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In addition to helping individuals with spinal cord injury (SCI) regain the ability to

ambulate, the rapidly evolving capabilities of robotic exoskeletons provide an array

of secondary biophysical benefits which can reduce the complications resulting from

prolonged immobilization. The proposed benefits of increased life-long over-ground

walking capacity include improved upper body muscular fitness, improved circulatory

response, improved bowel movement regularity, and reduced pain and spasticity.

Beyond the positive changes related to physical and biological function, exoskeletons

have been suggested to improve SCI individuals’ quality of life (QOL) by allowing

increased participation in day-to-day activities. Most of the currently available studies that

have reported on the impact of exoskeletons on the QOL and prevention of secondary

health complications on individuals with SCI, are of small scale and are heterogeneous

in nature. Moreover, few meta-analyses and reviews have attempted to consolidate the

dispersed data to reach more definitive conclusions of the effects of exoskeleton use.

This scoping review seeks to provide an overview on the known effects of overground

exoskeleton use, on the prevention of secondary health complications, changes to the

QOL, and their effect on the independence of SCI individuals in the community settings.

Moreover, the intent of the review is to identify gaps in the literature currently available, and

to make recommendations on focus study areas and methods for future investigations.

Keywords: spinal cord injury, rehabilitation, exoskeleton, paraplegia, scoping review

INTRODUCTION

Background
To many, spinal cord injury (SCI) is the most commonly associated with the loss of ability to
ambulate and experience external stimuli, or perhaps the loss bowel and urinary function. However,
there are many additional secondary health complications that can manifest as a result of chronic
SCI—these include (and are not limited to) cardiovascular (CVS) disease, an increased risk of
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osteoporosis and fractures, urinary and bowel complications,
pressure injuries, spasticity, and neuropathic pain syndromes
(1, 2). Such comorbidities significantly reduce the quality of
life (QOL) and increase the risks of premature mortality for
individuals with SCI.

Rehabilitation plays a key role in the management of spinal
disorders, such as SCI (3). Research has shown that time
spent upright, either standing or walking, is beneficial for the
prevention and treatment of secondary health complications of
SCI (4–7). Early attempts at solving problems associated with
immobility in SCI included leg braces and orthoses used to assist
standing and walking (4–6). Although these devices did prove
to somewhat fulfill their intended design purposes, the increased
energy expenditure from truncal and upper limb muscles, slow
ambulation speed, and safety concerns, have discouraged some
wheelchair users from converting to leg braces (4). More recently,
exoskeletons have been developed for individuals with SCI as an
alternative for assisting ambulation—both for the purposes of
rehabilitation and long-term health maintenance.

Definition of Exoskeletons
The term exoskeleton encompasses a wide range of devices with
differing applications. In its original iteration, an exoskeleton
is a device that augments the performance of an able-bodied
wearer (8). For the purposes of SCI individuals, exoskeletons
provided two main functions—to facilitate early rehabilitation
and assist ambulation. The first exoskeleton to be designed for
SCI was the Lokomat (9). The Lokomat was one of a categories
of exoskeletons collectively known as residential exoskeletons,
indicating that it could only be used within fixed spaces, such as
on a treadmill. These early exoskeletons have since been referred
to as a driven gait orthosis, and the type of rehabilitation and
gait training involving the use of these devices are collectively
known as body-weight-supported treadmill training (BWSTT).
Over time, the newer generations of exoskeletons were designed
with increased mobility and portability. These devices, known
as overground exoskeletons, are designed with portable systems
that allow the user to ambulate freely indoors and outdoors,
and have provided clinicians and patients with a useful tool to
increase the life-long over-groundwalking capacity of individuals
with SCI. Currently, exoskeletons can be subdivided into assistive
devices to be used in the community, such as the Suitx Phoenix,
Indego Personal, and Rewalk exoskeletons; or devices designed
for rehabilitation with a therapeutic intent, such as the EksoNR
and Indego Therapy exoskeletons (8).

Proposed Benefits of Exoskeleton Use
Beyond the benefits related to physical and biological function,
exoskeletons have been suggested to improve the SCI individuals’
QOL by enabling their participation in day-to-day activities
(10, 11). In a recent survey among individuals with SCI,
the restoration of walking function was seen as the highest
priority (12); another study had previously commented that other
functions, such as improved bladder and bowel function, and the
elimination of autonomic dysreflexia, were found to be of greater
priority than walking in another group of individuals of SCI
(13). We believe that the health priorities of SCI individuals are

likely to be culturally-dependent, and the results of studies on this
may vary according to study design and outcome metrics chosen.
Furthermore, a meta-analysis on the clinical effectiveness and
safety of exoskeletons has suggested that the potential benefits
provided by exoskeleton use may offset the costs associated
with the management of secondary ailments resulting from SCI,
thereby resulting in a net reduction in costs to the healthcare
systems (14).

OBJECTIVES OF THIS SCOPING REVIEW

Most of the currently available studies have reported on the
impact of exoskeletons on the QOL and prevention of secondary
health complications, on individuals with SCI, are of small scale
and are heterogeneous in nature. Moreover, few meta-analyses
and reviews have attempted to consolidate the dispersed data to
reach more definitive conclusions of the effects of exoskeleton
use (14–19). Many of these reviews included other forms of gait
training, such as BWSTT (19), or robotics, such as exoskeletons
for upper limbs (16), while others have included the evaluation
of exoskeletons beyond individuals with SCI, such as those with
a history of stroke (18). Furthermore, many studies have used
the term exoskeleton loosely, often applying the term to different
devices, such as reciprocating gait orthosis (RGO), driven gait
orthoses, bodyweight-supported treadmill trainers, and some
leg braces.

This scoping review seeks to provide an overview on the
known effects of overground exoskeleton use, on the prevention
of secondary health complications, changes to the QOL, and the
effects on the independence of SCI individuals in community
settings. The intent of the review is to identify gaps in the
literature currently available, and to make recommendations on
focus study areas and methods for future investigations.

This review shall focus on data on the newer generation,
overground, lower-limb, and powered robotic exoskeletons
(referred from this point onward as exoskeletons).

MATERIALS AND METHODS

Scoping Review
The reporting of methods and results in this scoping review
follow the Preferred Reporting Items for Systematic reviews
and Meta-Analyses extension for Scoping Reviews (PRISMA-
ScR) guidelines, and a PRISMA-ScR checklist can be found
in Appendix 1. The framework by Arksey and O’Malley (20)
has been referenced for the protocol of this scoping review.
The summarized protocol of this scoping review can be found
in Appendix 2.

Data Sources and Search Strategy
PubMed, Cochrane, and EMBASE were searched for relevant
articles from database inception to June 19, 2021; the
bibliographies of included articles were screened. The search
term used included “exoskeleton,” “spinal cord injury,” and
related keywords, both as the free-text keywords and controlled
vocabulary of their respective databases (e.g., MeSH for PubMed
and Cochrane Library). The details of the search terms used for
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each database are included in Appendix 3. There was no gray
literature included in our search strategy due to the large number
of results generated from our search on peer-reviewed platforms.
The refinement of protocol was done after the initial search,
with focus placed on a defining eligibility criterion with specific
attention to the list of biophysical characteristics to include
(mentioned below).

Eligibility and Exclusion Criteria
The inclusion criteria were as follows: (1) English language;
(2) peer-reviewed journals; (3) studies from the inception of
respective databases, up to June 26, 2021; (4) human studies;
(5) SCI that caused walking disabilities; 6) the use of over-
ground exoskeleton for rehabilitation, specifically as walking aid;
(7) the outcome metrics of a predefined list with biophysical
characteristic known to affect SCI individuals (cardiovascular
[CVS], bowel, body composition, bone mass density [BMD],
fracture rate, pain, spasticity, QOL, and independence and
community applicability). The exclusion criteria were as follows:
(1) non-SCI; (2) concomitant brain injury, neurological injury,
or other cognitive impairments; (3) the use of other gait training
devices (i.e., driven gait orthoses and BWSTT), without the
use of over-ground exoskeleton; (4) outcome metrics that do
not include any one from the predefined list of biophysical
characteristics; (5) non-English language; (6) non-clinical trial;
(7) the use of devices not for gait training; (8) non-human studies;
(9) clinical trial in-progress; (10) pediatric study; (11) full-text
inaccessible; and (12) review article.

Study Selection
EndNote (X9) was used as the citation software to store all the
studies from the initial search. Duplicates were initially removed
using the automatic function in EndNote, with remaining
duplicates removed manually through Excel (by 2 reviewers
independently). Studies were first screened through their titles
and abstracts and followed by full-text screening.

Data Extraction and Charting
The final selection of studies was separated into individual
groups based on the type of biophysical characteristic that was
evaluated; studies that measured more than one biophysical
characteristic were included more than once across different
tables. Data extraction templates were generated a priori, with
minor modifications done after the initial search, and the data
elements extracted included: study, intervention, number of
training sessions, ASIA grade, number of subjects, time-points
during trial when specific relevant measurements were taken,
outcome metrics used in the study, and the presence of any
control arms.

RESULTS

In total, 654 articles were found in the initial search, 231 of which
were found to be duplicate; 329 articles were excluded during
the screening of the titles and abstracts, and a further 52 were
eliminated after screening the full texts. In the final analysis,
42 papers were included from the initial search, combined with

an additional 8 from scanning through the reference lists of
relevant studies. Hence, 50 unique studies were included in the
charting process. A flow diagramwith the details of searching and
screening process can be found in Appendix 4.

CVS HEALTH

Cardiometabolic diseases are considered as the leading cause
of mortality among individuals with chronic SCI living in the
community (21). The potential benefit of regular ambulation
on combating secondary medical problems has been well
documented previously (22, 23). A total of 31 articles related to
this topic were found in the search and data extraction is listed in
Table 1.

Metabolic Equivalent of Task
One metric that has been used by multiple studies, to quantify
the physical exercise associated with exoskeleton use, has been
the metabolic equivalent of task (MET) (52). It is well-known
that 1 MET is equal to the energy expended during quiet
sitting, and in persons with SCI, 1 MET is defined as 2.7
ml/kg/min (reported as METssci) (53). One set of guideline from
the American College of Sports Medicine has indicated that
physical exercise maintained at 3.3 METS for 1 h/3 days/week is
necessary to achieve preventative health benefits for secondary
cardiometabolic conditions, where 3.0–5.9 METs equates to a
moderate intensity of exercise (54). One meta-analysis by Miller
et al. (14), found that it was possible to achieve an average
METs of 3.3 during exoskeleton walking, thereby suggesting
that exoskeleton use allows a paraplegic individual to carry out
a sufficient amount of physical activity which is conducive to
yield health benefits, yet without causing the early fatigue as
experienced by the previous modes of ambulation (14).

Perceived Exertion
Another method, through which the intensity of exercise has
been quantified with, is the Borg’s rate of perceived exertion
(RPE) scale (55, 56). In the same meta-analysis by Miller
et al. (14), their analysis achieved an average intensity that was
marginally below the threshold for “moderate” intensity, required
for acquiring the quoted health benefits. Other studies reported a
wide range of RPE, varying from “very light” to “somewhat hard”
(11, 28, 39, 57, 58). This variation may be due to the fact that the
test subjects had different amounts of exposure to their respective
exoskeletons, as novelty of the device and anxiety may contribute
to a higher RPE (59). However, the confidence of RPE as a valid
indicator is debated (56), as the rating can be confounded by
other psychological factors, such as mood state, motivation, and
exercise experience (60). On the whole, most studies found a
decrease in effort and fatigue resulting from the exoskeleton use
(11, 48, 57, 58), from the beginning to the end of a training
program, which has been suggested to aid in increasing the user
compliance with the device (11). The study by Juszczak et al. (11)
found a significant decrease in RPE from baseline to the end of
the study. However, this decrease was only found to be significant
when walking with the exoskeletons indoors, not outdoors. This
was likely due to the increased difficulty and time required to
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TABLE 1 | Cardiovascular health.

References Intervention

(Exoskeleton)

No. of training

sessions

Duration of each

session (mins)

ASIA Grade (No. of

participants)

Point when

measurements were

taken

Metrics used Presence of any

controls

Arazpour et al. (24) Powered gait

orthoses*

24 120 1A/4B (5) During each session PCI Same study subjects

undergoing the same

training with

knee-ankle-foot

orthoses (HKAFO) and

isocentric reciprocating

gait orthosis (IRGO)

Asselin et al. (25) ReWalk 40 60–90 7A/1B (8) Test performed around

40th session

VO2 (during sitting, standing

and walking)

No

VO2pMax

%VO2R

HR (during sitting, standing

and walking)

HRpMax

%HRR

RPE

Bach Baunsgaard

et al. (26)

Ekso, Ekso GT 16 * 36A/B/16C (52) During each session RPE No

Benson et al. (27) ReWalk 10 60 7A/3C (10) Before and after each

session

HR, BP No

VAS for fatigue

Escalona et al. (28) Ekso GT 10 28 12A/1B (13) After training program VO2, VCO2, VE, VT, RR, HR No

HRpeak, VO2peak

%HRpMax, %VO2peak,

RER, RPE (to represent

intensity of physical activity)

Evans et al. (29) Indego 0 * 5A (5) 2 test sessions on

non-consecutive days

VO2, VO2peak, %VO2peak No

HRpeak

Walking economy = rate of

oxygen consumption per

distance walked (in L/m)

METsi

Evans et al. (30) Ekso GT 72 60 C/D* (8) Before, midway and

after training program

HR, THBI No

Evans et al. (31) Ekso GT 72 60 4C/4D (8) Before, midway and

after training program

Brachial and ankle BP 8 (SCI ASIA grade

5C/3D) receiving

conventional activity

based training (AVT)

PCI

(Continued)
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TABLE 1 | Continued

References Intervention

(Exoskeleton)

No. of training

sessions

Duration of each

session (mins)

ASIA Grade (No. of

participants)

Point when

measurements were

taken

Metrics used Presence of any

controls

HR, HRV

THBI

Farris et al. (32) Vanderbilt lower limb

exoskeleton

1 (Walking test

without training)

1A (1) Before and after each

walking test

HR No

Faulkner et al. (33) Ekso +

Physiotherapy

10 90 4A/1B/1C (6) Before and after training

program

MAP, SBP, DBP, PP, cSBP,

cDBP, cPP, HR, AP, AIx,

Aix75 obtained through pulse

wave analysis

6 (SCI ASIA grade

2A/2B/2C) receiving

physiotherapy only

Gorgey et al. (34) Ekso 12 60 1A (1) Before and after each

session

BP, HR No

Hartigan et al. (35) Indego * * 6A (6) * THBI No

Jang et al. (36) Angelegs 30 30 Motor-incomplete (1) Before and after training

program, and at 6

weeks follow up

VO2 No

METs

Juszczak et al. (11) Indego 26 N/A 30A/5B/10C (45) Before and after training

program

RPE (indoor and outdoor) No

Khan et al. (37) ReWalk 52 * 6A/2B/3C/1D (12) After training program PCI No

Kim et al. (38) Hyundai Medical

Exoskeleton

[H-MEX]

30 60 7A/1B/2C (10) Before and after training

program

Spirometry No

Knezevic et al. (39) ReWalk 60 60 4A/1B (5) 20th, 40th, 60th session VO2 (during sitting, standing,

walking and recovery)

No

RPE

CT

HR, %HRpMax

Kozlowski et al. (40) Ekso 20 120 3A/1B/3C (7) Before, midway, after

each session

HR, RPE, METs No

Kressler and Domingo

(41)

Ekso 1 6 Motor-incomplete (2) Before, midway, after

each session

HR, VO2, VCO2 Same study checks

exercising with an arm

cycle ergometer on a

non-walking day

TEE

Kressler et al. (42) Ekso 18 60 3A (3) First and last session,

midway through training

program

VO2peak, TEE, HR, walking

economy

No

HOMA-IR

(Continued)

F
ro
n
tie
rs

in
N
e
u
ro
lo
g
y
|
w
w
w
.fro

n
tie
rsin

.o
rg

5
M
a
rc
h
2
0
2
2
|
V
o
lu
m
e
1
3
|A

rtic
le
7
9
2
2
9
5

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Y
ip

e
t
a
l.

E
xo

ske
le
to
n
R
e
h
a
b
ilita

tio
n
S
c
o
p
in
g
R
e
vie

w

TABLE 1 | Continued

References Intervention

(Exoskeleton)

No. of training

sessions

Duration of each

session (mins)

ASIA Grade (No. of

participants)

Point when

measurements were

taken

Metrics used Presence of any

controls

Glycaemic markers of

cardiometabolic disease risk

(glucose, insulin, HbA1c)

Lipid markers of

cardiometabolic disease risk

(TC, HDL, LDL, VLDL,

TC-to-HDL ratio, TG)

Kressler et al. (43) Ekso GT 1 (Walking test

without training)

* Motor-incomplete (4) After each walking test VO2, VCO2, TEE No

MAP

RPE

RPP

Kwon et al. (44) Rewalk 20 60–90 10A (10) Midway and after

training program

HR, HRmax Same study subjects

undergoing the same

training with

knee-ankle-foot

orthoses (KAFO)

PCI

VO2, VO2peak

METs

TEE

Maher et al. (45) Ekso GT 2–4 weeks* 14 A-C* (10) 4 unrandomised days in

a 10-day period

VO2 (during sitting, standing

and walking)

10 Non-SCI individuals

training in exoskeletons

VO2peak

TEE

Walking economy =

metabolic cost of exercise (in

kilocarlories/m)

Avg TEE during walking

outdoors

2-hour OGTT at baseline and

immediately postbionic

ambulation glucose

HOMA2-IR

McIntosh et al. (39) Ekso GT 25 60 4A/5C/1D (10) Before, midway, after

each session

HR, BP, SpO2 No

Modified RPE

(Continued)
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TABLE 1 | Continued

References Intervention

(Exoskeleton)

No. of training

sessions

Duration of each

session (mins)

ASIA Grade (No. of

participants)

Point when

measurements were

taken

Metrics used Presence of any

controls

Pérez-Nombela et al.

(46)

Exo-H2 (Technaid) 1 (Walking test

without training)

* 1C/2D (3) Before and after each

walking test

BP, HR No

VO2

Sale et al. (47) Ekso 20 45 2A/1C (3) Before and after training

program

VAS for fatigue No

Ekso 20 45 3A/4B/1C (8) Before and after training

program

VAS for fatigue No

RPE (outdoors and indoors)

Spungen et al. (48) ReWalk 45 60–120 5A/2B (7) Before, midway, after

each session

RPE No

Wu et al. (49) Rewalk 120 60 1C (1) Before and midway

during walking session

HR, BP No

Xiang et al. (50) AIDER 16 50–60 8A/1C (9) Before and after training

program

Spirometry (FVC, FEV1,

FEF25/50/75)

9 (SCI ASIA grade

4A/2B/3C) receiving

conventional strength

training and aerobic

exercise

During training session HR, HRmax

6MWT HR, SpO2

RPE

Zeilig et al. (51) ReWalk 13.7 50 A/B (6) Before, midway, after

each session

HR, BP No

VAS for fatigue

*, Details not provided; N/A, Not applicable; %VO2R, VO2 during walking expressed as a percentage of oxygen uptake reserve; %HRmax, HR expressed as percentage of HRmax; %HRR, HR during walking expressed as a percentage of

heart rate reserve; %VO2peak, oxygen consumption as a percentage of VO2peak; AIx, augmentation index (in %), defined as the augmentation pressure expressed as a percentage of central pulse pressure; AP, augmentation pressure;

cDBP, central diastolic blood pressure; cSBP, central systolic blood pressure; CT, cost of transport (metabolic efficiency) measured by VO2/velocity (in m x mL/Kg); DBP, diastolic blood pressure; HOMA2-IR, homeostatic Model-2

Assessment of Insulin Resistance for insulin resistance; HR, heart rate; HRpeak, peak heart rate; HRpMax, maximum predicted heart rate; HRV, heart rate variability; MAP, mean arterial pressure (in mmHg); METs, metabolic equivalent

of tasks; METssci, METs for persons with SCI; OGTT, oral glucose tolerance test; PCI, physiological cost index; PP, pulse pressure; RER, respiratory exchange ratio; RPE, rate of perceived exertion (based on the Borg scale); RPP, rate

pressure product (HR x SBP); RR, respiratory rate (in cycles/min-1); SBP, systolic blood pressure; SpO2, peripheral oxygen saturation; TEE, total energy expenditure expended from fat and carbohydrate(CHO) oxidation; THBI, total

heartbeat index; VAS, visual analogue scale; VCO2, CO2 production (in mL/min); VE, ventilation (in L/min); VO2, oxygen uptake (in in mL/kg/min); VO2peak, peak oxygen uptake; VO2pMax, maximum predicted VO2 during lower-limb

exercise; Walking economy, rate of oxygen consumption per distance walked (in L/m)/ metabolic cost of exercise (in kilocarlories/m).
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achieve a greater proficiency of the exoskeleton outdoors. We
believe that it is intuitive that users consume less energy as they
become more proficient with their exoskeleton.

Gas Analysis
A more objective means of characterizing exertion is using
oxygen uptake, also known as gas analysis. With the increase
of physical load, oxygen demand and energy expenditure rise
(61, 62). Therefore, the most ideal way of reflecting the
metabolic activity is performing a full gas analysis based on
the amount of oxygen consumed, represented by VO2, and
carbon dioxide expelled, represented by VCO2. These parameters
were utilized in several studies that we had reviewed (41–
45). In particular, a case-control study on the Ekso GT device
found that although the energy expenditure was greater in
prolonged ambulation, compared with sitting and standing, it
was still below guideline intensities necessary to experience
the cardiorespiratory benefits (45), which was concordant with
results from a previous study (42). Meanwhile, Kwon et al.
(44) found no statistically significant difference in VO2 during
ambulation with the Rewalk device, or with a knee-ankle-foot
orthoses (KAFO), suggesting that KAFO may be a more cost-
effective alternative for cardiorespiratory exercise. It is worth
noting, that the measurement of gaseous exchange requires
laboratory instrumentation that is not generally available in a
clinical setting (32, 62). In our review, other metrics commonly
utilized were the Total Heart Beat Index (THBI) (30, 31, 35) and
the Physiological Cost Index (PCI) (24, 32, 37, 44). Both of these
measures have been shown to be strongly correlated with oxygen
uptake. This was reflected in the study by Kwon et al., where
the ReWalk exoskeleton was found to have significantly greater
energy efficiency than KAFO across all parameters, but VO2max
and PCI (63). However, PCI has the advantage of only requiring
a single measurement of the heart rate, rather than a continuous
measurement, as necessitated by the THBI (32, 62). Studies using
THBI revealed similar results to the (abovementioned) studies
using gas analysis, where a decrease in THBI was observed after
the first 6 weeks of training, denoting that a reduction in exercise
intensity over time (30, 31).

Other Parameters for Cardiometabolic
Health
Many studies opted to use a variety of metrics in evaluating the
use of exoskeletons on cardiometabolic health. Of note, the case-
control study by Faulkner et al. (33) measured the augmentation
index (AIx) to evaluate the CVS health of their SCI test subjects—
defined as the augmentation pressure expressed as a percentage of
central pulse pressure, which is supported by previous literature
favoring the use of central blood pressure (BP) over peripheral BP
for determining the risk for CVS events (64). In that particular
study, 12 SCI individuals were separated into two groups, one
which involved a 5-day exoskeleton program with the Ekso
exoskeleton, combined with physiotherapy; and another group
which received just physiotherapy only; the Ekso group received
60min of conventional therapy+ 90min of exoskeleton training
a day, while the control group received 60min of conventional
therapy + 60min of home-based rehabilitation exercise session.

Their results found a significant decrease in AIx in the group
with the Ekso exoskeleton, but not in the control group receiving
physiotherapy only. This finding was particularly relevant as a
10% absolute increase in central AIx is associated with a 32%
increase in the risk of CVS events and 38% increase in all-cause
mortality (64). Nonetheless, the decrease in the risk of CVS
among study participants was unknown.

A case-control study by Maher et al. (45) compared the
metabolic differences in SCI individuals using the Ekso GT
exoskeleton, with normal non-SCI individuals without the
exoskeleton. Their results found no significant difference in blood
glucose and insulin (after an oral blood glucose tolerance test
[OGTT]) and insulin resistance (as measured by Homeostatic
Model-2 Assessment of Insulin Resistance [HOMA2-IR]) in the
SCI group after 2–4 weeks of training. This was suggested to be
due to the lack of impaired glucose tolerance at baseline. The
average VO2 peak and total energy expenditure (TTE) among its
participants indicated a “light” exercise intensity.

Some studies opted to evaluate pulmonary-related changes
because of their implications on exercise performance (65). These
studies evaluated respiratory parameters, such as forced vital
capacity (FVC) and forced expiratory volume (FEV1), via the aid
of pulmonary spirometry tests (38, 50).

Interestingly, as the proficiency of the user increases over
time, combined with the increased metabolic efficiency in the
newer models of overground exoskeletons, the metabolic benefits
provided by exoskeleton use may be insufficient to provide the
health benefits (59). The newer designs of exoskeletons which
can provide variable assistance may be useful for addressing this
particular problem.

BOWEL AND BLADDER FUNCTION

Spinal cord injury can lead to the dysfunctional bowel peristalsis,
abnormal defecation patterns, and a variety of urinary voiding
dysfunctions (66, 67). Most studies, among 11 found on this
topic, that evaluated the effects of exoskeleton use on bowel and
bladder function used self-reported data from SCI individuals
(11, 40, 68), or specific questionnaires to quantify changes on
bladder and bowel habit (17, 51, 69) (Table 2).

Subjective Effects of Exoskeleton Use
Studies that used self-reported data, all showed the mitigation of
neurogenic bowel or bladder dysfunctions, though the statistical
significance of the bowel habit improvements were unknown.
Similarly, the studies that utilized patients questionnaires, all
found no significant improvement in bowel habit.

Although some of the individual studies appear to disagree
with each other, it should be noted that the results are very much
dependent on the metrics chosen for evaluation. For example,
in an exploratory study by Baunsgaard et al. (17), although
the direct assessments of bowel function and lower urinary
tract function showed insignificant changes in the International
SCI Bowel and Lower Urinary Tract Basic Dataset over a 4
week follow-up period, an indirect assessment using the Spinal
Cord Independence Measure (SCIM) III, showed a marked
improvement on the bowel and use of toilet score.
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TABLE 2 | Bowel and bladder function.

References Intervention

(Exoskeleton)

No. of training

sessions

Duration of each

session (mins)

ASIA Grade (No. of

participants)

Point when

measurements were

taken

Metrics used Presence of any

controls

Baunsgaard et al. (16) Ekso GT 24 31.5 36A+B/3C/16D (52) First, last session and

follow up

International SCI Basic Data

Sets to assess bowel

function, LUT function

No

Chun et al. (70) ReWalk 25–63 30–90 9A/ 2B (11) Before and after training

program

Modified Lynch

Gastrointestinal (GI) Survey

for Patients with SCI

No

Stool consistency using the

Bristol Stool Scale (BSS)

SCI-QOL Bowel

Management Difficulties

Short Form Instrument

Esquenazi et al. (68) ReWalk 24 75–90 Chronic thoracic

motor-complete SCI (12)

After training program Patient self-reporting on

bowel and bladder function

No

Huang et al. (66) MBZ-CPM1 +

defecation

management

training + manual

therapy

16 20 Acute (T8-L2) incomplete

(12)

Before and after training

program

Glycerine enema 12 individuals with

incomplete SCI training

on BWSTT + defecation

management training +

manual therapy

Defecation time (mins)

Juszczak et al. (11) Indego 26 * 30A/5B/10C (45) Before each session Patient self-reporting on

bowel and bladder function

No

Kim et al. (38) Hyundai Medical

Exoskeleton

[H-MEX]

30 60 7A/1B/2C (10) Before and after training

program

Colon transit time (oral

enema and plain radiograph)

No

Kozlowski et al. (40) Ekso 20 120 3A/1B/3C (7) * Patient self-reporting on

bowel and bladder function

No

Platz et al. (69) ReWalk 28–35 60 6A/1C (7) After training program Satisfaction questionnaire on

bowel function only

No

Raab et al. (71) Rewalk 120 60 1C (1) * * No

Stothers et al. (72) Ekso * * 3A (3) * Bladder diaries Same study subjects

walking with Lokomat +

the same protocol for

able bodies controls

“Validated LUTS scores”

Zeilig et al. (51) ReWalk 13.7 50 A/B (6) After training program Questionnaire with Likert

scale for bowel function only

No

*, Details not provided; N/A, Not applicable.
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Objective Measurements of Defecation
In one of the case-control studies we identified on this subject,
Huang et al. (66) utilized an exoskeleton on a cohort of subjects
with incomplete SCI. Subjects were separated into two groups.
Subjects in the interventional group received training on the
ManBuZhe [Tian Jin] Rehabilitation Equipment Co., Ltd. China
exoskeleton; while subjects in the control group received training
on a BWSTT. Their results showed that in contrast with the
control group, in the interventional group receiving exoskeleton
training, there was a significant decrease in glycerin enema use
and defecation time from baseline to study endpoint.

Kim et al. (38) used a similar approach bymeasuring the colon
transit time in 10 study subjects. Simple abdominal radiographs
were obtained 7 days after the administration of oral radio-
opaque markers to evaluate the bowel movement. Out of the
three participants with constipation at baseline, only two were
found to have a reduced transits times, though one participant
was found to have an increased transit time. Another objective
measurement included the evaluation of stool consistency, using
the Bristol Stool Scale (BSS) by Chun et al. (70). Similar results
were achieved where the all but one of the participants has a BSS
score of 4 or 5, indicating an ideal stool consistency.

Objective Measurements of Bladder
Function
Most studies evaluating bladder function used more subjective
parameters by utilizing patient questionnaires. (11, 17, 40, 68).
One exception was the study by Stohers et al. (72), where the
changes in bladder function were quantified using lower urinary
tract symptoms (LUTS) scoring. We did not identify studies
which utilized objective measures, such as urodynamic studies to
evaluate bladder function after exoskeleton training.

BODY COMPOSITION

It has been previously shown that the muscle wasting of
approximately 30%, and an increase in intramuscular adipose
tissue of approximately 100% occurs in individuals with SCI
at as early as 6 weeks post-injury (73). These changes in body
composition are likely to increase the risk of secondary metabolic
complications. A review of 3 articles on this topic is listed in
Table 3.

Changes in Body Mass Composition
At the time of the writing of this review, only three studies have
evaluated the changes on body composition in SCI individuals
with exoskeleton use. One interventional study by Karelis et al.
(63) utilized the Ekso device for intervention and DEXA scan
for the measurement of body composition, and the study
demonstrated significant improvements in body weight, body
mass index (BMI), leg lean body mass (LBM), and total fat mass
percentage, but not total LBM. The study showed an increase
in the cross-sectional area of muscles of the calf, favoring the
use of exoskeletons in maintaining healthy body compositions in
individuals with SCI, including those with complete (AIS Grade
A) SCI. These findings are particularly favorable for exoskeleton

use, given that results were demonstrable after only 18 sessions
of training.

Another recent interventional study by Asselin et al. (74)
found improvements in total fat, trunk fat, and body weight in
SCI individuals after 60 session of training, although there was no
significant improvement in total or leg LBM. On the other hand,
Cirnigliaro et al. (75) were able to elicit a significant decrease in
total body fat mass, total body fat percentage, android adipose
tissue percentage, and subcutaneous adipose tissue percentage
in their study with eight individuals with chronic SCI, after
100 sessions of training. This may suggest that the duration of
training may be a limiting factor in eliciting positive effects on
body composition.

It is worth noting that some of the results from these studies
are supported by similar investigations performed with BWSTT
(76–78). One of such studies showed an increase in fatigue-
resistant type II muscle fibers, on muscle biopsy, after 6 months
of three-time-weekly training, indicating an improvement in the
quality of muscle fibers and quantity (79).

BONE HEALTH

A decrease in BMD, at a rate of 3–4% per month, has been
reported within the first year of a SCI. This can increase the risk
of fractures by 25–46% (80, 81). Although static standing and
resistance training alone are seen to counteract the deterioration
in bone health, it has been shown that gravity-derived high-
standing loads and impact accompanying low walking speeds, are
the superior sources of stimuli for themaintenance of bone health
(5, 7).

BMD Changes With Exoskeleton Training
Studies evaluating the changes in BMD in SCI individuals with
exoskeleton are rare (38, 63, 68). In a small-scaled interventional
study by Karelis et al. (63), researchers found an insignificant
increase in BMD by measuring the peripheral quantitative CT
(pQCT) of the tibia among 5 SCI individuals. Despite the
relatively small study size, the increase of 14.5% in BMDwas seen
as a particularly remarkable result given that the study subjects
only received 6 weeks of training. An improvement in BMD,
though not statistically significant, was also seen in the study by
Kim et al. (38). Though one participant had a 13.9% increase in
BMD in the right femoral neck, which improved the BMD status
from osteopenia to normal. Pitfalls in related studies include the
heterogeneous measurements for BMD (knee and hip or femoral
neck) (82), varying training regimens, and the lack of control for
medical treatment for osteoporosis. Further controlled studies
are needed in this area to elucidate the actual effects of training
dosage and intensity on change in BMD. Data extraction of 3
articles on this topic is listed in Table 4.

NEUROPATHIC PAIN

A systematic review by Dijerks et al. (83) reported the prevalence
of chronic pain range from 26 to 96% in SCI individuals from 42
individual studies. A prevalence of 5–37% was reported for pain
that was refractory to the treatment. A number of studies, among
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TABLE 3 | Body composition.

References Exoskeleton Intervention

(Exoskeleton)

Duration of each

session (mins)

ASIA Grade (No. of

participants)

Point when

measurements were

taken

Metrics used Presence of any

controls

Asselin et al. (74) ReWalk 60 60 6A/2B (8) Before and after training

program

Weight, total fat, trunk fat, leg

fat, arm fat, VAT (kg)

No

Total lean, trunk lean, leg

lean, arm lean (kg)

Cirnigliaro et al. (75) Ekso 100 60 *(8) Before and after training

program

Total body fat mass

(TBFmass)

No

Total body fat percent

(TBF%)

Android adipose tissue

percent (AAT%),

Visceral adipose tissue

percent (VAT%)

Subcutaneous adipose

tissue percent (SAT %)

Karelis et al. (63) Ekso 18 60 5A (5) Before and after training

program

BMI, body weight, height No

CSA of calf muscle,

subcutaneous adipose

tissue, intramuscular adipose

tissue

Total fat, arm fat, leg fat,

appendicular fat, trunk fat (%)

Total lean, arm lean, leg lean,

appendicular lean, trunk lean

(kg)

Lean, Lean body mass; VAT, visceral adipose tissue; Fat, fat body mass; CSA, cross-sectional area; BMI, body mass index.
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10 found on this topic, adopted a numerical rating [i.e., visual
analog scale (VAS)] for the evaluation of pain (6, 37, 42, 47, 51),
whilst some others utilized self-reported data from patients, to
identify changes in neuropathic pain after individual training
sessions with the exoskeleton (11, 40, 68, 69) (Table 5).

There have been two large-scale studies on the effect of
exoskeleton use on the neuropathic pain in SCI individuals, these
was a multicenter trial with 52 SCI individuals training with the
Ekso GT (17), and another single center with 45 SCI individuals
training with the Indego exoskeleton (11). Both trials reported no
statistically significant change in pain from the initiation of the
intervention till follow-up, though no new pain sensations were
provoked. This was attributed to be due to the floor effect, where
self-reported pain was low from baseline (11). Another study with
21 SCI individuals supported this claim, where significant pain
reduction was only observed in patients who reported pain before
the training session (6).

Few small-scale studies found improvements in pain after
training with exoskeletons (42, 47, 51). One study, where
SCI individuals trained with ReWalk exoskeleton for up to
24 sessions, had 5 out of 12 patients reporting a reduction
of pain immediately after a training session (68). Of note,
in a case series involving 2 Asian individuals, both of them
experienced severe pain requiring pain relief medications at
baseline, received 60 training sessions with the hybrid assistive
limb (HAL) exoskeleton (84). Monitoring through the study
and at 1-year follow-up, found no recurrence of pain and nor
the need for the pain relief medications since the initiation of
exoskeleton training. Although this study utilized the exoskeleton
with BWSTT, compared with the two large-scale studies, with 24
(17) and 26 (11) training sessions, may suggest that the benefits
of exoskeleton training on the reduction of neuropathic pain to
require longer training durations. Future studies should focus on
minimizing selection bias in the terms of psychological states and
individual pain thresholds.

SPASTICITY

A common method adopted for the evaluation of spasticity was
the Modified Ashworth Scale (MAS) (6, 11, 17, 38, 85). A study
by Baunsgaard et al. (17) measured the MAS for antagonistic
muscle groups at the hips, knees, and ankles. Their results showed
a significant decrease in MAS score in all muscle groups after
12 sessions, and after the completion of a total of 24 sessions of
training, with the Ekso GT exoskeleton, compared with baseline.
This decrease of spasticity, however, was absent at 4 weeks
of follow-up after the end of the training program. Juszczak
et al. (11) measured MAS scores as the same muscle groups
as Baunsgaard et al., pre- and post-trial. They reported that,
although 12 out of 45 patients were found to have a decrease in
spasticity, 5 were found to have increased spasticity. However,
the self-reported data from the same study participants showed
a significant decrease in spasticity. Despite its wide adoption,
limitations, such as subjective evaluation and simple scoring,
should be recognized in the use of MAS (85).
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TABLE 5 | Neuropathic pain.

References Intervention

(Exoskeleton)

No. of training

sessions

Duration of each

session (mins)

ASIA Grade (No. of

participants)

Point when

measurements were

taken

Metrics used Presence of any

controls

Baunsgaard et al. (17) Ekso GT 24 31.5 36A+B/3C/16D (52) After each session International SCI Pain Basic

Data Set (version 2.0)

No

Esquenazi et al. (68) ReWalk 24 75–90 Chronic thoracic

motor-complete SCI (12)

Before and after each

session

Patient self-reporting No

Juszczak et al. (11) Indego 26 * 30A/5B/10C Before each session Patient self-reporting

Khan et al. (37) ReWalk 52 * 6A/2B/3C/1D (12) Before and after each

session

NRS No

Kozlowski et al. (40) Ekso 20 120 3A/1B/3C (7) * Patient self-reporting No

Kressler et al. (42) Ekso 18 60 3A Before and after training

program

International SCI Basic Pain

Dataset (for specific pain

type) + Multidimensional

Pain Inventory (SCI) (for

overall pain severity)

No

Neuropathic Pain Symptom

Inventory

VAS pain

Platz et al. (69) ReWalk 28–35 60 6A/1C (7) First, last session and

follow up

Patient self-reporting No

Sale et al. (47) Ekso 20 45 2A/1C (3) Before, midway, after

each session

VAS pain No

Stampacchia et al. (6) Ekso 1 40 12A/2B/7D Before and after the

session

Numerical Rating of pain No

Zeilig et al. (51) ReWalk 13.7 50 A/B (6) Before, midway, after

each session

VAS pain No

*, Details not provided; NRS, numerical rating scale (0–10); VAS, visual analogue scale.
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Additionally, in a study with only one training session with
the Ekso exoskeleton (6), a significant decrease in spasticity was
found among its 21 SCI participants across multiple metrics for
spasticity, such as subjective measurements with the numerical
rating scale (NRS), the Penn Spasm Frequency Scale (PSFS), and
semi-quantitative documentations withMAS. The study by Khan
et al. (37) used the Spinal Cord Assessment Tool for Spasticity
(SCATS) for the assessment of spasticity in 12 SCI individuals.
Their data showed two uniquely different pattern of changes
in subjects with low- and high-spasticity scores initially, despite
the smallest meaningful change remaining unknown.We suggest
that future studies should standardize the timing of assessment
with reference to the training period. Data extraction of 11
articles found on this topic is listed in Table 6.

QUALITY OF LIFE

Studies evaluated the changes in QOL of SCI individuals using
different surveys. In the feasibility study by Benson et al.
(27), an Assistive Technology Device Predisposition Assessment
(ATD-PA) questionnaire was used to evaluate the changes in
the QOL of 10 SCI individuals with ReWalk exoskeleton. A
small improvement was seen in the QOL subsection of the
questionnaire. The rest of the results showed that devices did
not meet patients’ expectations by study endpoint, with moderate
scores for the hypothetical use of exoskeletons in the community.

The study by Baunsgaard et al. (17), using the International
SCI Basic Data to assess QOL, found a significant increase in
satisfaction with life only in the chronically injured group, but
not in the recently injured group, from baseline to the end of
the study, as well as to follow-up. On the other hand, the study
by Juszczak et al. (11) using the Satisfaction with Life Scale
(SWLS) found no significant change in the QOL after training
with exoskeletons. Data extraction of the 11 articles found on this
topic is listed in Table 7.

IMPROVING INDEPENDENCE OF
INDIVIDUALS WITH SCI

Independence
One method used to evaluate the independence of individuals
with SCI in the community and home setting, is the SCIM.
The SCIM evaluates the self-care, respiration, and sphincter
management, and mobility (90). Among studies that used the
SCIM in its various iterations (17, 69, 91), only a study by
Baunsgaard et al. (17) showed a significant improvement in
the independence measure, for both recently and chronically
injured SCI individuals, after 24 sessions. These results were not
replicated in the study by Platz et al. (69), where no systemic
change was noted after 28–35 training sessions. Data extraction
of 6 articles on this topic is listed in Table 8.

Applicability in Practical Environments
One important aspect of exoskeleton application in daily life
is the safe ambulatory speed of its users. It has been shown
that an ambulatory speed of 0.49 m/s is necessary for general
ambulation across a road junction with traffic lights (94). In a

systematic review by Louie et al. (95), it was found that the mean
exoskeleton walking speed of persons with complete SCI was 0.26
m/s. Four variables were found in the majority of studies which
might influence gait speed within an exoskeleton, such as age,
injury duration, injury level, and the number of training sessions.
Another aspect of daily use of exoskeletons relates to the ease of
donning and doffing the device, Bryce et al. (96) have suggested
that individuals should be able to don and doff an exoskeleton
independently in 5min or less for it to be considered viable for
community use. Although this requirement was not achieved by
all participants in the study conducted by Tefertiller et al. (97)
84% of the study participants could don and doff the exoskeleton
by themselves, and the time required decrease from midway
assessment to final evaluation, with average don on time being
9:01min, and doff time being 2:44 min.

In a recent observational study, the study participants, who
were deemed to have predefined proficiency with the ReWalk
Personal 6.0 exoskeleton, were allowed to use the exoskeleton in
their home and community for 8 weeks (93). The study found
that most users adopted the device for individual exercise (78%),
and the outdoors area was the most common location of use
(48%). The overall response by the participants were positive; the
main criticism claimed that the necessity for constant supervision
by a buddy was a hindrance.

DISCUSSION

The purpose of this review was to summarize the current
available literature on health-related benefits of exoskeleton
walking for SCI individuals, and to identify gaps in the current
knowledge base. Although much research has been devoted
for developing and refining the mechanics and kinetics of
exoskeletons, this review has highlighted focus areas in the
currently available literature that need to be addressed before
a strong conviction can be had on the health benefits of
exoskeleton use.

Knowledge Gaps Identified by This
Scoping Review
This review has revealed that SCI research is still limited in the
area of CVS benefits of longer-term exoskeleton use. Although
we found 31 studies on this topic, the implementation of a
wide range of metrics in measuring CVS health has resulted in
vastly heterogeneous studies that are difficult to compare. This
heterogeneity is prevalent in the variety of study methods utilized
within existing studies, where the amount of training sessions can
range from 1 (6) to 60 (58). Variations in the duration of training
per session, and selected time points for data collection have also
been noted (Tables 1–8). As illustrated by the case of neuropathic
pain, the longer periods of training with the exoskeletons may be
required to elicit its associated health benefits, and the floor effect
has to be considered when choosing suitable subjects for study
evaluation (84). Other variables affecting the observed results
include rest frequency and duration.

Investigations on the effects of exoskeleton use on BMD and
body composition have not received sufficient emphasis. We
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TABLE 6 | Spasticity.

References Intervention

(Exoskeleton)

No. of training

sessions

Duration of each

session (mins)

ASIA Grade (No. of

participants)

Point when

measurements were

taken

Metrics used Presence of any

controls

Bach Baunsgaard

et al. (26)

Ekso GT 24 31.5 36A+B/3C/16D (52) First and last session,

midway through

program and follow up

MAS applied to hip flexors/

extensors, knee flexors and

extensors, ankle

dorsi-flexors/ plantar flexors

No

Ekelem and Goldfarb

(85)

Indego with

functional electrical

stimulation (FES)

* * 2B (2) Before and after each

session

MAS applied bilaterally in the

hip flexors, hip extensors,

knee flexor, knee extensor,

hip adductors, hip

abductors, ankle dorsiflexor,

and ankle plantar flexor

muscles.

No

Esquenazi et al. (68) ReWalk 24 75–90 Chronic thoracic

motor-complete SCI (12)*

Before and after each

session

Patient self-reporting No

Juszczak et al. (11) Indego 26 N/A 30A/5B/10C (45) Before and after each

session

MAS applied to hip, knee

and ankle flexors

No

Patient self-reporting

Khan et al. (37) ReWalk Around 52 6A/2B/3C/1D Spinal cord Assessment Tool

for Spasticity (SCATS)

No

Kim et al. (38) Hyundai Medical

Exoskeleton

[H-MEX]

30 60 7A/1B/2C (10) Before and after training

program

MAS applied bilaterally in the

knee flexor, knee extensor,

ankle dorsiflexor, and ankle

plantar flexor muscles.

No

Kozlowski et al. (40) Ekso 20 120 3A/1B/3C (7) * Patient self-reporting No

Kressler et al. (42) Ekso 18 60 3A First and last session,

midway through training

Spinal Cord Assessment Tool

for Spastic Reflexes

No

Spinal reflex excitability was

assessed by normalising the

maximal soleus

H-reflex/M-wave

Platz et al. (69) ReWalk 28–35 60 6A/1C (7) * Resistance to Passive

Movement Scale (REPAS)

Stampacchia et al. (6) Ekso 1 40 12A/2B/7D Before and after the

session

MAS applied to hip, knee

and ankle flexors

No

Spasms quantified using

Penn Spasm Frequency

Scale (PSFS)

NRS

Zeilig et al. (51) ReWalk 13.7 50 A/B (6) After training program Satisfaction questionnaire No

*, Details not provided; VAS, visual analogue scale; MAS, Modified Ashworth Scale; NRS, numerical rating scale (0–10); *, Details not provided; ASIA LEMS, American Spinal Cord Injury Assessment lower extremity motor score; ISNCSCI

LEMS, International Standards for Neurological Classification of Spinal Cord Injury lower extremity motor score.
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TABLE 7 | Quality of life.

References Intervention

(Exoskeleton)

No. of training

sessions

Duration of each

session (mins)

ASIA Grade (No. of

participants)

Point when

measurements were

taken

Metrics used Presence of any

controls

Bach Baunsgaard

et al. (26)

Ekso GT 24 31.5 36A+B/3C/16D (52) First, last session and

follow up

International SCI BASIC Data

Sets

No

Benson et al. (27) ReWalk 10 60 7A/3C (10) Before and after training

program

ATD-PA questionnaire No

Cahill et al. (86) Ekso * * * (4) N/A Interviews No

Hartigan et al. (35) Rewalk 48 60 * (11) N/A Interviews No

Juszczak et al. (11) Indego 26 N/A 30A/5B/10C Before each session SWLS

Kim et al. (38) Hyundai Medical

Exoskeleton

[H-MEX]

30 60 7A/1B/2C (10) Before and after training

program

SF-36v2 No

Kinnett-Hopkins et al.

(87)

Mainly Ekso, Indego,

ReWalk

N/A N/A Majority incomplete (28) N/A Focus groups No

Platz et al. (69) ReWalk 28–35 60 6A/1C (7) First, last session and

follow up

SF-12v2 No

Raab et al. (71) Rewalk 120 60 1C (1) Before and after training

program

SF-36 No

Thomassen et al. (88) Ekso N/A N/A A/C (3) N/A Interviews No

Wolff et al. (89) N/A N/A N/A N/A N/A Online survey N/A

SF-12v2, Short Form survey version 2 (12 questions); SF-36v2, Short Form survey version 2 (36 questions); SWLS, Satisfactions with Life Scale; ATD-PA, Assistive Technology Device Predisposition Assessment.
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TABLE 8 | Independence and community use of exoskeletons.

References Intervention

(Exoskeleton)

No. of training

sessions

Duration of each

session (mins)

ASIA Grade (No. of

participants)

Point when

measurements were

taken

Metrics used Presence of any

controls

Bach Baunsgaard

et al. (26)

Ekso, Ekso GT 16 * 36A/B/16C (52) Before and after training

program and at 4 weeks

of follow-up

WISCI II No

Baunsgaard et al. (17) Ekso GT 24 31.5 36A+B/3C/16D (52) First, last session and

follow up

SCIM III No

Platz et al. (69) ReWalk 28–35 60 6A/1C (7) * SCIM No

Stampacchia et al. (6) Ekso 1 40 12A/2B/7D During the session SCIM II No

Tsai et al. (92) Ekso GT with

physical and

occupational

therapy

4.2 49.7 1A/1B/5C/3D Before and after training

program

FIM 2A/2B/8C/8D (20) with

physical therapy and

occupational therapy

(retrospective)

van Dijsseldonk et al.

(93)

ReWalk Personal 6.0 8weeks NA 13A/1B N/A Exoskeleton use from

software and logbook

No

Quebec User Evaluation of

satisfaction with assistive

Technology (D-QUEST)

System Usability Scale (SUS)

Xiang et al. (91) AIDER 20 30 22A/6B First and last session,

midway through training

program

Hoffer walking ability grade No

SCIM III

WISCI II

SCIM, Spinal Cord Independence Measure; FIM, Functional Independence Measure; WISCI II, Walking Index for SCI II.

F
ro
n
tie
rs

in
N
e
u
ro
lo
g
y
|
w
w
w
.fro

n
tie
rsin

.o
rg

1
7

M
a
rc
h
2
0
2
2
|
V
o
lu
m
e
1
3
|A

rtic
le
7
9
2
2
9
5

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Yip et al. Exoskeleton Rehabilitation Scoping Review

identified only three studies with a small number of patients
which have attempted to elucidate the longer-term benefits with
regard to the preservation of BMD after training (38, 63, 68). In
addition, we found only three studies investigating changes in
body mass composition (63, 74, 75). Given the promising results
suggested by the existing data, it may be worthwhile to continue
exploring on the benefits of exoskeletons in this area in the future.

The applicability of exoskeleton toward independence and
functional gain is another area which we have identified
as having significant knowledge gaps. Several studies have
attempted to utilize independence measures, and walking indices
as proxies for community acceptance of this type of technology.
Within the subtopic of the viability of exoskeleton use in
the community setting, many studies have utilized methods
relying on theoretical situations, via questionnaires, to tackle
this dilemma. Additionally, it is intuitive that on a practical
level, combining home modifications and exoskeleton use can
maximize functional gain and reduce risks. Therefore, it may be
more useful for upcoming studies to directly evaluate the use of
these devices at home, as was done by van Dijsseldonk et al. (93),
for a more accurate appreciation of exoskeleton use beyond the
controlled clinical environment.

Recommendations
In the terms of methodology, future studies may benefit from
restricting their study populations into cohorts with a narrower
range of injury severities and the neurological levels of SCI.
Although this may result in a decrease in the size of the
study cohort, this can strengthen any findings identified for
secondary complications, such as neuropathic pain, bowel, and
motor function, which vary greatly depending on the level and
severity of the SCI. Factors beyond the type of SCI should
also be controlled, as factors such as prior athleticism or
hand-eye coordination, can also have an impact on the results
demonstrated from exoskeleton training. Increased training
time with the exoskeletons may help uncover the benefits in
health parameters, such as BMD and body composition, which
may require much longer periods of exoskeleton use for the
physiological changes to become measurable. One review has
provided a recommended duration of 2 h per session, with at
least 20 sessions (19), due to the observation that increases in
gait speed are correlated with training time (95). This observation
is likely to expand beyond gait speed to other secondary
complications. Using objective outcome measures for urination,
such as urodynamic studies can improve the consistency of
study results.

When choosing outcome metrics, we recommend that
parameters selected not only need to be able to consistently reflect
changes on the development of secondary complications but
should also be widely available. For example, in the case of CVS
health, adopting PCI may be more advisable than performing gas
analysis due to varying access and constraints to resources (32,
62). Patient surveys and reporting, which were utilized by many
individual studies, are useful in identifying the impact of the
exoskeleton use on factors, such as neuropathic pain and bowel
dysfunction, and also allow researchers to evaluate the effects of
the use of exoskeleton from the end user perspective. However, it
may be more accurate to opt for more measurable metrics, such

as the amount of pain killer medication consumed, defecation
time, which can aid in making comparison across studies, since
their methodologies can be verified and replicated more reliably,
and placebo effects can be accounted for. Additionally, data
obtained from bread and butter physical tests, such as the 6-min
walking test (6MWT), can be further enhanced with the use of
accessory devices, to provide greater insight into the functional
status of the patient (98).

In this review, we have noticed significant heterogeneity in
the timepoint(s) of data collection, irrespective of the parameter,
which has made cross-trial comparisons difficult. Some studies
obtained their measurements only when the exoskeleton users
could ambulate with their exoskeletons continuously (25), while
others did not measure any results in the follow-up after the
endpoint of the study. Additionally, it will be useful for the
studies to measure the same parameters at baseline and study
endpoint, for a comparison to be made within the individual
subjects. Longer follow-up periods are needed to examine the
lasting effects or rebound of symptoms after the cessation of
exoskeleton training.

Finally, an important question to answer is the superiority
of the exoskeleton over other forms of ambulation for SCI
individuals, as done by another trial that has investigated the
effect of exoskeletons on patients with stroke (99). It is advisable
that future case-control studies compare exoskeleton use directly
with other modes of ambulation, such as gait orthoses or BWSTT,
as done by Huang et al. (66). Doing so may also allow a
comparison of cost-effectiveness of the different devices, beyond
that of secondary health benefits. One example would be a case-
control study evaluating the effect of exoskeleton training, vs.
activity-based training (ABT) (31). Although this study found
meaningful clinical change in CVS parameters as early as 6
weeks, it was also discovered that the stimulation of standing
in an ABT was also able to achieve a comparable CVS response
to exoskeleton training. This may suggest a more cost-effective
method of achieving the same CVS benefits.

LIMITATIONS

The scope of this review is only limited to overground, lower
limb, and powered robotic exoskeletons. Therefore, the criticisms
on study methods do not apply to studies conducted on
the other forms of exoskeletons, though we believe that the
recommendations made can be universally applied.

CONCLUSION

In summary, overground exoskeletons have much potential in
maintaining good health and improving the QOL in individuals
with SCI. Existing data suggest noticeable benefits across different
types of secondary health complications due to prolonged
immobilization, as well as a positive response by individual
with SCI for the potential chance to regain their previous roles
in the community. This scoping review has identified several
focus areas in the need of further investigation, such as CVS
health, BMD, body composition changes, and independence
and functional applications for exoskeletons. We have identified
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pitfalls, such as heterogeneous methodologies, disparate study
populations, and dissimilar training programs, which need to be
overcome in future studies. By improving the body of evidence
supporting the positive health benefits of exoskeleton use, health
policymakers and healthcare professions may better facilitate its
mainstream application for the healthmaintenance of individuals
with SCI (29, 46).
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