first screened by telephone, after which an
appointment was scheduled with a rehabilitation phys-
ician, experienced with SCI, for a complete check of the
in- and exclusion criteria (see Table 1).

At the start of the study the following demographic
parameters were registered: sex (male, female), age
(years), time since SCI (years), SCI-classification (AIS
A or B), neurological level of SCI, and level of
anxiety and depression (Hospital Anxiety and
Depression Scale (HADS)).?” The HADS score ranges
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Table 1 In- and exclusion criteria.

Inclusion criteria Exclusion criteria

SCI classification AIS A or B
Neurological level of SCI
between T1 and L1

Age > 18 years

Injury onset > 6 months
Body height sufficient to fit
into the ReWalk device:
>1.60mand <1.90 m
Body weight less than 100
kg

Able to make a transfer
from a chair to wheelchair
independently

Good upper extremity
function (capacity to use
crutches)

Skin integrity problems/
pressure ulcers on
surfaces that would
contact the ReWalk device
Heterotopic ossifications
Pregnancy

Fractures of the lower
extremities in the past 2
years

Medical history of
spontaneous bone
fractures

Insufficient mastery of the
Dutch language

Other interfering
neurological conditions

(e.g. stroke or multiple
sclerosis)

e Severe lower extremity
spasticity (Modified
Ashworth Scale > 3)

e Limited passive range of
motion at the hip or knee
joints on either body side
(hip flexion / extension
less than 90-0-0°, knee
flexion / extension less
than 90-5-0°, ankle
dorsiflexion less than 0°
with extended knee)

e Insufficient time to train

SCI = Spinal Cord Injury, AlS, American Spinal Injury
Association [ASIA] Impairment Scale, T = Thoracic, L =
Lumbar.

between 0 and 21 points, with higher scores indicating
higher levels of anxiety and depressed mood.

Prior to the first and the last session of the eight-week
clinical training period, the participants filled out ques-
tionnaires concerning QoL, and satisfaction with
bladder and bowel function. In addition, the lower
extremity passive joint mobility and level of spasticity
were assessed by a physical therapist who had ample
experience with SCI patients.

Questionnaires and physical measurements

QoL was assessed with the Short Form-36 with Walk
Wheel modification (SF-36ww).?® In addition to the
total SF-36 score (sum score range: 0-800), eight subdo-
mains of health were considered: physical functioning,
physical role limitation, emotional role limitation,
bodily pain, general health perception, vitality, social
functioning, and mental health (subdomain scores
range: 0-100). Calculation of the SF-36 sum score and
subdomain scores was done in a similar approach as
previously reported.” *! A higher score indicates a
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more favorable health state. Reliability and validity
have been established as good to excellent in popu-
lations with SCL.*

Satisfaction with bladder and bowel function was
assessed with parts of the Neurogenic Bladder
Symptom Score (NBSS)** and the Neurogenic Bowel
Dysfunction Score (NBDS).** General satisfaction
with bladder and bowel management was assessed
with a question derived from the NBSS (item 25) “All
things considered, how satisfied are you with the way
your [bladder or urinary reservoir]/[bowel] currently
works?”. This general satisfaction question was scored
on a 5-point ordinal scale, ranging from 1 (very unsatis-
fied) to 5 (very satisfied). In addition, we assessed the
reported number of urinary incontinences per week,
time used for bowel management per week, and
number of fecal incontinences.

pROM was measured by the physiotherapist using
goniometry. Bilateral joint movements at the hips,
knees and ankles were assessed and rounded to 5
degrees. A mean score of the bilateral hip extension,
knee extension and ankle dorsiflexion was calculated.

Spasticity was assessed bilaterally with the Modified
Ashworth Scale (MAS)*” for the following muscles: hip
flexors and extensors, knee flexors and extensors, and
ankle dorsiflexors and plantar flexors (12 muscle
groups in total). As a measure of overall spasticity,
the MAS sum score of all 12 muscle groups was calcu-
lated (0-60 scale), which is a similar approach as used by
Baunsgaard et al."’

Data and statistical analysis

Descriptive statistics (mean * standard deviation or
median [range]) were calculated for the demographic
parameters: sex, age, time since injury, neurological
level of injury, SCI-classification, and HADS score.
All numeric outcome variables were assessed for nor-
mality with the Kolmogorov—Smirnov test. Paired ¢-
tests (normally distributed parameters) or Wilcoxon-
signed rank test (not normally distributed parameters)
were utilized to compare changes in SF-36ww sum
score, SF-36 subdomains, satisfaction with bladder
and bowel management, pROM score, and MAS sum
score. Only if the SF-36ww sum score significantly
improved, analyses of the SF-36 subdomains were per-
formed to assess which specific QoL subdomain signifi-
cantly contributed to the increase in SF-36ww sum
score. The a-level was always set at 0.05 for the
primary outcome (SF-36ww sum score) as well as the
secondary outcomes, as the latter were exploratory in
nature.
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Results

Demographic and clinical parameters
Twenty-one out of 25 participants completed the train-
ing program. Reasons for not completing the program
were inability to learn the basic exoskeleton skills (n=
1), development of hematoma in the sacral area
(n=1), musculoskeletal shoulder pain (n=1), and frac-
ture of the distal tibia (n=1). A more detailed descrip-
tion of the fracture is described in van Herpen et al.*®
The data of these four participants were not included
in the statistical analysis. An overview of the baseline
characteristics of the 21 included patients is given in
Table 2.

Quality of life

SF-36ww sum score significantly improved after the
exoskeleton training period (mean=621, SD=90) com-
pared to baseline (mean=571, SD=133) (¢ (20)= 2.5,
P =.02) (Table 3). Significant improvements were also
seen in the subdomains for bodily pain, social function-
ing, mental health, and general health perception. No
significant changes in the other four SF-36ww subdo-
mains were found (Table 3).

Bladder and bowel management

General satisfaction with bladder management
improved from median 3 (‘neutral’) at baseline to 4
(‘mostly satisfied’) (Z=—2.5, P=.01) after the exoske-
leton training (see Table 3). No significant change in
the number of urinary incontinence incidents per
week was found. Likewise, no change in satisfaction
with bowel management, time used for bowel manage-
ment, or the number of fecal incontinence incidents was
seen.

Passive range of motion and spasticity

No significant changes in lower extremity pROM scores
or MAS sum score (N =19) were found after the exoske-
leton training (see Table 3).

Table 2 Clinical and demographical characteristics of
participants.

Total (N = 21)
Sex (M/F) 13/8
Age (years), median [range] 36 [24-57]
Neurological level of SCI?, median [range] Thoracic 6 [T3-L1]
Time since injury (years), median [range] 5.4 [0.8-27]

AISP (A/B) 20/1
HADS®, median [range] 7 [1-18]

3SCl = Spinal Cord Injury.

PAIS = American Spinal Injury Association (ASIA) Impairment
Scale.

°HADS = Hospital Anxiety and Depression Scale.

Discussion

In the current study, a significant increase in SF-36ww
sum score indicates an improvement of QoL after a
short-term training period of eight weeks exoskeleton
training in chronic complete SCI patients. Four of the
eight SF-36ww subdomains significantly improved:
bodily pain, social functioning, mental health and
general health perception. In addition, improved satis-
faction with bladder management was found. There
was no improvement in satisfaction with bowel manage-
ment, lower extremity pROM or spasticity.

In contrast to previous studies assessing the health
effects of exoskeleton training,*'®!"*° we included a
homogeneous group of 21 people with chronic com-
plete SCI. The advantage of including only chronic
complete SCI patients is that the chance of spontaneous
functional recovery is negligible. Hence, the health
effects found in the current study are most likely
attributable to the training with the powered
exoskeleton.

Despite the short training period and relatively high
QoL at baseline, patients significantly improved on
the SF-36ww subdomains bodily pain, social function-
ing, mental health, and general health perception. The
largest group difference between pre and post score
was seen for pain reduction (mean difference of 12,
see Table 3). This improvement in bodily pain exceeded
the reported minimal detectable change (MDC) of 20.6
for SCL, calculated from data in Lin e al.* in seven out
of 21 participants. Importantly, it has been argued that
pain reduction is crucial for QoL improvement in
people with chronic SCL3” Some participants specifi-
cally improved in the domains of social functioning,
mental health, and general health perception, although
the number of participants who exceeded the MDC for
these subscales was low (ranging between one and four
participants). These improvements may be directly
related to the training as an activity in itself. During
the training sessions, participants learned to perform
a new activity with the attention and guidance from
dedicated physical therapists. This new experience of
interaction at eye level during the training sessions
may have improved their perceived social functioning,
mental health, and general health perception.

Since the analyses of the secondary outcome
measures were exploratory in nature, the results on
the secondary outcome measures should be interpreted
with caution. Similar to other studies, we found a sig-
nificant improvement of satisfaction with bladder man-
agement,'®!” while no participant reported worsening
of bladder function satisfaction. In contrast to our
study, several other studies reported a positive change
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Table 3 Changes in health outcome measures before (pre) and after (post) exoskeleton training.

Pre score
(mean = SD or
median [range])

Statistics
(paired t-test or Wilcoxon
signed-rank (2))

Post score
(mean + SD or
median [range])

SF-36ww? sum score

Bodily pain

Social functioning

Mental health

General health perception
Physical functioning

Physical role limitation
Emotional role limitation

Vitality

Bladder management satisfaction
Urinary incontinence (/week)
Bowel management satisfaction
Bowel time

Fecal incontinence

Hip extension® (°)

Ankle dorsiflexion® (°)

Knee extension® (°)

MAS® sum score®

Health state

Bladder & bowel

pROMP & spasticity

571 + 133 621 + 90 (20) = —2.5, P= .02
63 + 22 75 + 16 {(20) = —3.4, P=.003
88 [25-100] 88 [63-100] Z=-21,P=.03
84 [52-96] 84 [60-100] Z=-23 P=.02
62 + 17 70 + 20 (20)= —2.7, P= .01
67 + 27 67 + 25 (20) = —0.1, P= .91
100 [0-100] 100 [0-100] Z=-11,P=27
100 [0-100] 100 [0-100] Z=-03,P=.76
68 + 16 70 + 19 (20)= —0.5, P=.59
3 [1-5] 4[1-5] = —25, P= 01
0 [0-63] 0 [0-35] = —0.2 P=.83
411-5] 4[3-5] = —-16, P= 11
115 + 75 102 + 65 (20) = 1.3, P= .21
0 [0-1] 0 [0-1] Z= -14,P= 15
16 + 10 18 + 9 (18) = —0.7, P= .49
10 [0-20] 10 [3-20] Z= -0.4, P= 69
5 [0-10] 5 [0-10] Z= -09,P= 36
4 [0-48] 5 [0-26] Z= -01,P=94

aSF-36ww = short form 36 with walk-wheel modification.
PpROM = passive Range of Motion.

°MAS = Modified Ashworth Scale.

9N = 19.

in bowel management (less incontinence and consti-
pation) as well as decreased time and assistance
required for bowel management.*'®?*3® We had
expected this result as well, because in healthy individ-
uals regular walking activity can stimulate bowel move-
ment and prevent constipation.” Our discrepant
finding may be explained by a more homogeneous
and more severely affected (complete SCI) group, by
the relatively short training period, or by the fact that
the initial satisfaction with bowel management was
already high pre-training (median of 4 on a 1-5 scale)
allowing little room for improvement.

The fact that we did not find effects of the exoskele-
ton training on lower extremity pROM or spasticity
may be explained by our stringent exclusion criteria
regarding limited pROM at the ankles, knees and
hips, and the presence of spasticity. For training in the
Rewalk exoskeleton, hip extension and ankle dorsiflex-
ion had to be at least 0°. Due to the walking in the
Rewalk exoskeleton, a small improvement on hip exten-
sion (10°) and ankle dorsiflexion (20°) should theoreti-
cally be possible, but we did not see that in our results.

Limitations

A limitation of the study is that we did not include a
control group. Yet, because we only included people
in the chronic phase of a SCI, improvements in QoL
or secondary health complications could not be attrib-
uted to spontaneous neurological recovery. However,
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improvement in QoL could still be attributed to the
positive, nonspecific effects of training and not merely
to exoskeleton use. The observed positive effects of
exoskeleton training may also have been inflated due
to the inclusion of a group highly motivated individ-
uals, although they already had a high level of QoL at
enrollment. The eight-week training period in the
current study may have been too short to find other
improvements in secondary health complications e.g.
regarding satisfaction with bowel management.
Previous studies have emphasized a variety of possible
benefits of exoskeleton use on secondary health compli-
cations and reduction of costs associated with SCI.’
Future studies should therefore implement a longer
training period and include additional measures, e.g.
regarding bone density, skin problems, and cardiopul-
monary status, to be able to assess a broader effect of
exoskeleton training on secondary health complications
in complete SCI patients. Longer training periods could
be attained if people would have their own exoskeleton
that they could use in the home environment. A pre-
vious study looked at exoskeleton use in the home
environment.?® They found that participants with com-
plete SCI were satisfied with exoskeleton use in the
community and that this type of exoskeleton use (with
a caregiver as a buddy) was safe. Secondary health
benefits would even be more likely if people with
chronic complete SCI would be able to use an exoskele-
ton as an assistive and/or exercise device in daily
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life.#** Also, control groups using other training
devices should be included in future studies to be able
to assess the specific benefits of exoskeleton training
on QoL in people with chronic complete SCI. To
assess if these training benefits are retained long-term,
future studies should also include additional follow-
up measurements.

The relative short period of exoskeleton use was the
most probable reason why we did not assess any cardi-
ovascular risk factors, e.g. lipid profile, blood pressure
or glucose. Nevertheless, such metabolic parameters
would be relevant to assess in future studies with a
longer period of training or home use.

Four patients were not able to finish the training
period due to an inability to learn the basic exoskeleton
skills (1 participant) or the occurrence of complications
(n=3). We expect that these injuries occurred due to an
increase in the general activity level and not solely
because of the exoskeleton training. This will also
happen in patients with a SCI when they become
more active, e.g. during wheeling or standing upright
in a stance table. We therefore advise to concentrate
powered exoskeleton training in people with complete
SCI to specialized rehabilitation centers, with ample
experience and knowledge of this technology and popu-
lation, to minimize the number of complications.

Lastly, our team of physical therapists was closely
involved in the introduction of the exoskeleton in our
clinic, so they could not be blinded to the objectives
or assessments of this study. However, most assessments
were questionnaires that the participants could answer
themselves.

Conclusion

This study has shown that a short-term (eight-week)
training program with a powered exoskeleton may
improve the QoL and satisfaction with bladder manage-
ment in people with chronic complete SCI. These find-
ings warrant larger, controlled studies in this specific
SCI subpopulation.

Acknowledgements

The authors would like to thank the persons with spinal
cord injury for their participation in this study. We
acknowledge H. Rijken, J. van Eupen, C. Tatu, and
P. Koomen for providing the exoskeleton training ses-
sions to all participants.

Conflict of interest
No potential conflict of interest was reported by the
author(s).

Funding
This work is part of the research program Wearable
Robotics with project number P16-05, which is
(partly) financed by the Dutch Research Council
(NWO).

Declaration of interests

The exoskeleton training of the physiotherapists by
ReWalk Robotics was given before the start of the
study. ReWalk Robotics did not have any influence on
the study design, data analysis, or writing. The
authors declare that the research was conducted in the
absence of any commercial or financial relationships
that could be construed as a potential conflict of
interest.

Data availability
All data associated with this study are present in the

paper.

ORCID

llse J.W. van Nes
3789

Rosanne B. van Dijsseldonk
0002-4459-5435
Hennie Rijken

1406

Noél L.W. Keijsers
7835-7112

http://orcid.org/0000-0003-3249-
http://orcid.org/0000-
http://orcid.org/0000-0002-0952-

http://orcid.org/0000-0001-

References

Macias CA, Rosengart MR, Puyana J-C, Linde-Zwrible WT,
Smith W, Peitzman AB, er al. The effects of trauma center care,
admission volume, and surgical volume on paralysis following
traumatic spinal cord injury NIH Public Access Author
Manuscript. Ann Surg 2009;249:10-17.

Osterthun R, Post M, Van Asbeck F. Characteristics, length of
stay and functional outcome of patients with spinal cord injury
in Dutch and Flemish rehabilitation centres. Spinal Cord 2009;
47:339-344.

Anke W, Stenehjem AG, E A, Kvalvik Stanghelle J. Pain and life
quality within 2 years of spinal cord injury. Paraplegia 1995;33:
555-559.

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 Dev Evid Res 2016: 455-466.

Putzke JD, Richards JS, Hicken BL, DeVivo M. Predictors of life
satisfaction: a spinal cord injury cohort study. Arch Phys Med
Rehab 2002;83:555-561.

Frotzler A, Cheikh-Sarraf B, Pourtehrani M, Krebs J, Lippuner
K. Long-bone fractures in persons with spinal cord injury.
Spinal Cord 2015;53:701-704.

Adriaansen J, Douma-Haan, Y, van Asbeck FWA, van
Kopenhaggen CF, de Groot S, Smit CA, et al. Prevalence of
hypertension and associated risk factors in persons with long-
term spinal cord injury living in the Netherlands. Disab Rehab
2016;39:919-927.

Adriaansen JJE, Ruijs LEM, et al. Secondary health conditions
and quality of life in persons living with spinal cord injury for
at least ten years. J Rehab Med 2016;48:853-860.

—_—

[\

W

I

W

N

-

oo

The Journal of Spinal Cord Medicine 2024 voL. 47 NO. 3

359


http://orcid.org/0000-0003-3249-3789
http://orcid.org/0000-0003-3249-3789
http://orcid.org/0000-0002-4459-5435
http://orcid.org/0000-0002-4459-5435
http://orcid.org/0000-0002-0952-1406
http://orcid.org/0000-0002-0952-1406
http://orcid.org/0000-0001-7835-7112
http://orcid.org/0000-0001-7835-7112

van Nes et al. Improvement of quality of life after 2-month exoskeleton training in patients with chronic spinal cord injury

360

=]

10

1

—_

12

13

14

15

16

17

18

19

20

2

—_

22

23

24

The Journal of Spinal Cord Medicine

Miller LE, Herbert WG. Health and economic benefits of physical
activity for patients with spinal cord injury. Clin Econ Outcomes
Res 2016;8:551-558.

Yang A, Asselin P, Knezevic S, Kornfeld S, Spungen AM.
Assessment of in-hospital walking velocity and level of assistance
in a powered exoskeleton in persons with spinal cord injury. Top
Spinal Cord Inj Rehab 2015;21:100-109.

Benson I, Hart K, Tussler D, Van Middendorp JJ. Lower-limb
exoskeletons for individuals with chronic spinal cord injury: find-
ings from a feasibility study. Clin Rehab 2016;30:73-84.
Kolakowsky-Hayner SA, Crew J, Moran S, Shah A. Safety and
feasibility of using the Ekso TM Bionic exoskeleton to aid ambu-
lation after spinal cord injury. J Spine 2013;4;.

Farris RJ, Quintero HA, Murray SA, Ha KH, Hartigan C,
Goldfarb M, A preliminary assessment of legged mobility pro-
vided by a lower limb exoskeleton for persons with paraplegia.
IEEE Trans Neural Syst Rehab Eng Publ IEEE Eng Med Biol
Soc 2014;22:482-490.

Arazpour M, Bani MA, Hutchins SW, Jones RK. The physiological
cost index of walking with mechanical and powered gait orthosis in
patients with spinal cord injury. Spinal Cord 2013;51:356-359.
Ahmad Bani M, Arazpour M, Farahmand F, Mousavi ME, &
Hutchins SW. The efficiency of mechanical orthoses in affecting
parameters associated with daily living in spinal cord injury
patients: a literature review. Disab Rehab Assist Technol 2015;
10:183-190.

Esquenazi A, Talaty M, Packel A, Saulino M. The ReWalk
powered exoskeleton to restore ambulatory function to individ-
uals with thoracic-level motor-complete spinal cord injury. Am J
Phys Med Rehab 2012;9:911-921.

Baunsgaard CB, Nissen UV, et al. Exoskeleton gait training after
spinal cord injury: an exploratory study on secondary health con-
ditions. J Rehab Med 2018;50:806-813.

Karelis AD, Carvalho LP, Castillo MJE, 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 Rehab Med 2017;49:84-87.

Forbes White H, 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;1:102, 5.

Kressler J, Thomas CK, Field-Fote EC, Sanchez J, Widerstrom-
Noga E, Cilien DC, et al. Understanding therapeutic benefits of
overground bionic ambulation: exploratory case series in
persons with chronic, complete spinal cord injury. Arch Phys
Med Rehab 2014;95:1878-1887.

Hubscher CH, Herrity AN, Williams, CS, Montgomery LR,
Willhite AM, Angeli CA, et al. Improvements in bladder, bowel
and sexual outcomes following task-specific locomotor
training in human spinal cord injury. PLoS ONE 2018;13(1):
€0190998.

Zeilig G, Weingarden H, Zwecker M, Dudkiewicz I, Bloch A,
Esquenazi A. Safety and tolerance of the ReWalk™ exoskeleton
suit for ambulation by people with complete spinal cord injury: a
pilot study. J Spinal Cord Med 2012;35:96-101.

Evans N, Hartigan C, Kandilakis C, Pharo E, Clesson 1. Acute
cardiorespiratory and metabolic responses during exoskeleton-
assisted walking overground among persons with chronic spinal
cord injury. Top Spinal Cord Inj Rehab 2015;21:122-132.
Juszczak M, Gallo E, Bushnik T. Examining the effects of a
powered exoskeleton on quality of life and secondary impairments

2024 voL. 47 NO. 3

25

26

27

28

29

30

3

—

32

33

34

35

37

38

39

40

in people living with spinal cord injury. Top Spinal Cord Inj
Rehab 2018;24:336-342.

van Dijsseldonk RB, Rijken H, van Nes IJW, van de Meent H,
Keijsers NLW. A framework for measuring the progress in exoske-
leton skills in people with complete spinal cord injury. Front
Neurosci 2017;11:1-12.

van Dijsseldonk RB, van Nes IJW, Geurts ACH, Keijsers NLW.
Exoskeleton home and community use in people with complete
spinal cord injury. Sci Rep 2020;10:15600.

Bjelland I, Dahl AA, Haug TT, Neckelmann D. The validity of
the Hospital Anxiety and Depression Scale: an updated literature
review. J Psychosom Res 2002;52:69-77.

Lee BB, Simpson JM, King MT, Haran MJ, Marial O. The SF-36
walk-wheel: a simple modification of the SF-36 physical domain
improves its responsiveness for measuring health status change
in spinal cord injury. Spinal Cord 2009;47:50-55.

Ryan NM, Birring SS, Gibson PG. Gabapentin for refractory
chronic cough: a randomised, double-blind, placebo-controlled
trial. Lancet 2012;380:1583—-1589.

Su CT, Ng HS, Yang AL, Lin CY. Psychometric evaluation of the
Short Form 36 Health Survey (SF-36) and the World Health
Organization Quality of Life Scale Brief Version (WHOQOL-
BREF) for patients with schizophrenia. Psychol Assess 2014;26:
980-989.

Cusano NE, Rubin MR, McMahon DJ, Irani D, Anderson L,
Levy E, Bilezikian JP, PTH(1-84) is associated with improved
quality of life in hypoparathyroidism through 5 years of therapy.
J Clin Endocrinol Metab 2014;99:3694-3699.

Lin MR, Hwang HF, Chen CY, Chiu WT. Comparisons of the
brief form of the world health organization quality of life and
short form-36 for persons with spinal cord injuries. Am J Phys
Med Rehab 2007;86:104—113.

Welk B, Lenherr S, Elliott S, Stoffel J, Presson AP, Zhang C,
Myers JB. The Neurogenic Bladder Symptom Score (NBSS): a
secondary assessment of its validity, reliability among people
with a spinal cord injury. Spinal Cord 2018;56:259-264.

Krogh K, Christensen P, Sabroe S, Laurberg S. Neurogenic bowel
dysfunction score. Spinal Cord 2006;44:625-631.

Chen CL, Chen C-Y, Chen H-C, Wu C-Y, Lin K-C, Hsieh Y-W,
Shen I-H, Responsiveness and minimal clinically important differ-
ence of modified ashworth scale in patients with stroke. Eur J Phys
Rehab Med 2019;55:754-760.

van Herpen FHM, van Dijsseldonk RB, Rijken H, Keijsers NLW,
Louwerens JWK, van Nes IJW, Case report: description of two
fractures during the use of a powered exoskeleton. Spinal Cord
Ser Cases 2019;5:99-102.

Burke D, Lennon O, Fullen BM. Quality of life after spinal cord
injury: the impact of pain. Eur J Pain (UK) 2018;22:1662-1672.

Chun A, Asselin PK, Knezevic S, Kornfeld S, Bauman WA,
Kortsen MA, et al. Changes in bowel function following exoske-
letal-assisted walking in persons with spinal cord injury: an obser-
vational pilot study. Spinal Cord 2020;58:459-466.

De Schryver AM, Keulemans YC, et al. Effects of regular physical
activity on defecation pattern in middle-aged patients complain-
ing of chronic constipation. Scand J Gastroenterol 2005;40:
422-429.

Baunsgaard BC, Vig Nissen U, Brust AK, Frotzler A, Ribeill C,
Kalke Y-B, et al. Gait training after spinal cord injury: safety,
feasibility and gait function following 8 weeks of training with
the exoskeletons from Ekso Bionics article. Spinal Cord 2018;
56:106-116.



	Introduction
	Material and methods
	Participants and training program
	Procedure
	Questionnaires and physical measurements
	Data and statistical analysis

	Results
	Demographic and clinical parameters
	Quality of life
	Bladder and bowel management
	Passive range of motion and spasticity

	Discussion
	Limitations

	Conclusion
	Acknowledgements
	Conflict of interest
	Funding
	Declaration of interests
	Data availability
	ORCID
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.245 841.846]
>> setpagedevice


