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Abstract 

Overground powered lower limb exoskeletons (EXOs) have proven to be valid devices in gait rehabilitation in indi-
viduals with spinal cord injury (SCI). Although several articles have reported the effects of EXOs in these individuals, 
the few reviews available focused on specific domains, mainly walking. The aim of this systematic review is to provide 
a general overview of the effects of commercial EXOs (i.e. not EXOs used in military and industry applications) for 
medical purposes in individuals with SCI. This systematic review was conducted following the PRISMA guidelines 
and it referred to MED-LINE, EMBASE, SCOPUS, Web of Science and Cochrane library databases. The studies included 
were Randomized Clinical Trials (RCTs) and non-RCT based on EXOs intervention on individuals with SCI. Out of 1296 
studies screened, 41 met inclusion criteria. Among all the EXO studies, the Ekso device was the most discussed, fol-
lowed by ReWalk, Indego, HAL and Rex devices. Since 14 different domains were considered, the outcome measures 
were heterogeneous. The most investigated domain was walking, followed by cardiorespiratory/metabolic responses, 
spasticity, balance, quality of life, human–robot interaction, robot data, bowel functionality, strength, daily living activ-
ity, neurophysiology, sensory function, bladder functionality and body composition/bone density domains. There 
were no reports of negative effects due to EXOs trainings and most of the significant positive effects were noted in 
the walking domain for Ekso, ReWalk, HAL and Indego devices. Ekso studies reported significant effects due to train-
ing in almost all domains, while this was not the case with the Rex device. Not a single study carried out on sensory 
functions or bladder functionality reached significance for any EXO. It is not possible to draw general conclusions 
about the effects of EXOs usage due to the lack of high-quality studies as addressed by the Downs and Black tool, 
the heterogeneity of the outcome measures, of the protocols and of the SCI epidemiological/neurological features. 
However, the strengths and weaknesses of EXOs are starting to be defined, even considering the different types of 
adverse events that EXO training brought about. EXO training showed to bring significant improvements over time, 
but whether its effectiveness is greater or less than conventional therapy or other treatments is still mostly unknown. 
High-quality RCTs are necessary to better define the pros and cons of the EXOs available today. Studies of this kind 
could help clinicians to better choose the appropriate training for individuals with SCI.
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Introduction
The incidence of Spinal Cord Injury (SCI) today is esti-
mated to be from 40 to 80 new cases per million per year 
worldwide. This means that every year, between 250 000 
and 500 000 people become spinal cord injured [1]. SCI is 
an event that, depending on the level and severity of the 
injury, has an impact on sensorimotor and autonomous 
functions.

The main goal of the rehabilitative interventions for 
individuals with SCI is regaining independence and thus 
a good quality of life (QoL) [2]. From the patient’s point 
of view, the level of the SCI could influence regaining a 
valuable QoL. In fact, considering the shared priorities 
for individuals with cervical, thoracic or lumbar lesions, 
the most important factors affecting QoL for individu-
als with paraplegia are sexual, bowel and bladder func-
tionalities, and for individuals with cervical lesion arm/
hand function recovery followed by sexual, bowel and 
bladder functionalities [3]. Regaining ambulation is also 
of high priority for individuals with SCI, regardless of the 
severity, the time after injury and the age at the time of 
injury [4]. Overall, individuals with SCI have a lower QoL 
than the general population also because of the pres-
ence of Secondary Health Conditions (SHCs). These are 
referred to physical or psychological conditions directly 
or indirectly influenced by the presence of a disability or 
underlying physical impairment [5]. Therefore SHCs due 
to SCI, such as pain [6], spasticity [4, 6], decreased range 
of motion (ROM), bowel, bladder [7] and sexual impair-
ments [8], need to be treated in the rehabilitation process 
[9].

Over the last years, overground powered lower limb 
exoskeletons (EXOs), most of which were developed 
exclusively for individuals with SCI [10], have emerged 
as practical devices for rehabilitative or substitutional 
interventions. In a rehabilitative framework, EXOs can 
be used to make multiple steps thus being task-specific 
for the recovery of walking function. Moreover, indi-
viduals using EXOs require good trunk control as well 
as strength in the upper limbs, in order to balance them-
selves with the specific devices, and to manage EXOs 
safely. In cases where rehabilitation of the ambulation is 
not the aim, the inclusion of the EXO training in the reha-
bilitation program could serve to train functions such as 
maintaining a standing position while using upper limbs, 
practice standing up and sitting down, stimulating trunk 
movements and other functional tasks that are criti-
cal components for achieving functional independence 
[10]. Previous studies investigating the benefits of both 
upright posture and mobility show that EXO usage could 
be beneficial also for bowel functionality [11], chronic 
pain, spasticity, cardiorespiratory parameters and bone 
health [12].

Currently, there are few certified over-ground lower 
limb EXOs for medical use [13]. The EXOs that were 
approved for use in the US by the Food and Drug Admin-
istration are the ReWalk™ [14] (ReWalk Robotics, Inc., 
Marlborough, MA, USA), the Ekso™ [15] (Ekso Bion-
ics, Richmond, CA, USA), and the Indego™ [16] (Parker 
Hannifin Corp., Cleveland, OH, USA) devices. The use of 
ReWalk™ and Indego™ systems was also approved in the 
European Union (EU). The use of systems by ReWalk™ 
and Indego™ has been approved in the community and 
institutional field, while the use of the Ekso™ device has 
been approved in the medical field, as long as there is 
a trained medical supervisor. Furthermore, the other 
EXOs for medical use approved for CE marketing in the 
EU are Hybrid Assistive Limb—HAL™ [17] (Cyberdine, 
Tsukuba, Japan) and Rex™ [18] (Rex Bionics Ltd., Auk-
land, New Zealand). All these EXOs are class II medical 
devices, each one having specific inclusion and exclusion 
criteria as well as having been tested in different settings 
[13].

The EXOs usage and the benefits brought about by it 
are mostly supported by single-intervention trials with 
few participants or single case reports. Therefore, it is 
not possible, to date, to have a clear scientific evidence 
about the full range of the possible pros and cons, con-
sidering also detriments and adverse effects, due to EXOs 
usage [10]. Furthermore, it has not yet been established if 
there are domains whit no benefits brought by the EXO 
training compared to conventional therapy. To date, the 
available reviews that aimed at shedding light on this 
topic are few or do not include all commercial EXOs [19, 
20]. In addition, these reviews are mainly focused on the 
mechanical design, the actuation system and the inte-
grated control strategies [21–23] of the EXOs, and on 
specific issues, such as the effects when using EXOs on 
walking and endurance [24–27]. Only two reviews, focus-
ing mainly on Ekso, ReWalk and Indego EXOs, addressed 
the beneficial trends of using EXOs on spasticity, pain or 
bowel movements regularity [11, 28].

To date there are no systematic reviews collecting 
the available data on purported functional and health 
benefits or detriments deriving from the use of EXOs. 
These not only include walking, but also the SHCs and 
the impact on the Activities of Daily Living (ADL) or 
in the QoL. The aim of this systematic review is to pro-
vide a clear picture of the existing literature on EXOs’ by 
exploring the current state of the art of the overground 
lower limb EXOs and its effects on walking and on SHCs 
in individuals with SCI. It was conducted in light of the 
high level of interest for these emerging technological 
devices, as well as the potential impact on rehabilitation 
practices and outcomes. EXOs used in the military and 
industry fields were not targeted in this review, nor were 
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the studies that aimed at addressing the effects of other 
robotic-assisted gait training for individuals with SCI. 
To date, the review [29], meta-analysis [30] and clinical 
practice guideline [31] studies on the effects of robotic-
assisted gait training, different from overground EXOs 
(e.g. body weight supported EXO on treadmill, end 
effector devices, etc.…) in the framework of SCI reha-
bilitation, are available. These devices allow individuals to 
train ambulation in a fixed and confined area with body-
weight support components to facilitate standing [32]. 
On the contrary, overground EXOs allow individuals to 
walk exploring the environment, although they require 
higher balance control and upper limb aids to maintain 
balance or to control steps initiation [33]. One single 
review [34], that focused on the effects due to different 
robotic-assisted gait trainings, highlighted that compari-
son across devices is difficult due to lack of overground 
EXO RCTs and to differences across the studies (e.g. neu-
rological and epidemiological features, training protocols 
and outcome measures).

Methods
This systematic review was performed in accordance 
with the PRISMA (Preferred Reporting Items for System-
atic Reviews and Meta-Analyses) statement [35].

Search strategy and eligibility criteria
The following databases were scanned starting with-
out time limits until December  24th, 2020. Studies were 
selected by searching on MED-LINE, Embase, Scopus, 
Web of Science and Cochrane Library (Cochrane Central 
Register of Controlled Trials). Keyword terms (“spinal 
cord diseas*”, “spinal cord injur*”, “robotics”, “exoskel-
eton”), were combined by using Boolean Operators to 
search each database. Medical Subject Headings terms 
(“Spinal Cord Diseases”, “Spinal cord injury”, “Robotics”, 
“Exoskeleton Device”) were used to search PubMed and 
the Cochrane Library. English language and human stud-
ies were used as restrictions. In addition, hand searches 
of reference lists from retrieved articles as well as from 
previously published reviews or meta-analysis, were 
completed.

Full reports of randomized clinical trials (RCTs) of 
parallel-group or cross-over design and non-randomized 
clinical trials (n-RCTs) such as cohort studies, case–con-
trol, case series and pilot studies based on Ekso, ReWalk, 
Indego, Rex and HAL were included. In case of EXO 
hybrid application (e.g. functional electrical stimulation, 
transcranial magnetic stimulation, transcranial direct 
current stimulation, etc., …) corresponding records 
were excluded. Records were included if at least one ses-
sion with EXO was performed. In case of EXO training 
records were included regardless of comparison with 

conventional physical therapy (CPT) or not. Records 
based on individuals with SCI over 18 years old, regard-
less of traumatic or non-traumatic lesion, time since 
injury (TSI), lesion level, Asia Impairment Scale (AIS) 
score and sex were selected. Trials that involved people 
affected by SCI and other neurological conditions (e.g. 
stroke, multiple sclerosis) were included if at least 50% of 
participants were affected by a SCI.

Study selection and data collection process
Duplicate records were identified and removed using the 
EndNOTE software. Study eligibility assessment and the 
data extraction process were carried out by two inde-
pendent co-authors (SF and ML). In case of any disa-
greement, the opinion of a third author (FT) was used to 
reach accordance. The first selection of studies was ini-
tially conducted based on the title and abstract and after-
wards full-text articles were examined.

The summary of results was reported following the 
PRISMA statement [35]. Two authors (ML and FT) 
independently extracted the following relevant features 
of the included studies using a predefined data extrac-
tion form: authors; title; year of publication; individuals 
features (number of participants, sex, age, lesion level, 
AIS score, TSI, number and reasons of drop-out); exclu-
sion criteria; intervention (EXO, session/treatment dura-
tion, frequency, comparison with other rehabilitative 
approaches); Evaluations: timeline, outcome measures, 
presence/absence of follow-up; summary of results.

Research design, level of evidence and methodological 
quality were determined for each included study. Study 
design was determined according to the Level of Evi-
dence for therapeutic studies following Burns et al. [36]. 
Scores are detailed in Table  1. Methodological quality 
score was calculated according to the recognized Downs 

Table 1 Five levels of evidence for therapeutic studies (from the 
Centre for Evidence-Based Medicine, http:// www. cebm. net)

Level type of evidence

1A: Systematic review (with homogeneity) of RCTs

1B: Individual RCT (with narrow confidence intervals)

1C: All or none study

2A: Systematic review (with homogeneity) of cohort studies

2B: Individual Cohort study (including low quality RCT, e.g., < 80% follow-
up)

2C: “Outcomes” research; Ecological studies

3A: Systematic review (with homogeneity) of case–control studies

3B: Individual Case–control study

4: Case series and poor-quality cohort and case–control study

5: Expert opinion without explicit critical appraisal or based on physiol-
ogy bench research or “first principles”

http://www.cebm.net
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and Black (D&B) tool [37] which is organized in different 
subsections: Reporting, External Validity, Internal Valid-
ity (bias) and Internal Validity (confounding). Total score 
ranges from 0 to 28, with a higher score indicating higher 
methodological quality [38]. According to Singh et  al. 
[39] D&B scores below 11 points indicates “poor” quality; 
11–19 points reflects “moderate” quality and > 19 points 
is considered “good” quality. All included studies were 
assessed per the D&B tool for methodological quality by 
two independent raters (FT and ML) that reviewed each 
article and determined the quality score. Scoring discrep-
ancies were resolved through discussion.

Results
Identification of studies
A total of 2184 articles were identified from all the con-
sidered databases: PubMed (n = 623), Scopus (n = 651), 
Embase (n = 56), Web of Science (n = 698), Cochrane 
Library (n = 156), and also 4 articles from other sources 
were included as additional records. Among these, 888 
publications were excluded because they were duplicates. 
Titles and abstracts were screened for the remaining 
1296 articles, 1219 records were excluded because they 
didn’t satisfy the inclusion criteria (details about reasons 
for exclusion are reported in Fig. 1). A total of 77 articles 
were identified as potentially relevant studies, 36 articles 
were excluded after the full-text review and 41 articles 
were included. See Fig. 1 for PRISMA flow diagram of the 
study selection process.

Levels of evidence and methodological quality
The levels of evidence and the D&B scores for the evalua-
tion of methodological quality are reported in alphabeti-
cal order in Table 2. The study design was different across 
studies and the articles classified with the following evi-
dence levels (see Table  1): 2B (n = 28), 3B (n = 7) and 4 
(n = 6). As for methodological quality, the only RCT 
study [40] included was scored as “moderate” (18/28). For 
n-RCTs (n = 40) the average total score was 10.32 (± 2.73) 
out of 28, reflecting “poor” or “moderate” quality. The 
subsection analysis indicates that the lowest scores were 
found in Internal validity: the lack of randomization and 
blinding procedures were the most common issues that 
caused selection bias. It is worth noting that none of the 
studies was able to detect significant effects.

Participants
A total of 580 participants were included. Two studies 
[41, 42] discussed the effects on the same population, 
therefore, after removing duplicates, a total sample of 
566 participants (M = 411, F = 143 and one study didn’t 
describe participants’ sex [43]) was analyzed. The average 
age of participants was 43.58 years ± 7.84. Specifically, 

the recruited population included 25 able-bodied sub-
jects (ABs), 348 motor complete injuries (AIS A and B) 
and 170 motor incomplete injuries (AIS C and D). Two 
studies [43, 44] did not specify AIS level. Details about 
number of individuals with SCI with cervical, thoracic 
or lumbar lesions grouped according to AIS level are 
reported in Fig. 2. Participants were in subacute (i.e. less 
than six months after SCI) (N = 115) or in chronic stages 
(N = 325), and 4 studies [45–48] did not specify the TSI 
(N = 101). None of the 41 included studies, enrolled indi-
viduals with diseases other than SCI. Participants’ data is 
reported in Table 3. Exclusion criteria of individuals with 
SCI are reported in “Additional file 1”.

275 participants were enrolled for Ekso studies, 98 
in subacute phase, 153 in a chronic stage and 16 were 
ABs. For the remaining 8 Ekso participants TSI was not 
defined. Regarding ReWalk, 9 ABs and 147 individuals 
with chronic SCI were recruited. For Indego 98 individu-
als were recruited, only for 5 individuals the TSI was indi-
cated (i.e. chronic SCI). The 2 studies conducted using 
HAL analyzed 17 individuals with subacute SCI, while 
the single Rex study was conducted on 20 individuals 
with chronic SCI. The number of participants in the dif-
ferent studies was variable ranging from N = 2 to N = 52. 
For details, see Fig. 3.

A total of 30 drop-outs was registered, of which 12 
were males, 2 were females, and the sex of the remain-
ing was not specified. The reasons for drop-outs were: 
residence location (N = 4), adverse events with ankle 
swelling (N = 3), fractures of foot bone (N = 2), recurrent 
skin breakdowns (N = 2), participants disliked using the 
device (N = 2), concurrent medical conditions (N = 2), 
didn’t complete training program (N = 4), other motiva-
tions (N = 5), and no reasons specified (N = 3).

For the 41 studies included, 13 studies reported dif-
ferent adverse events during training with Ekso (N = 5), 
ReWalk (N = 5), Indego (N = 2) and HAL (N = 1) devices. 
The most frequent adverse events were skin lesions, 
while the less frequent ones were the presence of extreme 
fatigue, falls, bone fractures or muscle strain. Details 
about the adverse events are reported in Table 4. Eleven 
studies stated that no adverse events occurred during 
training while the remaining 17 studies did not address 
the presence or absence of such.

Intervention
Ekso device effects were analyzed in 20 studies [40–42, 
48–64], ReWalk ones in 14 studies [12, 43, 44, 65–75], 
Indego ones in 4 [45–47, 76], HAL and Rex devices 
respectively were analyzed in 2 [77, 78] and 1 studies [79]. 
Ekso studies were conducted on individuals with suba-
cute (N = 2 [49, 53]) and chronic (N = 12 [40–42, 50, 51, 
54–60]) lesions. In 5 studies a population with mixed TSI 
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(subacute and chronic SCI) was recruited [52, 61–64]. In 
the remaining 1 study [48] TSI was not specified. The 14 
ReWalk studies involved only individuals with chronic 
SCI [12, 43, 44, 65–75]. Indego device effects were ana-
lyzed in 4 studies [45–47, 76], that enrolled individu-
als with chronic lesion (N = 1) [76], mixed TSI (N = 1) 
[46]; while 2 [45, 47] studies did not specify the TSI. The 

2 HAL studies focused exclusively on individuals with 
subacute SCI [77, 78], while the single Rex study assessed 
only individuals with chronic TSI [79].

EXOs training protocols concerning number of ses-
sions, frequency and duration are reported in Table  3. 
The average total number of sessions across the studies 
ranged from 1 to 55. As for session frequency, 42% of 

Fig. 1 PRISMA flow diagram of the study selection process
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Table 2 Evidence Level and Downs and Black Tool sub-sections and total scores reported for each study

Study Title Evidence 
Level

Downs and Black Tool

Subsections Total Score

Reporting External 
Validity

Internal 
Validity: 
Bias

Internal 
Validity: 
Confounding

Power

1 Chang et al. 2018 Exoskeleton-assisted gait 
training to improve gait 
in individuals with spinal 
cord injury: A pilot rand-
omized study

2B 7 2 5 4 0 18
(Moderate)

2 Tsai et al. 2020 Exoskeletal-Assisted Walk-
ing During Acute Inpa-
tient Rehabilitation Leads 
to Motor and Functional 
Improvement in Persons 
With Spinal Cord Injury: A 
Pilot Study

3B 10 0 3 2 0 15
(Moderate)

3 Asselin et al. 2015 Heart Rate and Oxygen 
demand of Powered 
Exoskeleton-Assisted 
Walking in person with 
paraplegia

2B 8 3 3 0 0 14
(Moderate)

4 Gagnon et al. 2018 (A) Locomotor training using 
an overground robotic 
exoskeleton in long-term 
manual wheelchair users 
with a chronic spinal cord 
injury living in the com-
munity: Lessons learned 
from a feasibility study 
in terms of recruitment, 
attendance, learnability, 
performance and safety

2B 8 3 3 0 0 14
(Moderate)

5 Khan et al. 2019 Retraining walking over 
ground in a powered 
exoskeleton after spinal 
cord injury: a prospective 
cohort study to examine 
functional gains and 
neuroplasticity

2B 9 1 3 1 0 14
(Moderate)

6 Platz et al. 2016 Device-Training for 
Individuals with Thoracic 
and Lumbar Spinal Cord 
Injury Using a Powered 
Exoskeleton for Techni-
cally Assisted Mobility: 
Achievements and User 
Satisfaction

2B 8 3 3 0 0 14
(Moderate)

7 Baunsgaard et al. 2018 (A) Gait training after spinal 
cord injury: safety, feasibil-
ity and gait function fol-
lowing 8 weeks of training 
with the exoskeletons 
from Ekso Bionics

2B 8 1 3 1 0 13
(Moderate)

8 Baunsgaard et al. 2018 (B) Exoskeleton gait training 
after spinal cord injury: An 
exploratory study on sec-
ondary health conditions

2B 8 1 3 1 0 13
(Moderate)

9 van Dijsseldonk et al. 2019 Predictors of exoskeleton 
motor learning in spinal 
cord injured patients

2B 7 2 3 1 0 13
(Moderate)



Page 7 of 56Tamburella et al. Journal of NeuroEngineering and Rehabilitation           (2022) 19:27  

Table 2 (continued)

Study Title Evidence 
Level

Downs and Black Tool

Subsections Total Score

Reporting External 
Validity

Internal 
Validity: 
Bias

Internal 
Validity: 
Confounding

Power

10 Chun et al. 2020 Changes in Bowel Func-
tion Following Exoskel-
etal-Assisted Walking in 
Persons with Spinal Cord 
Injury: An Observational 
Pilot Study

2B 7 3 2 0 0 12
(Moderate)

11 Tefertiller et al. 2018 Initial Outcomes from a 
Multicenter Study Utiliz-
ing the Indego Powered 
Exoskeleton in Spinal Cord 
Injury

2B 8 1 3 0 0 12
(Moderate)

12 Yang et al. 2015 Assessment of In-Hospital 
Walking Velocity and Level 
of Assistance in a Powered 
Exoskeleton in Persons 
with Spinal Cord Injury

2B 8 1 3 0 0 12
(Moderate)

13 Yatsugi et al. 2018 Feasibility of Neuroreha-
bilitation Using a Hybrid 
Assistive Limb for Patients 
Who Underwent Spine 
Surgery

2B 7 2 3 0 0 12
(Moderate)

14 Benson et al. 2016 Lower-limb exoskeletons 
for individuals with 
chronic spinal cord injury: 
Findings from a feasibility 
study

2B 6 3 2 0 0 11
(Moderate)

15 Escalona et al. 2018 Cardiorespiratory demand 
and rate of perceived 
exertion during over-
ground walking with a 
robotic exoskeleton in 
long-term manual wheel-
chair users with chronic 
spinal cord injury: A cross-
sectional study

2B 7 1 3 0 0 11
(Moderate)

16 Fineberg et al. 2013 Vertical ground reaction 
force-based analysis of 
powered exoskeleton-
assisted walking in 
persons with motor-
complete paraplegia

2B 7 1 3 0 0 11
(Moderate)

17 Guanziroli et al. 2019 Assistive powered 
exoskeleton for complete 
spinal cord injury: correla-
tions between walking 
ability and exoskeleton 
control

3B 7 1 3 0 0 11
(Moderate)

18 Kubota et al. 2019 Hybrid assistive limb (HAL) 
treatment for patients 
with severe thoracic 
myelopathy due to ossi-
fication of the posterior 
longitudinal ligament 
(OPLL) in the postop-
erative acute/subacute 
phase: A clinical trial

2B 8 0 3 0 11
(Moderate)
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Table 2 (continued)

Study Title Evidence 
Level

Downs and Black Tool

Subsections Total Score

Reporting External 
Validity

Internal 
Validity: 
Bias

Internal 
Validity: 
Confounding

Power

19 Sale et al. 2016 (A) Effects on mobility train-
ing and de-adaptations in 
subjects with Spinal Cord 
Injury due to a Wearable 
Robot: A preliminary 
report

4 8 0 3 0 0 11
(Moderate)

20 Stampacchia et al. 2016 Walking with a powered 
robotic exoskeleton: 
Subjective experience, 
spasticity and pain in spi-
nal cord injured persons

2B 7 1 3 0 0 11
(Moderate)

21 Zeilig et al. 2012 Safety and tolerance of 
the ReWalkTM exoskel-
eton suit for ambulation 
by people with complete 
spinal cord injury: A pilot 
study

4 7 1 3 0 0 11
(Moderate)

22 Alamro et al. 2018 Overground walking with 
a robotic exoskeleton elic-
its trunk muscle activity in 
people with high-thoracic 
motor-complete spinal 
cord injury

3B 7 0 3 0 0 10
(Poor)

23 Esquenazi et al. 2012 The ReWalk Powered 
Exoskeleton to Restore 
Ambulatory Function to 
Individuals with Thoracic-
Level Motor-Complete 
Spinal Cord Injury

2B 7 0 2 1 0 10
(Poor)

24 Juszczak et al. 2018 Examining the Effects of 
a Powered Exoskeleton 
on Quality of Life and 
Secondary Impairments in 
People Living With Spinal 
Cord Injury

2B 6 1 3 0 0 10
(Poor)

25 Karelis et al. 2017 Effect on body composi-
tion and bone mineral 
density of walking with 
a robotic exoskeleton in 
adults with chronic spinal 
cord injury

2B 7 0 3 0 0 10
(Poor)

26 Kozlowski et al. 2015 Time and effort required 
by persons with spinal 
cord injury to learn to use 
a powered exoskeleton for 
assisted walking

2B 7 1 2 0 0 10
(Poor)

27 McIntosh et al. 2020 The Safety and Feasibility 
of Exoskeletal-Assisted 
Walking in Acute Reha-
bilitation After Spinal Cord 
Injury

4 6 1 3 0 0 10
(Poor)

28 Ramanujam et al. 2018 (A) Neuromechanical adapta-
tions during a robotic 
powered exoskeleton 
assisted walking session

3B 7 0 3 0 0 10
(Poor)
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Table 2 (continued)

Study Title Evidence 
Level

Downs and Black Tool

Subsections Total Score

Reporting External 
Validity

Internal 
Validity: 
Bias

Internal 
Validity: 
Confounding

Power

29 Sale et al. 2018 (B) Training for mobility with 
exoskeleton robot in 
spinal cord injury patients: 
a pilot study

2B 7 0 3 0 0 10
(Poor)

30 Birch et al. 2017 Results of the first interim 
analysis of the RAPPER II 
trial in patients with spinal 
cord injury: ambulation 
and functional exercise 
programs in the REX 
powered walking aid

2B 7 1 1 0 0 9
(Poor)

31 Evans et al. 2015 Acute Cardiorespiratory 
and Metabolic Responses 
During Exoskeleton-
Assisted Walking Over-
ground Among Persons 
with Chronic Spinal Cord 
Injury

2B 6 0 3 0 0 9
(Poor)

32 Gagnon et al. 2019 (B) Satisfaction and percep-
tions of long-term manual 
wheelchair users with a 
spinal cord injury upon 
completion of a locomo-
tor training program with 
an overground robotic 
exoskeleton

2B 6 0 3 0 0 9
(Poor)

33 Hartigan et al. 2015 Mobility outcomes 
following five training 
sessions with a powered 
exoskeleton

2B 6 1 2 0 0 9
(Poor)

34 Lonini et al. 2016 Accelerometry-enabled 
measurement of walking 
performance with a 
robotic exoskeleton: a 
pilot study

3B 5 1 3 0 0 9
(Poor)

35 Ramanujam et al. 2018 (B) Mechanisms for improv-
ing walking speed after 
longitudinal powered 
robotic exoskeleton train-
ing for individuals with 
spinal cord injury

3B 6 0 3 0 0 9
(Poor)

36 Kressler et al. 2014 (A) Understanding therapeu-
tic benefits of overground 
bionic ambulation: 
exploratory case series 
in persons with chronic, 
complete spinal cord 
injury

4 6 0 2 0 0 8
(Poor)

37 Kolakowsky-Hayner et al. 
2013

Safety and Feasibility 
of using the EksoTM 
Bionic Exoskeleton to Aid 
Ambulation after Spinal 
Cord Injury

2B 5 1 1 0 7
(Poor)
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the studies included performed 3 sessions per week (see 
Fig. 3).

Comparison
Group comparison was present in 6 studies [52, 61, 65, 
69, 72] and was extremely heterogeneous (see Table 3). 

Only for Ekso studies was available the comparison 
between EXO trainings vs other interventions: Ekso 
training vs CPT [40] in individuals with chronic SCI 
and Ekso training plus CPT vs CPT alone [53] in indi-
viduals with subacute SCI. Two more studies focus-
ing on Ekso [59] and Indego [76] devices compared 

Table 2 (continued)

Study Title Evidence 
Level

Downs and Black Tool

Subsections Total Score

Reporting External 
Validity

Internal 
Validity: 
Bias

Internal 
Validity: 
Confounding

Power

38 Kressler et al. 2019 (B) Cardiometabolic Chal-
lenges Provided by Vari-
able Assisted Exoskeletal 
Versus Overground Walk-
ing in Chronic Motor-
incomplete Paraplegia: A 
Case Series

4 5 0 2 0 0 7
(Poor)

39 Manns et al. 2019 Perspectives of people 
with spinal cord injury 
learning to walk using a 
powered exoskeleton

2B 5 0 1 0 0 6
(Poor)

40 Talaty et al. 2013 Differentiating ability in 
users of the ReWalk(TM) 
powered exoskeleton: 
an analysis of walking 
kinematics

3B 3 0 0 0 0 3
(Poor)

41 Cahill et al. 2018 Gym-based exoskeleton 
walking: A preliminary 
exploration of non-
ambulatory end-user 
perspectives

4 2 0 0 0 0 2
(Poor)

Fig. 2 Number of individuals with SCI enrolled according to the lesion level (cervical, thoracic or lumbar SCI) across the 41 included studies. 
Ekso device: green columns; ReWalk device: blue columns; Indego device: red columns; HAL device: black columns; Rex device: orange columns. 
Individuals are grouped into AIS A plus AIS B group (left frame) and AIS C plus AIS D group (right frame)



Page 11 of 56Tamburella et al. Journal of NeuroEngineering and Rehabilitation           (2022) 19:27  

Ta
bl

e 
3 

Pa
rt

ic
ip

an
ts

 a
nd

 in
te

rv
en

tio
n 

da
ta

 c
la

ss
ifi

ed
 a

cc
or

di
ng

 to
 E

XO
s 

an
d 

tim
e 

si
nc

e 
in

ju
ry

St
ud

y 
(D

&
B 

to
ta

l 
sc

or
e)

N
um

be
r o

f 
pa

rt
ic

ip
an

ts
 (S

ex
)

In
di

vi
du

al
s 

fe
at

ur
es

Ex
os

ke
le

to
n 

In
te

rv
en

tio
n

Co
m

pa
ri

so
n 

In
te

rv
en

tio
n

Ev
al

ua
tio

ns
Fo

llo
w

-u
p

D
ro

p 
ou

t

Ex
os

ke
le

to
n:

 E
ks

o

Su
ba

cu
te

n-
RC

T 
Ts

ai
 e

t a
l. 

20
20

(1
5)

30 (2
4 

M
, 6

F)
LO

I: 
C

-T
-L

A
IS

 A
(3

), 
B(

3)
, C

(1
3)

, 
D

(1
1)

A
ge

: m
ea

n 
46

.8
 y

ea
rs

 
(in

te
rv

en
tio

n 
gr

ou
p)

, 
m

ea
n 

52
 y

ea
rs

 (c
on

-
tr

ol
 g

ro
up

)
TS

I: 
m

ea
n 

21
.3

 d
ay

s 
(in

te
rv

en
tio

n 
gr

ou
p)

, 
m

ea
n 

17
.4

 d
ay

s 
(c

on
tr

ol
 g

ro
up

)

Pa
rt

 o
f m

in
im

um
 

15
 h

 o
f C

PT
 x

 w
ee

k
C

PT
Ea

ch
 s

es
si

on
: u

p 
tim

e,
 w

al
k 

tim
e,

 
st

ep
s 

(re
po

rt
ed

 
as

 m
ea

n 
ac

ro
ss

 a
ll 

tr
ai

ni
ng

 s
es

si
on

s)
Pr

e 
an

d 
Po

st
 tr

ai
n-

in
g:

 U
EM

S,
 L

EM
S,

 
FI

M

N
P

N
R

M
cI

nt
os

h 
et

 a
l. 

20
20

(1
0)

11 (8
 M

, 3
F)

LO
I: 

C
6-

L2
A

IS
 A

(5
), 

C
(5

), 
D

(1
)

A
ge

: m
ea

n 
41

 y
ea

rs
TS

I: 
3–

15
 w

ee
ks

1 
h 
×

 3
 d

ay
s/

w
ee

k ×
 2

5 
se

ss
io

ns
 

(in
 a

ss
oc

ia
to

n 
w

ith
 

C
PT

)

N
O

Ea
ch

 s
es

si
on

: u
p 

tim
e,

 w
al

k 
tim

e,
 

st
ep

s 
nu

m
be

r;
Pr

e 
an

d 
Po

st
 e

ac
h 

se
ss

io
n:

 V
A

S_
p;

 
Si

tt
in

g 
vs

 s
ta

nd
in

g 
vs

 p
rio

r t
o 

si
tt

in
g:

 
BP

, H
R;

Si
tt

in
g,

 s
es

si
on

 m
id

-
tim

e,
 p

rio
r t

o 
re

si
t-

tin
g:

 B
RP

E 
(1

–1
0)

; 
Se

ss
io

ns
 2

, 1
3,

 2
5:

 
6M

W
T,

 1
0M

W
T

N
P

1

C
hr

on
ic

RC
T 

C
ha

ng
 e

t a
l. 

20
18

(1
8)

7 (5
 M

, 2
F)

LO
I: 

C
4-

T1
2

A
IS

 C
(2

), 
D

(5
)

A
ge

: m
ea

n 
56

 y
ea

rs
 

in
te

rv
en

tio
n 

gr
ou

p)
, 

m
ea

n 
60

 y
ea

rs
 (c

on
-

tr
ol

 g
ro

up
)

TS
I: 

15
 y

ea
rs

 (i
nt

er
-

ve
nt

io
n 

gr
ou

p)
, 7

 
ye

ar
s 

(c
on

tr
ol

 g
ro

up
)

1 
h 
×

 5
 d

ay
s/

w
ee

k ×
 3

 w
ee

ks
C

PT
Pr

e 
an

d 
Po

st
 

tr
ai

ni
ng

: s
tr

id
e 

le
ng

th
, s

te
p 

le
ng

th
, 

ca
de

nc
e,

 6
M

W
T,

 
10

M
W

T,
 L

EM
S,

 T
U

G
 

N
P

2

n-
RC

T 
G

ag
no

n 
et

 a
l. 

20
18

 
(A

)
(1

4)

14 (9
 M

, 5
F)

LO
I: 

C
6-

T1
0

A
IS

 A
(1

4)
A

ge
: m

ea
n 

38
.7

 y
ea

rs
TS

I: 
m

ea
n 

7.
4 

ye
ar

s

1 
h 
×

 3
 d

ay
s/

w
ee

k ×
 1

8 
se

ss
io

ns
N

O
Ea

ch
 s

es
si

on
: u

p 
tim

e,
 w

al
k 

tim
e,

 
st

ep
s 

nu
m

be
r, 

le
ve

l o
f a

ss
is

ta
nc

e 
pr

ov
id

ed
 b

y 
tr

ai
ne

d 
as

si
st

an
t d

ur
in

g 
w

al
ki

ng
Pr

e 
an

d 
Po

st
 tr

ai
n-

in
g:

 1
0M

W
T

N
P

1



Page 12 of 56Tamburella et al. Journal of NeuroEngineering and Rehabilitation           (2022) 19:27 

Ta
bl

e 
3 

(c
on

tin
ue

d)

St
ud

y 
(D

&
B 

to
ta

l 
sc

or
e)

N
um

be
r o

f 
pa

rt
ic

ip
an

ts
 (S

ex
)

In
di

vi
du

al
s 

fe
at

ur
es

Ex
os

ke
le

to
n 

In
te

rv
en

tio
n

Co
m

pa
ri

so
n 

In
te

rv
en

tio
n

Ev
al

ua
tio

ns
Fo

llo
w

-u
p

D
ro

p 
ou

t

Es
ca

lo
na

 e
t a

l. 
20

18
(1

1)
13 (8

 M
, 5

F)
LO

I: 
C

6-
T1

0
A

IS
 A

(1
3)

A
ge

: m
ea

n 
38

.1
 y

ea
rs

TS
I: 

m
ea

n 
5.

1 
ye

ar
s

2–
3 

da
ys

/w
ee

k ×
 1

8 
se

ss
io

ns
N

O
Si

ng
le

 e
va

lu
at

io
n 

at
 la

st
 s

es
si

on
 w

hi
le

 
si

tt
in

g,
 s

ta
nd

in
g,

 
w

al
ki

ng
: V

O
2,

 V
CO

2,
 

VE
, V

T,
 R

ER
, R

R,
 H

R
Si

ng
le

 e
va

lu
at

io
n 

at
 la

st
 s

es
si

on
 a

ft
er

 
w

al
ki

ng
: B

RP
E 

(1
–1

0)

N
P

0

Sa
le

 e
t a

l. 
20

16
 (A

)
(1

1)
3 (2

 M
, 1

F)
LO

I: T
6-

L1
A

IS
 A

(2
), 

C
(1

)
A

ge
: m

ea
n 

36
 y

ea
rs

TS
I: 

C
hr

on
ic

s

50
 m

in
 ×

 3
–4

 d
ay

s/
w

ee
k ×

 2
0 

se
ss

io
ns

N
O

Pr
e 

an
d 

Po
st

 
tr

ai
ni

ng
: v

el
oc

-
ity

, c
ad

en
ce

, s
te

p 
w

id
th

, s
te

p 
le

ng
th

, 
st

an
ce

 ti
m

e,
 d

ou
bl

e 
su

pp
or

t t
im

e,
 S

at
-

is
fa

ct
io

n 
Q

ue
st

io
n-

na
ire

, 6
M

W
T 

in
do

or
, 

6M
W

T 
ou

td
oo

r, 
10

M
W

T,
 T

U
G

, 
VA

S_
p,

 V
A

S 
fa

tig
ue

, 
BR

PE
(1

–1
0)

N
P

0

A
la

m
ro

 e
t a

l. 
20

18
(1

0)
16

 (8
 A

Bs
, 8

 S
C

I)
(1

1 
M

, 5
F)

LO
I: 

C
7-

T4
A

IS
 A

(6
), 

B(
2)

A
ge

: m
ea

n 
38

.7
 y

ea
rs

TS
I: 

1–
25

 y
ea

rs

1 
se

ss
io

n:
 3

 w
al

ki
ng

 
co

nd
iti

on
s

Ek
so

-O
G

, E
ks

o 
on

 tr
ea

dm
ill

 a
nd

 
Lo

ko
m

at

Si
ng

le
 e

va
lu

a-
tio

n:
 tr

un
k 

m
us

cl
e 

ac
tiv

at
io

n,
 tr

un
k 

ac
ce

le
ra

tio
n

N
P

0



Page 13 of 56Tamburella et al. Journal of NeuroEngineering and Rehabilitation           (2022) 19:27  

Ta
bl

e 
3 

(c
on

tin
ue

d)

St
ud

y 
(D

&
B 

to
ta

l 
sc

or
e)

N
um

be
r o

f 
pa

rt
ic

ip
an

ts
 (S

ex
)

In
di

vi
du

al
s 

fe
at

ur
es

Ex
os

ke
le

to
n 

In
te

rv
en

tio
n

Co
m

pa
ri

so
n 

In
te

rv
en

tio
n

Ev
al

ua
tio

ns
Fo

llo
w

-u
p

D
ro

p 
ou

t

Ka
re

lis
 e

t a
l. 

20
17

(1
0)

5 (4
 M

, 1
F)

LO
I: 

C
7-

T1
0

A
IS

 A
(5

)
A

ge
: m

ea
n 

60
.4

 y
ea

rs
TS

I: 
m

ea
n 

7.
6 

ye
ar

s

1 
h 
×

 3
 d

ay
s/

w
ee

k ×
 6

 w
ee

ks
N

O
Pr

e 
an

d 
Po

st
 tr

ai
n-

in
g:

 B
od

y 
W

ei
gh

t, 
BM

I, T
ot

al
 le

an
 b

od
y 

m
as

s, 
A

rm
 le

an
 b

od
y 

m
as

s, 
Le

g 
le

an
 b

od
y 

m
as

s, 
A

pp
en

di
cu

la
r 

le
an

 b
od

y 
m

as
s, 

Tr
un

k 
le

an
 b

od
y 

m
as

s, 
To

ta
l f

at
 m

as
s, 

A
rm

 fa
t m

as
s, 

Le
g 

fa
t 

m
as

s, 
A

pp
en

di
cu

la
r 

fa
t m

as
s, 

Tr
un

k 
fa

t 
m

as
s, 

To
ta

l b
on

e 
m

in
er

al
 d

en
si

ty
, 

Le
g 

bo
ne

 m
in

er
al

 
de

ns
ity

, T
ib

ia
 B

on
e 

m
in

er
al

 d
en

si
ty

, 
C

ro
ss

-s
ec

tio
na

l a
re

a 
of

 th
e 

ca
lf 

M
us

cl
e,

Su
bc

ut
an

eo
us

 
ad

ip
os

e 
tis

su
e,

 In
tr

a-
m

us
cu

la
r a

di
po

se
 

tis
su

e

N
P

0

Ra
m

an
uj

am
 e

t a
l. 

20
18

 (A
)

(1
0)

8 
(4

 A
bs

, 4
 S

C
I)

(6
 M

, 2
F)

LO
I: 

C
5-

T1
0

A
IS

 A
(2

), 
C

(2
)

A
ge

: m
ea

n 
41

.7
5 

ye
ar

s 
(in

di
vi

du
al

s 
w

ith
 S

C
I) 

27
.2

5 
ye

ar
s 

(A
Bs

)
TS

I: 
0.

5–
9.

5 
ye

ar
s

1 
se

ss
io

n
A

B:
 w

al
ki

ng
 w

ith
ou

t 
Ek

so
 a

t s
el

f-s
el

ec
te

d,
 

fa
st

 a
nd

 s
lo

w
 s

pe
ed

s 
an

d 
w

ith
 E

ks
o 

in
 "P

as
si

ve
" a

nd
 

"A
ct

iv
e"

 c
on

di
tio

ns

Si
ng

le
 e

va
lu

at
io

n:
 

w
al

ki
ng

 v
el

oc
ity

, 
st

an
ce

 ti
m

e,
 s

w
in

g 
tim

e,
 m

ea
n 

kn
ee

 
an

d 
hi

p 
RO

M
, E

M
G

 
lo

w
er

 li
m

bs

N
P

N
R

G
ag

no
n 

et
 a

l. 
20

18
 

(B
)

(9
)

14 (9
 M

, 5
F)

LO
I: 

C
6-

T1
0

A
IS

 A
, B

, C
A

ge
: m

ea
n 

38
.7

 y
ea

rs
TS

I: 
m

ea
n 

7.
4 

ye
ar

s

Q
ue

st
io

nn
ai

re
 a

ft
er

 
1 

h 
×

 2
–3

 d
ay

s/
w

ee
k ×

 1
8 

se
ss

io
ns

N
O

Po
st

 tr
ai

ni
ng

: q
ue

s-
tio

nn
ai

re
N

P
N

R

Ra
m

an
uj

am
 e

t a
l. 

20
18

 (B
)

(9
)

12
 (4

 A
bs

, 8
 S

C
I)

(9
 M

, 3
F)

LO
I: 

C
4-

T1
1

A
IS

 N
R 

(in
co

m
pl

et
e)

A
ge

: m
ea

n 
39

.1
2 

ye
ar

s
TS

I: 
m

ea
n 

6.
38

 y
ea

rs

3–
4 

da
ys

/
w

ee
k ×

 1
00

 h
A

B:
 w

al
ki

ng
 w

ith
 

Ek
so

Pr
e 

an
d 

Po
st

 tr
ai

n-
in

g:
 s

tr
id

e 
tim

e,
 s

te
p 

tim
e,

 s
ta

nc
e 

tim
e,

 
do

ub
le

 s
up

po
rt

 
tim

e,
 s

tr
id

e 
le

ng
th

, 
st

ep
 le

ng
th

, s
te

p 
fre

qu
en

cy
, w

al
ki

ng
 

sp
ee

d

N
P

N
R



Page 14 of 56Tamburella et al. Journal of NeuroEngineering and Rehabilitation           (2022) 19:27 

Ta
bl

e 
3 

(c
on

tin
ue

d)

St
ud

y 
(D

&
B 

to
ta

l 
sc

or
e)

N
um

be
r o

f 
pa

rt
ic

ip
an

ts
 (S

ex
)

In
di

vi
du

al
s 

fe
at

ur
es

Ex
os

ke
le

to
n 

In
te

rv
en

tio
n

Co
m

pa
ri

so
n 

In
te

rv
en

tio
n

Ev
al

ua
tio

ns
Fo

llo
w

-u
p

D
ro

p 
ou

t

Kr
es

sl
er

 e
t a

l. 
20

14
 

(A
)

(8
)

3 (2
 M

, 1
F)

LO
I: T

1-
T1

0
A

IS
 A

(3
)

A
ge

: m
ea

n 
30

.3
3 

ye
ar

s
TS

I: ≥
 1

 y
r

1 
h 
×

 3
 d

ay
s/

w
ee

k ×
 6

 w
ee

ks
N

O
Pr

e,
 M

id
 a

nd
 P

os
t 

tr
ai

ni
ng

: 1
0M

W
T,

 
2M

W
T,

 S
C

AT
S,

 
IS

C
IB

PD
, N

RS
_p

, 
EM

G
, %

VO
2 

pe
ak

, E
E

N
P

N
R

Kr
es

sl
er

 e
t a

l. 
20

19
 

(B
)

(7
)

2 (1
 M

, 1
F)

LO
I: T

6-
T1

2
A

IS
 N

R 
(in

co
m

pl
et

e)
A

ge
: m

ea
n 

45
 y

ea
rs

TS
I: 

2–
9 

ye
ar

s

1 
se

ss
io

n 
w

al
ki

ng
 

w
ith

 E
ks

o 
an

d 
1 

se
ss

io
n 

w
al

ki
ng

 
w

ith
ou

t E
ks

o

O
ve

rg
ro

un
d 

w
al

ki
ng

Si
ng

le
 e

va
lu

at
io

n 
fo

r 
ea

ch
 s

es
si

on
: V

O
2,

 
H

R,
 E

E

N
P

N
R

Ca
hi

ll 
et

 a
l. 

20
18

(2
)

4 (3
 M

, 1
F)

LO
I: 

N
R

A
IS

 N
R 

(2
 c

om
pl

et
e,

 
2 

in
co

m
pl

et
e)

A
ge

: m
ea

n 
41

 y
ea

rs
TS

I: 
m

ea
n 

5 
ye

ar
s

13
–2

5 
m

on
th

s
N

O
Po

st
 tr

ai
ni

ng
: s

em
i-

st
ru

ct
ur

ed
 in

te
rv

ie
w

N
P

N
R

Su
ba

cu
te

 +
 c

hr
on

ic
n-

RC
T 

Ba
un

sg
aa

rd
 e

t a
l. 

20
18

 (A
)

(1
3)

52 (3
6 

M
, 1

6F
)

LO
I: 

C
1-

L2
A

IS
 A

 a
nd

 B
 (3

6)
, C

 
an

d 
D

 (1
6)

A
ge

: m
ea

n 
35

.8
 y

ea
rs

TS
I: 

0.
2–

10
.8

 y
ea

rs

3 
da

ys
/w

ee
k ×

 8
 

w
ee

ks
N

O
Ea

ch
 s

es
si

on
: u

p 
tim

e,
 w

al
k 

tim
e,

 
st

ep
s 

nu
m

be
r, 

BR
PE

(6
–2

0)
Pr

e,
 M

id
 a

nd
 P

os
t 

tr
ai

ni
ng

: u
p 

tim
e,

 
w

al
k 

tim
e,

 s
te

ps
 

nu
m

be
r, 

10
M

W
T,

 
TU

G
, B

BS
, W

IS
C

I I
I, 

LE
M

S,
 H

R 
an

d 
BP

 
(b

ef
or

e 
an

d 
af

te
r 

10
 m

in
 o

f w
al

ki
ng

)

4 
w

ee
ks

:
LE

M
S,

 1
0M

W
T,

 T
U

G
, 

BB
S,

 W
IS

C
I I

I

8

Ba
un

sg
aa

rd
 e

t a
l. 

20
18

 (B
)

(1
3)

52 (3
6 

M
, 1

6F
)

LO
I: 

C
1-

L2
A

IS
 A

 a
nd

 B
 (3

6)
, C

 
an

d 
D

 (1
6)

A
ge

: m
ea

n 
35

.8
 y

ea
rs

TS
I: 

0.
2–

10
.8

 y
ea

rs

20
–6

0 
m

in
 ×

 3
 d

ay
s/

w
ee

k ×
 8

 w
ee

ks
N

O
A

ft
er

 e
ac

h 
se

ss
io

n,
 

Pr
e,

 M
id

 a
nd

 P
os

t 
tr

ai
ni

ng
: I

SC
IP

BD
S,

 
M

A
S

Pr
e 

an
d 

Po
st

 
tr

ai
ni

ng
t: 

hi
p,

 k
ne

e 
an

d 
an

kl
e 

fle
xo

r/
ex

te
ns

or
 R

O
M

, S
C

IM
 

III
, I

SC
IB

D
S 

fo
r b

ow
el

, 
bl

ad
de

r a
nd

 Q
oL

4 
w

ee
ks

:
RO

M
, S

C
IM

 II
I, 

IS
C

IB
D

S 
fo

r b
ow

el
, 

bl
ad

de
r a

nd
 Q

oL

N
R

St
am

pa
cc

hi
a 

et
 a

l. 
20

16
(1

1)

21 (1
7 

M
, 4

F)
LO

I: 
C

7-
L2

A
IS

 A
(1

2)
, B

(2
), 

D
(7

)
A

ge
: m

ea
n 

48
.1

 y
ea

rs
TS

I: 
2–

33
0 

m
on

th
s

40
 m

in
 ×

 1
 s

es
si

on
N

O
Pr

e 
an

d 
Po

st
 s

in
gl

e 
se

ss
io

n:
 M

A
S,

 P
SF

S,
 

N
RS

_s
p,

 N
RS

_p
Po

st
 s

es
si

on
: P

G
IC

, 
ad

 h
oc

 q
ue

st
io

n-
na

ire
 fo

r s
ub

je
ct

iv
e 

ex
pe

rie
nc

e

N
P

N
R



Page 15 of 56Tamburella et al. Journal of NeuroEngineering and Rehabilitation           (2022) 19:27  

Ta
bl

e 
3 

(c
on

tin
ue

d)

St
ud

y 
(D

&
B 

to
ta

l 
sc

or
e)

N
um

be
r o

f 
pa

rt
ic

ip
an

ts
 (S

ex
)

In
di

vi
du

al
s 

fe
at

ur
es

Ex
os

ke
le

to
n 

In
te

rv
en

tio
n

Co
m

pa
ri

so
n 

In
te

rv
en

tio
n

Ev
al

ua
tio

ns
Fo

llo
w

-u
p

D
ro

p 
ou

t

Ko
zl

ow
sk

i e
t a

l. 
20

15
(1

0)
7 (7

 M
)

LO
I: 

C
4-

L1
A

IS
 A

(3
), 

B(
1)

, C
(3

)
A

ge
: m

ea
n 

36
 y

ea
rs

TS
I: 

0.
4–

7.
4 

ye
ar

s

2 
h 
×

 1
–2

 d
ay

s/
w

ee
k 

x 
up

 to
 2

4 
se

ss
io

ns
N

O
N

um
be

r o
f s

es
si

on
s 

ne
ed

ed
 to

 a
ch

ie
ve

 
a 

ra
tin

g 
of

 “m
in

im
al

 
as

si
st

an
ce

” a
nd

 to
 

ac
hi

ev
e 

“c
on

ta
ct

 
gu

ar
d”

 fo
r w

al
ki

ng
 

an
d 

st
an

d/
si

t
Ea

ch
 s

es
si

on
 (o

nl
y 

be
st

 p
er

fo
rm

an
ce

 
w

as
 re

po
rt

ed
): 

w
al

k 
tim

e,
 u

p 
tim

e,
 s

te
ps

 
nu

m
be

r, 
w

al
k 

di
s-

ta
nc

e 
du

rin
g 

lo
ng

es
t 

w
al

k 
an

d 
2M

W
T,

 
do

nn
in

g/
do

ffi
ng

 
as

si
st

an
ce

Si
tt

in
g,

 s
es

si
on

 
m

id
-t

im
e,

 a
ft

er
 re

si
t-

tin
g:

 B
P, 

H
R,

 M
ET

s, 
BR

PE
(6

–2
0)

N
P

N
R

Ko
la

ko
w

sk
y-

H
ay

ne
r 

et
 a

l. 
20

13
(7

)

7 (5
 M

, 2
F)

LO
I: T

4-
T1

2
A

IS
 A

(7
)

A
ge

: m
ea

n 
29

.8
 y

ea
rs

TS
I: 

65
–5

78
 d

ay
s

1 
h 
×

 1
 d

ay
/

w
ee

k ×
 6

 w
ee

ks
N

O
Ea

ch
 s

es
si

on
: u

p 
tim

e,
 w

al
k 

tim
e,

 s
te

p 
le

ng
th

, d
is

ta
nc

e,
 

do
n/

do
ff 

tim
e,

 
le

ve
l o

f a
ss

is
ta

nc
e 

pr
ov

id
ed

 b
y 

tr
ai

ne
d 

as
si

st
an

t d
ur

in
g 

w
al

ki
ng

, S
PS

, l
os

s 
of

 
ba

la
nc

e

N
P

1



Page 16 of 56Tamburella et al. Journal of NeuroEngineering and Rehabilitation           (2022) 19:27 

Ta
bl

e 
3 

(c
on

tin
ue

d)

St
ud

y 
(D

&
B 

to
ta

l 
sc

or
e)

N
um

be
r o

f 
pa

rt
ic

ip
an

ts
 (S

ex
)

In
di

vi
du

al
s 

fe
at

ur
es

Ex
os

ke
le

to
n 

In
te

rv
en

tio
n

Co
m

pa
ri

so
n 

In
te

rv
en

tio
n

Ev
al

ua
tio

ns
Fo

llo
w

-u
p

D
ro

p 
ou

t

U
ns

pe
ci

fie
d 

TS
I

n-
RC

T 
Sa

le
 e

t a
l. 

20
18

 (B
)

(1
0)

8 (6
 M

, 2
F)

LO
I: T

1-
L2

A
IS

 A
(3

), 
B(

4)
, C

(1
)

A
ge

: m
ea

n 
43

.2
5 

ye
ar

s
TS

I: 
N

R

45
 m

in
 ×

 5
–6

 d
ay

s/
w

ee
k ×

 2
0 

se
ss

io
ns

N
O

Pr
e 

an
d 

Po
st

 e
ac

h 
se

ss
io

n:
 H

R,
 B

P
Pr

e 
an

d 
Po

st
 tr

ai
n-

in
g:

 6
M

W
T 

in
do

or
/

ou
td

oo
r, 

BR
PE

, 
10

M
W

T,
 c

ad
en

ce
, 

st
rid

e 
le

ng
th

, w
al

k-
in

g 
ve

lo
ci

ty
, s

ta
nc

e 
ph

as
e,

 s
w

in
g 

ph
as

e,
 

do
ub

le
 s

up
po

rt
, p

el
-

vi
s 

til
t i

ni
tia

l c
on

ta
ct

, 
RO

M
 p

el
vi

s 
til

t, 
hi

p,
 

kn
ee

 a
nd

 a
nk

le
 fl

ex
-

io
n/

ex
te

ns
io

n 
RO

M
, 

TU
G

, V
A

S_
p,

 V
A

S 
fa

tig
ue

, S
at

is
fa

ct
io

n 
Q

ue
st

io
nn

ai
re

N
P

0

To
ta

l o
f E

ks
o 

st
ud

ie
s

27
5

(1
99

 M
, 7

6F
)

LO
I: 

Ce
rv

ic
al

 (4
9)

, 
Th

or
ac

ic
 (8

4)
, L

um
-

ba
r (

11
), 

N
R 

(1
15

)
A

IS
: A

 +
 B

(1
64

), 
C

 +
 D

(9
5)

A
ge

: m
ea

n 
42

.5
5 

ye
ar

s 
(in

di
vi

du
al

s 
w

ith
 S

C
I),

 m
ea

n 
27

.5
 

ye
ar

s 
(A

Bs
)

TS
I: 

su
ba

cu
te

 (9
8)

, 
ch

ro
ni

c 
(1

53
), 

N
R 

(8
)

Ex
os

ke
le

to
n:

 R
eW

al
k

C
hr

on
ic

n-
RC

T 
A

ss
el

in
 e

t a
l. 

20
15

(1
4)

8 (7
 M

, 1
F)

LO
I: T

2-
T1

1
A

IS
 A

(7
) B

(1
)

A
ge

: m
ea

n 
46

.2
 y

ea
rs

TS
I: 

5.
9 

ye
ar

s

60
–9

0 
m

in
 ×

 1
 

se
ss

io
n

N
O

Si
ng

le
 e

va
lu

at
io

n 
w

hi
le

 s
itt

in
g,

 s
ta

nd
-

in
g 

an
d 

w
al

ki
ng

: 
VO

2,
 H

R
A

ft
er

 w
al

ki
ng

: 
BR

PE
(6

–2
0)

N
P

N
R



Page 17 of 56Tamburella et al. Journal of NeuroEngineering and Rehabilitation           (2022) 19:27  

Ta
bl

e 
3 

(c
on

tin
ue

d)

St
ud

y 
(D

&
B 

to
ta

l 
sc

or
e)

N
um

be
r o

f 
pa

rt
ic

ip
an

ts
 (S

ex
)

In
di

vi
du

al
s 

fe
at

ur
es

Ex
os

ke
le

to
n 

In
te

rv
en

tio
n

Co
m

pa
ri

so
n 

In
te

rv
en

tio
n

Ev
al

ua
tio

ns
Fo

llo
w

-u
p

D
ro

p 
ou

t

Kh
an

 e
t a

l. 
20

19
(1

4)
12 (8

 M
, 4

F)
LO

I: 
C

6-
T1

0
A

IS
 A

(6
), 

B(
2)

, C
(3

), 
D

(1
)

A
ge

: m
ea

n 
37

.5
 y

ea
rs

TS
I: 

m
ea

n 
7.

6 
ye

ar
s

12
 w

ee
ks

N
O

Ea
ch

 s
es

si
on

: t
ot

al
 

st
ep

s 
nu

m
be

r, 
st

ep
s 

w
ith

ou
t s

to
pp

in
g,

 
w

al
ki

ng
 d

is
ta

nc
e,

 
w

al
ki

ng
 s

pe
ed

Pr
e 

an
d 

Po
st

 e
ac

h 
se

ss
io

n:
 N

RS
_p

Pr
e 

an
d 

Po
st

 tr
ai

n-
in

g:
 U

EM
S,

 L
EM

S,
 

M
EP

, s
en

so
ry

 k
ey

-
po

in
ts

 IS
N

C
SC

I
Pr

e,
 M

id
 a

nd
 P

os
t 

tr
ai

ni
ng

: C
oP

 li
m

its
 

of
 s

ta
bi

lit
y 

an
d 

sw
ay

 
sp

ee
d

W
ee

kl
y:

 S
C

AT
S,

 
M

cG
ill

 P
ai

n 
Q

ue
s-

tio
nn

ai
re

 P
ai

n 
Ra

tin
g 

In
de

x
Po

st
 tr

ai
ni

ng
: 

10
M

W
T,

 6
M

W
T 

D
ur

in
g 

6M
W

T 
an

d 
w

he
el

ch
ai

r p
ro

pu
l-

si
on

: P
C

I

Be
tw

ee
n 

2 
an

d 
3 

m
on

th
s:

10
M

W
T,

 6
M

W
T,

 C
oP

 
lim

its
 o

f s
ta

bi
lit

y 
an

d 
sw

ay
 s

pe
ed

3

Pl
at

z 
et

 a
l. 

20
16

(1
4)

7 (5
 M

, 2
F)

LO
I: T

-L
A

IS
 A

(6
), 

C
(1

)
A

ge
: m

ea
n 

48
.3

 y
ea

rs
TS

I: 
m

ea
n 

11
.4

 y
ea

rs

1 
h 
×

 5
 d

ay
s/

w
ee

k ×
 4

–5
 w

ee
ks

N
O

N
um

be
r o

f s
es

si
on

 
to

 a
ch

ie
ve

 w
ith

 
ph

ys
ic

al
 h

el
p/

ve
rb

al
 

as
si

st
an

ce
/n

o 
as

si
s-

ta
nc

e:
 s

it 
to

 s
ta

nd
, 

st
an

d 
to

 s
it,

 s
ta

nd
in

g 
ba

la
nc

e 
1 

m
in

 w
ith

 
cr

ut
ch

es
, w

al
k 

10
 

m
t s

tr
ai

gh
t, 

w
al

k 
10

 m
 s

tr
ai

gh
t a

nd
 in

 
cu

rv
e,

 a
sc

en
d,

 tu
rn

 
ar

ou
nd

, d
es

ce
nd

 1
2 

st
ai

rs
, w

al
k 

50
0 

m
 

ou
td

oo
r

Pr
e 

an
d 

Po
st

 tr
ai

n-
in

g:
RE

PA
S,

 L
EM

S,
 

U
EM

S,
 A

SI
A

 s
en

so
ry

 
ex

am
in

at
io

n,
 S

C
IM

, 
SF

-1
2v

2

1 
m

on
th

:
SF

-1
2v

2
0



Page 18 of 56Tamburella et al. Journal of NeuroEngineering and Rehabilitation           (2022) 19:27 

Ta
bl

e 
3 

(c
on

tin
ue

d)

St
ud

y 
(D

&
B 

to
ta

l 
sc

or
e)

N
um

be
r o

f 
pa

rt
ic

ip
an

ts
 (S

ex
)

In
di

vi
du

al
s 

fe
at

ur
es

Ex
os

ke
le

to
n 

In
te

rv
en

tio
n

Co
m

pa
ri

so
n 

In
te

rv
en

tio
n

Ev
al

ua
tio

ns
Fo

llo
w

-u
p

D
ro

p 
ou

t

va
n 

D
ijs

se
ld

on
k 

et
 a

l. 
20

19
(1

3)

20 (1
2 

M
, 8

F)
LO

I: T
A

IS
 A

(1
9)

, B
(1

)
A

ge
: m

ea
n 

37
 y

ea
rs

TS
I: 

m
ea

n 
8 

ye
ar

s

1.
5 

h 
×

 3
 d

ay
s/

w
ee

k ×
 8

 w
ee

ks
N

O
Pr

e 
an

d 
Po

st
 tr

ai
ni

ng
 

an
d 

ev
er

y 
2 

w
ee

ks
 

(2
,4

,6
): 

ev
al

ua
tio

n 
of

 
po

te
nt

ia
l p

re
di

ct
or

s 
(n

eu
ro

lo
gi

ca
l l

es
io

n 
le

ve
l, 

ag
e,

 g
en

de
r, 

ag
e 

at
 in

ju
ry

 o
ns

et
, 

tim
e 

si
nc

e 
in

ju
ry

, 
ph

ys
ic

al
 a

ct
iv

ity
 

le
ve

l, 
le

ve
l o

f a
nx

ie
ty

 
an

d 
BM

I)

N
P

4

C
hu

n 
et

 a
l. 

20
20

(1
2)

11 (1
0 

M
, 1

F)
LO

I: T
2-

T1
1

A
IS

 A
(9

), 
B(

2)
A

ge
: 1

8–
65

 y
ea

rs
TS

I: 
1–

15
 y

ea
rs

30
–

90
 m

in
 ×

 3
–4

 d
ay

s/
w

ee
k ×

 1
2–

14
 w

ee
ks

N
O

Pr
e 

an
d 

Po
st

 tr
ai

n-
in

g:
M

od
ifi

ed
 L

yn
ch

 
G

as
tr

oi
nt

es
tin

al
 

Su
rv

ey
, B

ris
to

l S
to

ol
 

Sc
al

e,
 S

C
I-Q

O
L 

Bo
w

el
 M

an
ag

em
en

t 
D

Iffi
cu

lti
es

N
P

1

Ya
ng

 e
t a

l. 
20

15
(1

2)
12 (1

0 
M

, 2
F)

LO
I: 

C
8-

T1
1

A
IS

 A
(9

), 
B(

2)
, C

(1
)

A
ge

: 1
6–

75
 y

ea
rs

TS
I: 

1–
20

 y
ea

rs

1–
2 

h 
x 

m
ea

n 
55

 
se

ss
io

ns
N

O
Be

st
 p

er
fo

rm
an

ce
: 

co
rr

el
at

io
n 

be
tw

ee
n 

le
ve

l o
f a

ss
is

ta
nc

e 
pr

ov
id

ed
 b

y 
tr

ai
ne

d 
as

si
st

an
t d

ur
in

g 
w

al
ki

ng
 v

er
su

s 
6M

W
T 

an
d 

10
M

W
T

N
P

N
R

Be
ns

on
 e

t a
l. 

20
16

(1
1)

10 (1
0 

M
)

LO
I: 

C
8-

L1
A

IS
 A

(7
), 

C
(3

)
A

ge
: m

ea
n 

31
.7

 y
ea

rs
TS

I: 
1–

21
 y

ea
rs

2 
h 
×

 2
 d

ay
s/

w
ee

k ×
 1

0 
w

ee
ks

N
O

Pr
e 

an
d 

Po
st

 e
ac

h 
se

ss
io

n:
 H

R,
 B

P, 
A

S,
 

VA
S_

p,
 V

A
S 

fa
tig

ue
Pr

e 
an

d 
Po

st
 

Tr
ai

ni
ng

: I
SN

C
SC

I, 
10

M
W

T,
 6

M
W

T,
 T

U
G

, 
A

D
A

PS
S,

 A
TD

-P
A

N
P

5

Fi
ne

be
rg

 e
t a

l. 
20

13
(1

1)
9 

(3
 A

B,
 6

 S
C

I)
(7

 M
, 2

F)
LO

I: T
1-

T1
1

A
IS

 A
(5

), 
B(

1)
A

ge
: m

ea
n 

44
.8

3 
ye

ar
s 

in
di

vi
du

al
s 

w
ith

 S
C

I),
 4

1.
67

 y
ea

rs
 

(A
Bs

)
TS

I: 
1.

5–
14

 y
ea

rs

1–
2 

h 
×

 3
 d

ay
s/

w
ee

k ×
 5

–6
 m

on
th

s
A

B 
w

al
ki

ng
 w

it 
Re

W
al

k
Si

ng
le

 e
va

lu
at

io
n 

af
te

r r
ea

ch
in

g 
th

e 
ab

ili
ty

 to
 w

al
k 

10
 m

: v
G

RF
, w

al
ki

ng
 

ve
lo

ci
ty

N
P

N
R



Page 19 of 56Tamburella et al. Journal of NeuroEngineering and Rehabilitation           (2022) 19:27  

Ta
bl

e 
3 

(c
on

tin
ue

d)

St
ud

y 
(D

&
B 

to
ta

l 
sc

or
e)

N
um

be
r o

f 
pa

rt
ic

ip
an

ts
 (S

ex
)

In
di

vi
du

al
s 

fe
at

ur
es

Ex
os

ke
le

to
n 

In
te

rv
en

tio
n

Co
m

pa
ri

so
n 

In
te

rv
en

tio
n

Ev
al

ua
tio

ns
Fo

llo
w

-u
p

D
ro

p 
ou

t

G
ua

nz
iro

li 
et

 a
l. 

20
19

(1
1)

15 (1
1 

M
, 4

F)
LO

I: T
4-

L5
A

IS
 A

(1
5)

A
ge

: m
ea

n 
39

.3
 y

ea
rs

TS
I: 

6 
m

on
th

s-
15

 
ye

ar
s

1 
h 
×

 3
 d

ay
s/

w
ee

k ×
 8

 w
ee

ks
 (a

t 
le

as
t)

Co
m

pa
ris

on
 

be
tw

ee
n 

tw
o 

ge
n-

er
at

io
ns

 o
f R

eW
al

k 
so

ft
w

ar
e

Si
ng

le
 e

va
lu

at
io

n 
af

te
r t

ra
in

in
g:

6M
W

T,
 1

0M
W

T,
 

ST
S-

tim
e

N
P

2

Ze
ili

g 
et

 a
l. 

20
12

(1
1)

6 (6
 M

)
LO

I: T
5-

T1
2

A
IS

 A
(6

)
A

ge
: m

ea
n 

33
.1

6 
ye

ar
s

TS
I: 

3–
7 

ye
ar

s

50
 m

in
 ×

 1
3.

7 
±

 5
.8

 
se

ss
io

ns
N

O
Pr

e 
an

d 
Po

st
 T

ra
in

-
in

g:
VA

S 
fa

tig
ue

, V
A

S_
p

Ea
ch

 s
es

si
on

: H
R,

 B
P, 

VA
S 

fa
tig

ue
, V

A
S_

p
Po

st
 T

ra
in

in
g 

(c
om

-
pa

ris
on

 b
et

w
ee

n 
hi

gh
 v

s 
lo

w
 le

si
on

s)
: 

10
M

W
T,

 6
M

W
T,

 
TU

G
, S

at
is

fa
ct

io
n 

Q
ue

st
io

nn
ai

re

N
P

2

Es
qu

en
az

i e
t a

l. 
20

12
(1

0)
12 (8

 M
, 4

F)
LO

I: T
3-

T1
2

A
IS

 A
(1

2)
A

ge
: m

ea
n 

38
.6

 y
ea

rs
TS

I: 
1–

24
 y

ea
rs

75
–9

0 
m

in
 ×

 3
 d

ay
s/

w
ee

k ×
 8

 w
ee

ks
N

O
Pr

e 
an

d 
Po

st
 e

ac
h 

se
ss

io
n:

 H
R,

 B
P, 

A
S,

 
VA

S_
p,

 V
A

S 
fa

tig
ue

Po
st

 T
ra

in
in

g:
 

Sa
tis

fa
ct

io
n 

Q
ue

s-
tio

nn
ai

re
, 6

M
W

T,
 

10
M

W
T

12
–1

5 
m

on
th

s
(d

at
a 

no
t a

na
ly

ze
d)

0

Lo
ni

ni
 e

t a
l. 

20
16

(9
)

11
 (6

 A
B—

5 
SC

I)
(6

 M
, 5

F)
LO

I: T
8-

T1
0

A
IS

 A
(5

)
A

ge
: m

ea
n 

36
.9

 y
ea

rs
TS

I: 
10

 m
on

th
s-

7 
ye

ar
s

1 
h 
×

 3
 d

ay
s/

w
ee

k ×
 6

–1
2 

w
ee

ks
Ex

pe
rt

 u
se

rs
: 6

 A
Bs

 
an

d 
1 

in
di

vi
du

al
 

w
ith

 S
C

I

Ea
ch

 s
es

si
on

: s
te

ps
 

fre
qu

en
cy

, s
te

ps
 

nu
m

be
r, 

EE
, t

ru
nk

 
an

gl
e

Pr
e 

an
d 

Po
st

 tr
ai

n-
in

g:
 1

0M
W

T,
 H

ip
 a

nd
 

Kn
ee

 F
le

xi
on

, S
w

in
g 

Ti
m

e,
 S

te
p 

D
el

ay
, 

W
al

ki
ng

 S
pe

ed

N
P

0

M
an

ns
 e

t a
l. 

20
19

(6
)

11 (7
 M

, 4
F)

LO
I: 

N
R

A
IS

 N
R

A
ge

: m
ea

n 
37

.5
 y

ea
rs

TS
I: 

m
ea

n 
7.

8 
ye

ar
s

60
–9

0 
m

in
 ×

 4
 d

ay
s/

w
ee

k ×
 1

2 
w

ee
ks

N
O

Pr
e 

an
d 

Po
st

 tr
ai

n-
in

g:
 s

em
i-s

tr
uc

tu
re

d 
in

te
rv

ie
w

s 
on

 "c
on

-
tr

ib
ut

in
g,

 c
ha

ng
in

g 
an

d 
le

ar
ni

ng
"

2 
m

on
th

s:
se

m
i-s

tr
uc

tu
re

d 
in

te
rv

ie
w

 o
n 

"c
on

-
tr

ib
ut

in
g,

 c
ha

ng
in

g 
an

d 
le

ar
ni

ng
"

N
R



Page 20 of 56Tamburella et al. Journal of NeuroEngineering and Rehabilitation           (2022) 19:27 

Ta
bl

e 
3 

(c
on

tin
ue

d)

St
ud

y 
(D

&
B 

to
ta

l 
sc

or
e)

N
um

be
r o

f 
pa

rt
ic

ip
an

ts
 (S

ex
)

In
di

vi
du

al
s 

fe
at

ur
es

Ex
os

ke
le

to
n 

In
te

rv
en

tio
n

Co
m

pa
ri

so
n 

In
te

rv
en

tio
n

Ev
al

ua
tio

ns
Fo

llo
w

-u
p

D
ro

p 
ou

t

Ta
la

ty
 e

t a
l. 

20
13

(3
)

12
LO

I: 
C

7-
T1

2
A

IS
 N

R
A

ge
: N

R
TS

I: 
C

hr
on

ic
s

60
–9

0 
m

in
 ×

 3
 d

ay
s/

w
ee

k ×
 2

4 
se

ss
io

ns
N

O
Si

ng
le

 e
va

lu
at

io
n 

ne
ar

 tr
ai

ni
ng

 c
on

cl
u-

si
on

: c
om

pa
ris

on
 

am
on

g 
fa

st
 v

s 
m

ed
iu

m
 v

s 
sl

ow
 

ve
lo

ci
ty

 o
f fl

ex
io

n/
ex

te
ns

io
n 

RO
M

 o
f 

tr
un

k,
 h

ip
, k

ne
e 

an
d 

an
kl

e

N
P

N
R

To
ta

l o
f R

eW
al

k 
st

ud
ie

s
15

6
(1

07
 M

, 3
7F

, 1
2 

N
R)

LO
I: 

Ce
rv

ic
al

 (7
), 

Th
o-

ra
ci

c 
(1

07
), 

Lu
m

ba
r 

(3
), 

N
R 

(3
0)

A
IS

: A
 +

 B
(1

15
), 

C
 +

 D
(9

), 
N

R(
23

)
A

ge
: m

ea
n 

39
.1

8 
ye

ar
s 

(in
di

vi
du

al
s 

w
ith

 S
C

I),
 m

ea
n 

39
.7

9 
ye

ar
s 

(A
Bs

)
TS

I: 
ch

ro
ni

c 
(1

47
)

Ex
os

ke
le

to
n:

 In
de

go

C
hr

on
ic

n-
RC

T 
Ev

an
s 

et
 a

l. 
20

15
(9

)
5 (4

 M
, 1

F)
LO

I: T
6-

T1
2

A
IS

 A
(5

)
A

ge
: m

ea
n 

42
 y

ea
rs

TS
I: 

C
hr

on
ic

s

2 
se

ss
io

ns
N

O
Co

m
pa

ris
on

 
be

tw
ee

n 
1 

se
ss

io
n 

of
 6

M
W

T 
at

 c
om

fo
rt

-
ab

le
 s

pe
ed

 v
s 

1 
se

ss
io

n 
of

 6
M

W
T 

at
 

"f
as

t b
ut

 s
af

e"
 s

pe
ed

: 
6M

W
T,

 %
 V

o2
 p

ea
k,

 
Vo

2 
av

er
ag

e,
H

R 
pe

ak
, W

al
ki

ng
 

ec
on

om
y,

 M
ET

N
P

N
R

Su
ba

cu
te

 +
 c

hr
on

ic
n-

RC
T 

Ju
sz

cz
ak

 e
t a

l. 
20

18
(1

0)
45 (3

7 
M

, 8
F)

LO
I: T

1-
L2

A
IS

 A
(3

0)
, B

(5
), 

C
(1

0)
A

ge
: m

ea
n 

35
 y

ea
rs

TS
I: 

Su
ba

cu
te

/
C

hr
on

ic
s

3–
4 

da
ys

/w
ee

k ×
 8

 
w

ee
ks

N
O

Be
fo

re
 e

ac
h 

se
ss

io
n:

 
N

RS
_p

, N
RS

_s
p

Pr
e 

an
d 

M
id

 a
nd

 
Po

st
 tr

ai
ni

ng
: d

on
-

ni
ng

/d
offi

ng
 ti

m
e,

 
N

RS
 s

pa
st

ic
ity

, M
A

S,
 

in
do

or
/o

ut
do

or
 

BR
PE

 (6
–2

0)
, S

W
LS

, 
Se

lf 
re

po
rt

ed
 B

ow
el

 
an

d 
Bl

ad
de

r p
er

ce
p-

tio
n

N
P

N
R



Page 21 of 56Tamburella et al. Journal of NeuroEngineering and Rehabilitation           (2022) 19:27  

Ta
bl

e 
3 

(c
on

tin
ue

d)

St
ud

y 
(D

&
B 

to
ta

l 
sc

or
e)

N
um

be
r o

f 
pa

rt
ic

ip
an

ts
 (S

ex
)

In
di

vi
du

al
s 

fe
at

ur
es

Ex
os

ke
le

to
n 

In
te

rv
en

tio
n

Co
m

pa
ri

so
n 

In
te

rv
en

tio
n

Ev
al

ua
tio

ns
Fo

llo
w

-u
p

D
ro

p 
ou

t

U
ns

pe
ci

fie
d 

TS
I

n-
RC

T 
Te

fe
rt

ill
er

 e
t a

l. 
20

18
(1

2)
32 (2

7 
M

, 5
F)

LO
I: T

4-
L2

A
IS

 A
(2

1)
, B

(5
), 

C
(6

)
A

ge
: m

ea
n 

37
 y

ea
rs

TS
I: 

N
R

3 
da

ys
/w

ee
k ×

 8
 

w
ee

ks
N

O
M

id
 a

nd
 P

os
t t

ra
in

-
in

g:
 in

do
or

/o
ut

do
or

 
10

M
W

T,
 6

M
W

T,
 T

U
G

, 
D

on
n/

do
ff 

tim
e

Si
ng

le
 e

va
lu

a-
tio

n 
be

tw
ee

n 
M

id
 

an
d 

Po
st

 tr
ai

ni
ng

: 
60

0M
W

T

N
P

0

H
ar

tig
an

 e
t a

l. 
20

15
(9

)
16 (1

3 
M

, 3
F)

LO
I: 

C
5-

L1
A

IS
 A

(1
1)

, B
(3

), 
C

(2
)

A
ge

: 1
8–

51
 y

ea
rs

TS
I: 

N
R

1.
5 

h 
×

 5
 s

es
si

on
s

N
O

La
st

 s
es

si
on

: 1
0M

W
T,

 
6M

W
T,

 le
ve

l o
f 

as
si

st
an

ce
 p

ro
vi

de
d 

by
 tr

ai
ne

d 
as

si
st

an
t 

du
rin

g 
w

al
ki

ng
, 

do
nn

/d
off

 ti
m

e

N
P

N
R

To
ta

l o
f I

nd
eg

o 
st

ud
ie

s
98 (8

1 
M

, 1
7F

)
LO

I: 
Ce

rv
ic

al
 (3

), 
Th

o-
ra

ci
c 

(1
7)

, L
um

ba
r 

(1
), 

N
R 

(7
7)

A
IS

: A
 +

 B
(8

0)
, 

C
 +

 D
(1

8)
A

ge
: m

ea
n 

38
 y

ea
rs

TS
I: 

ch
ro

ni
c 

(5
), 

N
R 

(9
3)

Ex
os

ke
le

to
n:

 H
AL

Su
ba

cu
te

n-
RC

T 
Ya

ts
ug

i e
t a

l. 
20

18
(1

2)
9 (6

 M
, 3

F)
LO

I: 
C

2-
L5

A
IS

 in
co

m
pl

et
e

A
ge

: m
ea

n 
53

.6
 y

ea
rs

TS
I: 

Su
ba

cu
te

50
 m

in
 x

 m
ea

n 
5 

se
ss

io
ns

 x
 m

ea
n 

6 
da

ys

N
O

Pr
e 

an
d 

Po
st

 
tr

ai
ni

ng
: 1

0M
W

T,
 

Ca
de

nc
e,

 G
A

RS
-M

, 
BI

, W
IS

C
I I

I, 
M

ax
im

un
 

la
te

ra
l t

ru
nk

 s
w

in
g 

an
gl

e 
du

rin
g 

ga
it

N
P

N
R

Ku
bo

ta
 e

t a
l. 

20
19

(1
1)

8 (4
 M

, 4
F)

LO
I: T

2-
T1

2
A

IS
 D

(8
)

A
ge

: m
ea

n 
60

.9
 y

ea
rs

TS
I: 

Su
ba

cu
te

1 
h 
×

 2
–3

 d
ay

s/
w

ee
k ×

 1
0 

se
ss

io
ns

 
(in

 a
ss

oc
ia

tio
n 

w
ith

 
C

PT
)

N
O

Ea
ch

 s
es

si
on

, P
re

 
an

d 
Po

st
-t

ra
in

in
g:

 
10

M
W

T,
 C

ad
en

ce
, 

St
ep

 le
ng

ht
, W

IS
C

I I
I, 

LE
M

S,
 F

IM

N
P

0

To
ta

l o
f H

A
L 

st
ud

ie
s

17 (1
0 

M
, 7

F)
LO

I: T
ho

ra
ci

c 
(1

4)
, 

Lu
m

ba
r (

3)
A

IS
: C

 +
 D

(1
7)

A
ge

: m
ea

n 
57

.2
5 

ye
ar

s
TS

I: 
su

ba
cu

te
 (1

7)



Page 22 of 56Tamburella et al. Journal of NeuroEngineering and Rehabilitation           (2022) 19:27 

Ta
bl

e 
3 

(c
on

tin
ue

d)

St
ud

y 
(D

&
B 

to
ta

l 
sc

or
e)

N
um

be
r o

f 
pa

rt
ic

ip
an

ts
 (S

ex
)

In
di

vi
du

al
s 

fe
at

ur
es

Ex
os

ke
le

to
n 

In
te

rv
en

tio
n

Co
m

pa
ri

so
n 

In
te

rv
en

tio
n

Ev
al

ua
tio

ns
Fo

llo
w

-u
p

D
ro

p 
ou

t

Ex
os

ke
le

to
n:

 R
ex

C
hr

on
ic

n-
RC

T 
Bi

rc
h 

et
 a

l. 
20

17
(9

)
20 (1

4 
M

, 6
F)

LO
I: 

C
4-

L5
A

IS
 A

 a
nd

 B
 (1

1)
, C

 
an

d 
D

 (9
)

A
ge

: m
ea

n 
40

.9
 y

ea
rs

TS
I: 

1–
52

 y
ea

rs

3–
4 

h 
×

 1
 s

es
si

on
N

O
Si

ng
le

 e
va

lu
at

io
n:

 
tim

e 
to

 tr
an

sf
er

 in
to

 
de

vi
ce

, l
ev

el
 o

f a
ss

is
-

ta
nc

e 
pr

ov
id

ed
 b

y 
tr

ai
ne

d 
as

si
st

an
t t

o 
pe

rf
or

m
 2

 e
xc

er
si

se
s 

w
ith

 u
pp

er
 e

xt
re

m
i-

tie
s, 

TU
G

, A
cc

ep
t-

ab
ili

ty
 q

ue
st

io
nn

ai
re

N
P

N
R

St
ud

ie
s 

da
ta

 a
re

 h
ie

ra
rc

hi
ca

lly
 re

po
rt

ed
 a

cc
or

di
ng

 to
 th

e 
D

ow
n 

an
d 

Bl
ac

k 
to

ta
l (

D
&

B 
to

ol
) s

co
re

 fo
r e

ac
h 

EX
O

 d
ev

ic
e.

 N
P, 

no
t p

er
fo

rm
ed

 fo
llo

w
-u

p 
as

se
ss

m
en

t; 
N

R,
 n

ot
 re

po
rt

ed
 d

at
a



Page 23 of 56Tamburella et al. Journal of NeuroEngineering and Rehabilitation           (2022) 19:27  

performances of individuals with SCI walking in two 
different conditions: with and without EXO. Perfor-
mances in walking with ReWalk device of inexperi-
enced individuals with SCI were compared to expert 
individuals with SCI and vs ABs [70]. Moreover, a 
comparison among Ekso overground walking vs Ekso 
treadmill walking vs Lokomat device was available 
[55]. Regarding follow-up examinations, these assess-
ments were performed 4 weeks after the end of treat-
ment (N = 3) [52, 61, 72] or after 2  months (N = 1) 
[44], 2–3  months (N = 1) [65] and 12–15  months 
(N = 1) [69].

Outcome measures
In the included studies, different outcome measures were 
addressed covering various domains. For comparison 
purposes, studies were grouped in 14 domains as detailed 
in Fig. 4 and Tables 5 and 6.

Most of the enrolled studies used outcome measures 
relating to the walking domain (N tot = 27; N = 13 Ekso, 
N = 9 ReWalk, N = 3 Indego, N = 2 HAL). Other domains 
were less addressed. Sixteen studies reported cardiores-
piratory and metabolic outcome measures (N = 8 Ekso, 
N = 6 ReWalk, N = 2 Indego), spasticity and related out-
comes were addressed in 14 studies (N = 7 Ekso, N = 6 

15%

29%

32%

10%

2%
2%

10%

NUMBER OF PARTICIPANTS

1-5 6-10 11-15 16-20 21-25 26-30 > 30

19%

5%

5%

20%27%

2%

7%

15%

TOTAL NUMBER OF SESSIONS

1-5 6-10 11-15 16-20 21-25 26-30 > 30 Not defined

15%

12%

42%

2%

7%

0%

22%

MINIMUM NUMBER OF SESSIONS PER WEEK

1 2 3 4 5 6 Not defined

Fig. 3 Percentage distributions of number of participants, minimum number of sessions per week and total number of sessions across the 41 
included studies
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ReWalk, N = 1 Indego). Balance (N = 5 Ekso, N = 5 
ReWalk, N = 1 Indego, N = 1 Rex) and QoL outcome 
measures were present in 12 studies (N = 6 Ekso, N = 4 
ReWalk, N = 1 Indego, N = 1 Rex). Human Robot Inter-
action (HRI) (N = 9; N = 3 Ekso, N = 2 ReWalk, N = 3 
Indego, N = 1 Rex), Robot data (N = 8; N = 6 Ekso, N = 2 
ReWalk), and bowel functionality (N = 8; N = 3 Ekso, 
N = 4 ReWalk, N = 1 Indego) were addressed respectively 
by 9 and 8 studies. Very little attention was paid to mus-
cle strength (N tot = 6; N = 3 Ekso, N = 2 ReWalk, N = 1 
HAL), Activities of Daily Living (N tot = 5; N = 2 Ekso, 
N = 1 ReWalk, N = 2 HAL) and neurophysiology data 

(N tot = 4; N = 3 Ekso, N = 1 ReWalk). Finally, almost no 
attention was given to sensory functions (N = 2 ReWalk) 
and bladder functionality (N tot = 2, N = 1 Ekso, N = 1 
Indego) as well as to body composition and bone density 
(N = 1 Ekso). It is worth noting that for individuals with 
no walking function (i.e. non–ambulatory) all evalua-
tions were performed wearing the EXO, while for those 
who were able to walk overground at evaluation time (i.e. 
ambulatory), assessments were performed not wearing 
the EXO (see Tables 5, 6).

In the analysis of each domain, we verified, for each 
article, whether the Authors reported variations deriving 

Fig. 4  Number of the studies included in the review for each EXO (a) and number of studies addressing each domain (b). Ekso device: green 
columns; ReWalk device: blue columns; Indego device: red columns; HAL device: black columns; Rex device: orange columns. [Card./Met.: 
Cardiorespiratory and Metabolic responses; QoL: Quality of Life; HRI: Human Robot Interaction; Bowel_f: Bowel functionality; ADL: Activities of Daily Living; 
Neuroph.: Neurophysiology; Sensory_f: Sensory function; Bladder_f: Bladder functionality; Body/Bone: Body composition and bone density]
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from the use of EXOs and whether these variations were 
significant or not. Therefore, in this review we stated 
data as "significant" if the Authors of the included study 
reported significant changes in their published data. For 
all 14 different domains specifically addressed below, 
not all studies reported significant results in the differ-
ent comparisons performed, as reported in Fig.  5 and 
Tables 5 and 6.

Walking domain
The pattern of outcome measures employed in the 
enrolled studies was extremely different, thus making 
comparisons unreliable. Walking velocity was measured 
per the Ten Meter Walking Test (10MWT) in 18 studies 
and per the Six Minutes Walk Test (6MWT) in 13 stud-
ies. Notably, in 11 of these studies both measures were 
present. Moreover, 2 studies selected the Two Minutes 
Walk Test (2MWT) for walking speed assessment. See 
Table 5.

Instrumental measures were present in 11 studies. 
Also, this group presented great differences, regarding 
both instruments and outcomes considered. All stud-
ies, except one [75], employed kinematic analyses but 
they varied on the measures considered. The list was 
extremely heterogeneous making comparison difficult 
(Cadence N = 7, Speed N = 5, Step length N = 5, Stance 
N = 4, ROM N = 4, Stride length N = 3, Double time sup-
port N = 3, Step width N = 1, Swing time N = 1).

Besides kinematics, also other instrumental measures 
were occasionally employed, trunk angle oscillation was 
assessed in 2 studies [70, 77] and vertical ground reaction 
forces in a single one [75]. Quite surprisingly, only 3 of 
the included studies used clinical scales, such as WISCI 
II scale alone (N = 2) or in association with the modified 
Gait Abnormality Rating Scale (GARS-M) (N = 1).

Different group comparisons based on 10MWT [80] as 
outcome measure are present in 18 studies (N = 7 Ekso 
[40, 42, 48–52], N = 7 ReWalk [12, 65–70], N = 2 Indego 
[45, 47], N = 2 HAL [77, 78]). In all these studies, regard-
less of EXO, training schedule or TSI, a positive trend in 
walking speed was observed.Three of the Ekso studies 
reported significant 10MWT enhancement after training. 
Group population included non-ambulatory individuals 
with chronic SCI [42] or unspecified TSI [48] ambulatory 
individuals with subacute SCI [52]. For ReWalk device 
training, different studies on chronic non-ambulatory 
individuals were focused on specific topics. In detail, 
Guanziroli et  al. [68] compared two different types of 
ReWalk software in two groups of individuals with SCI 
and highlighted a better performance for the group using 
the second-generation software. Zeilig et al. pointed out 
that individuals with lower SCI walked faster than higher 
lesioned individuals [12] and Yang et al. demonstrated a 

significant inverse correlation between the level of exter-
nal assistance, provided by a trained assistant, and the 
10MWT data in non-ambulatory individuals with SCI 
[66]. Indego effects on 10MWT were addressed only 
in non-ambulatory individuals with unspecified TSI. 
Tefertiller et  al. [81] pointed out a significant 10MWT 
improvement at the end of the training for both indoor 
and outdoor conditions. Hartigan et  al. [47] reported 
data on a single session, not allowing for any compari-
son. The HAL device was used exclusively on subacute 
ambulatory participants, showing a significant 10MWT 
improvement at the end of the training [77, 78].

The 2MWT (N = 2 Ekso [51, 63]) and 6MWT (N = 4 
Ekso [40, 48–50]; N = 6 ReWalk [12, 65–69]; N = 3 
Indego [47, 76, 81]) were used for long distance speed 
evaluation. As for 10MWT, in the case of Ekso, ReWalk 
or HAL training, results showed positive effects on the 
walking speed measure in the 2MWT or 6MWT regard-
less of TSI. Studies using the Ekso device showed signifi-
cant 6MWT improvement at the end of the training in 
participants with chronic lesion, in both non-ambulatory 
and ambulatory individuals [40, 50], as well as in a mixed 
population of ambulatory and non-ambulatory partici-
pants with unspecified TSI [48]. On the other hand, on 
subacute non-ambulatory individuals [49], there was 
an improving trend but not statistically significant. For 
ReWalk training, 6MWT enhancement never reached 
statistical significance but a positive trend was observed 
in Benson et al. [67]. Two studies did not allow for com-
parisons because the evaluation session was a single one 
[69] or only the best performance results were reported 
[66]. Comparison between individuals with low or high-
level SCI lesions indicated significantly better 6MWT 
results in the former group [12]. Interestingly, one study 
indicated a significant inverse correlation between the 
6MWT and the level of external assistance [66]. Regard-
ing Indego studies a positive improvement trend of 
6MWT performances was reported either in both ambu-
latory and non-ambulatory individuals. Furthermore, 
6MWT was also employed in one study on individu-
als with SCI to compare comfortable vs “fast but safe” 
walking speed while wearing EXO, indicating significant 
walking improvement in the latter condition [76].

Group comparison through instrumental walking 
analysis varied according to the different characteristics 
employed. Walking speed comparison after Ekso (N = 4 
Ekso [48, 50, 57, 58]) or ReWalk device usage (N = 1 
ReWalk [75]) was evaluated in non-ambulatory individu-
als with SCI. Overall Ekso training allowed walking speed 
improvement, significance was present only in two stud-
ies in chronic lesion [50] or not defined TSI [48].

In two studies the walking speed parameter was also 
selected for comparing EXO single test in individuals 
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with SCI vs ABs. Ramanujam et  al. [57] used walking 
speed to compare Ekso device walking in non-ambu-
latory individuals with chronic lesion vs ABs. In this 
study ABs were required to walk with and without the 
Ekso device. Results showed that individuals with SCI, 
walk at a significantly lower speed and with a wider sup-
port surface, in comparison to ABs walking in passive 
modality. Fineberg et  al. [75] compared ReWalk device 
usage in chronic non-ambulatory individuals with SCI 
and ABs. Individuals with SCI walked wearing EXO at a 
non-significant slower speed than ABs. Furthermore, the 
Authors classified individuals with SCI according to the 
level of external assistance provided by a trained assis-
tant. Individuals with SCI able to walk with no external 
contact exhibited a significantly higher walking speed 
than individuals for which minimal physical contact was 
required.

The cadence parameter was analysed after training 
with Ekso (N = 4) [40, 48, 50, 58], ReWalk (N = 1) [70] 
and HAL (N = 2) [77, 78] devices, and all studies reported 
an improvement trend. Cadence enhancement reached 
significance after Ekso training in non-ambulatory indi-
viduals with chronic SCI [50] or unspecified TSI [48], as 
well as after HAL training in ambulatory individuals with 
subacute lesion [77, 78].

Stride length was assessed only in Ekso trials. The 
enrolled population included ambulatory and non-ambu-
latory individuals with chronic lesion (N = 2) [40, 58] and 
non-ambulatory individuals with unspecified TSI [48]. A 
trend of stride length improvement was observed, but it 
reached significance only for ambulatory individuals with 
chronic lesion [40] and non-ambulatory population with 
unspecified TSI [48].

Step length was evaluated after Ekso [40, 50, 58, 64] 
and HAL trainings [78]. Overall, results indicate that 
training allowed individuals to walk with a longer step. 
This improvement reached significance only for ambula-
tory individuals, in the case of Ekso training in chronic 
lesion [40] or HAL training in subacute lesions [78]. 
Only a single Ekso study [50] addressed step width. Non-
ambulatory individuals with chronic lesion walked with a 
significantly larger step width after training.

Stance and double-time support phases duration alone 
or in combination were analysed in four Ekso studies. 
Pre-post training comparison was present in three stud-
ies in non-ambulatory individuals with chronic lesion 
[50, 58] or unspecified TSI [48]. Results were ambigu-
ous. No significant reduction in stance and double-time 
support phases was reported by Ramanujan et  al. [58] 
and Sale [48]. In another study, Sale et al. [50] reported 
a non-significant enhancement of the stance phase time 
after training. The only study reporting a significant 
group difference on stance time during Ekso device usage 

[57], reported a longer stance time duration in individu-
als with SCI rather than ABs. Swing phase duration was 
evaluated only in one study. Lonini et al. [70] reported a 
trend of reduction after ReWalk training.

Kinematics of the lower limb ROM was analysed in 
studies employing Ekso (N = 3) [48, 57, 61], ReWalk 
(N = 2) [43, 70] or HAL devices (N = 1) [77]. Results were 
extremely heterogeneous, thus making it impossible to 
define a common pattern (see Table 5). Significant posi-
tive effects in the reduction of trunk swing oscillation 
while wearing EXO were reported after ReWalk training 
through accelerometers in non-ambulatory individuals 
with SCI [70] or after HAL training by walking analy-
sis performed without EXO in ambulatory individuals 
with SCI [77].The rarely used clinical scales for walking 
assessment were the GARS-M [82] (N = 1 HAL [77]) 
and the Walking Index for Spinal Cord Injury II (WISCI 
II) [83] (N = 2 HAL [77, 78]; N = 1 Ekso [52]). The only 
study with GARS-M reported a significant improvement 
after HAL training in subacute ambulatory individuals 
[77]. The studies using WISCI II reported no significant 
improvements after HAL [77, 78] or Ekso [52].

Cardiorespiratory and metabolic responses domain
Cardiorespiratory responses in individuals with SCI are 
of paramount importance. Nevertheless only 16 out of 41 
studies included addressed this issue (see Table  5). Fur-
thermore, data analysed and functions addressed varied 
across studies even if all data for each study were col-
lected with the individuals wearing the EXO.

Heart rate (HR) was present in 10 studies (N = 5 Ekso 
[49, 52, 54, 59, 63], N = 4 ReWalk [12, 67, 69, 71], N = 1 
Indego [76]). Data was collected in different conditions 
and three studies reported significant HR increase com-
paring sitting and standing wearing EXO (N = 2 Ekso 
[52, 54]; N = 1 ReWalk [71]). Two of these studies also 
reported a further significant HR increase comparing sit-
ting or standing versus walking (N = 1 Ekso [52], N = 1 
ReWalk [71]).

Of the 10 studies reporting HR, 6 recorded also blood 
pressure (BP) during Ekso training in individuals with 
subacute and chronic lesion or during ReWalk train-
ing in the case of chronic SCI (N = 3 Ekso [49, 52, 63], 
N = 3 ReWalk [12, 67, 69]). Ekso studies varied in the BP 
recording modality, reporting no significant changes. 
Conversely, studies on the ReWalk device were more 
uniform recording BP before and after training sessions, 
although no significant variations were noted.

Energy expenditure (EE) was reported in 3 studies 
focused on individuals with chronic SCI (N = 2 Ekso 
[51, 59], N = 1 ReWalk [70]). Of these studies, signifi-
cant results were reported only by Lonini et al. [70]. This 
study reported an EE reduction after ReWalk training. 
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The usage of different metabolic measures caused further 
ambiguities. Two studies employed Metabolic Equivalent 
Task (N = 1 Ekso [63]; N = 1 Indego [76]) and one the 
Physiological Cost index (N = 1 ReWalk [65]) in individu-
als with chronic SCI or mixed population, all reporting 
no significant variations after training or comparisons.

Five studies analysed oxygen consumption during EXO 
training, exclusively in participants with chronic SCI 
(N = 3 Ekso [51, 54, 59], N = 1 ReWalk [71], N = 1 Indego 
[76]). Significant results were obtained for Ekso [54] and 
ReWalk [71] devices regarding the increased oxygen con-
sumption when transitioning from sitting to standing 
up to walking wearing EXO. Evans et  al. [76] compared 
“fast but safe” vs comfortable speed oxygen consumption, 
during the Indego device usage, reporting a significant 
increase in the former condition. In addition, Escalona 
et al. [54] employed a wide range of parameters to ana-
lyse cardiorespiratory functions, reporting a significant 
increment in: carbon dioxide production, ventilation, 
tidal volume, respiratory rate and respiratory exchange 
ratio, in walking vs sitting conditions using Ekso.

Eleven studies addressed fatigue (N = 3), effort (N = 6) 
or both (N = 2). The five studies with Visual Analogue 
Scale (VAS) fatigue assessment (N = 2 Ekso [48, 50], 
N = 3 ReWalk [12, 67, 69]) reported variable trends after 
training although all of them were not significant. Eight 
studies analysed the perception of effort using the clas-
sical Borg Rate of Perceived Exertion (BRPE) either with 
the 6 to 20 or the modified version 1 to 10 scores [84] 
(N = 6 Ekso [48–50, 52, 63], N = 1 ReWalk [71], N = 1 
Indego [46]). All studies reported a trend towards a 
reduced perceived effort after training. Significant BRPE 
reductions were reported after Ekso [52] or Indego train-
ings [46].

Spasticity domain
Spasticity and related symptoms, pain and spasms, were 
evaluated in 14 studies: spasticity data was present in 7, 
pain was reported in 12 reported pain and spasms pres-
ence in 3 (see Table 5).

Spasticity studies employed quite different outcome 
measures: Modified Ashworth Scale (MAS) [85] was 
employed in 3 studies (Ekso N = 2 [61, 62], Indego N = 1 
[46]), 2 studies reported Ashworth Scale (AS) (ReWalk 
[67, 69]), or Numeric Rating Scale for spasticity (NRS_sp) 
(N = 1 Ekso [62]; N = 1 Indego [46]), and in one study the 
REsistance to PASsive movement Scale [86] was used 
(N = 1 ReWalk [72]). Finally, in one study spasticity was 
analyzed by a semi-structured interview (N = 1 ReWalk 
[44]). See Table  5. Significant spasticity reduction was 
observed using MAS in 3 studies, based on a mixed suba-
cute and chronic population enrolled in Ekso [61, 62] 
or Indego [46] trainings. Notably, after a single training 

session [62] positive effects on MAS and on NRS_sp were 
present [62]. All remaining studies addressing ReWalk 
training reported a spasticity reduction trend after train-
ing [44, 67, 69, 72].

Regarding pain, different outcome measures were 
selected: the Visual Analogue Scale pain (VAS_p) [87], 
the most employed, NRS for pain evaluation (NRS_p), 
International SCI pain basic data set (ISCIBPD) [88], 
McGill Pain Questionnaire Pain Rating Index (PRI) [89], 
Subjective Pain Scale (SPS) and a pain semi-structured 
interview [44]. In all studies a positive trend in pain 
reduction was reported, but only in one study was signifi-
cance reached.

VAS_p outcome measure is present in 6 studies (N = 3 
Ekso [48–50], N = 3 ReWalk [12, 67, 69]). For both Ekso 
and ReWalk devices, a trend in pain reduction was 
observed in individuals with subacute [49] or chronic SCI 
[12, 50, 67, 69], as well as in a group with no TSI details 
[48]. Only in one ReWalk study involving individuals with 
chronic SCI, a trend in VAS_p increase was reported 
[67].

Three studies selected NRS_p (N = 2 Ekso [51, 62], 
N = 1 ReWalk [65]). Ekso [51] and ReWalk [65] trainings 
on chronic population allowed a trend in NRS_p reduc-
tion. A significant NRS_p reduction was reported after 
a single Ekso training session in a mixed population of 
both complete and incomplete lesions [62]. ISCIBPD 
was selected as outcome measure in 2 Ekso studies on 
chronic [51] or mixed population [61], suggesting a posi-
tive trend. Only one study, based on individuals with 
chronic lesion who underwent Rewalk training, selected 
PRI for pain evaluation, also reporting a positive non-
significant trend [65]. One study employed the SPS as a 
pain outcome measure reporting a pain reduction posi-
tive trend after Ekso training in a mixed population [64]. 
The study of Manns et  al., based on a semi-structured 
interview, reported no significant changes in pain after 
ReWalk training [44].

Spasms were seldom evaluated. Two out of three stud-
ies employed Spinal Cord Assessment Tool for Spastic 
Reflexes [90] in individuals with chronic SCI, indicating a 
positive trend after Ekso training [51] or no changes after 
ReWalk training [65]. A single study in individuals with 
both subacute and chronic SCI selected the Penn Spasms 
Frequency Scale [91], demonstrating a significant reduc-
tion of spasms after a single Ekso device session [62].

Balance domain
Twelve of the included studies addressed balance. In 
eight studies the Timed Up and Go (TUG) [92] was 
selected as outcome measure (N = 4 Ekso [40, 48, 50, 
52], N = 2 ReWalk [12, 67], N = 1 Indego [81], N = 1 REX 
[79]). All EXOs trainings reported a positive trend in 
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TUG performances regardless of AIS and TSI. Significant 
effects are reported by Sale et al. [48] in non-defined TSI 
non-ambulatory individuals wearing Ekso device and by 
Baunsgaard et  al. [52] in chronic and subacute ambula-
tory individuals not wearing Ekso device. In the latter 
study, a positive effect on Berg Balance Scale (BBS) [93] 
was also reported.

Besides TUG, other different indexes were proposed 
by single studies to address balance domain. Platz et  al. 
proposed using the number of sessions required to 
achieve the capability to maintain upright position wear-
ing ReWalk device [72]. Kolakowsky-Hayner et  al. [64] 
suggested analysing the frequency of balance loss during 
Ekso walking. Instrumental sitting balance assessment, 
limits of stability and sway speed of the Centre of Pres-
sure (CoP), was proposed by Khan et  al. [65] to evalu-
ate ReWalk training effects in individuals with chronic 
lesions. Results indicated significant early improvements, 
which were not maintained at follow-up.

Quality of life (QoL) domain
Twelve studies investigated the EXO usage effects on 
QoL, including individuals’ perception in using EXO 
(N = 6 Ekso [41, 48, 50, 60–62], N = 4 ReWalk [12, 67, 
69, 72]  N = 1 Indego [46], N = 1 Rex [79]). See Table  5. 
Only five of these studies selected validated scales. Inter-
national Spinal Cord Injury Basic Dataset (ISCIBDS) 
[61] and Patient’s Global Impression Change [62], which 
were administered on individuals with both subacute 
and chronic SCI using Ekso [61, 62] device, showed a 
significant improvement of self-satisfaction after train-
ing, only those participants with chronic lesions [61]. 
Short Form-12 v2 (SF-12 v2) [94], the Appraisals of Dis-
Ability Primary and Secondary Scale [67] and the Assis-
tive Technology Device Predisposition Assessment [67] 
were used exclusively in the case of ReWalk training for 
participants affected by chronic SCI. Results pointed 
out a positive trend of improvement in terms of health 
related QoL and the individual’s/EXO interaction. Inter-
estingly, data reached significance only for the role-phys-
ical domain of SF-12 v2 [72]. Juszczak et al. [46] assessed 
QoL in individuals with mixed subacute and chronic SCI 
after Indego training, via the Satisfaction with Life Scale, 
showing no significant variations.

Regarding non-validated instruments, five studies used 
the same questionnaire consisting of 10 items about EXO 
training on individuals with chronic lesions (N = 1 Ekso 
[50]; N = 3 ReWalk [12, 69, 72]) or unspecified TSI (N = 1 
Ekso [48]). Overall, a trend of positive effects in QoL 
was reported, highlighting emotional, physical and psy-
chosocial benefits, as well as better comfort and stabil-
ity when using EXOs. Only for Sale et al. [48] significant 

improvements in safety and comfort areas were obtained 
after Ekso training.

A non-validated semi-structured interview was used by 
Cahill et al. [60] at the end of the training to address Ekso 
device effects on QoL for individuals with chronic SCI. 
Individuals reported QoL benefits and a better adapta-
tion to society in terms of physical and psychological 
conditions.

Participants’ experience after a single session of Ekso 
[62] or Rex [79] devices usage, was evaluated via the non-
validated questionnaires. For both studies, the acceptance 
of the use of the EXOs was high. The only controversial 
results were in relation to the simplicity of wearing the 
Rex device [79]. Lastly Gagnon et  al. [41] proposed an 
online questionnaire at the end of Ekso training to par-
ticipants with chronic lesion. However, no significant 
improvements on their perception of their health, or 
on their motivation to engage in physical activity were 
denoted.

Human robot interaction (HRI) domain
HRI studies have a long history over time, in terms of the 
roles of the robot to train, collaborate or assist humans in 
an intuitive and natural fashion [95]. Nevertheless, very 
little attention was paid to EXO usage in individuals with 
SCI.

The HRI was addressed by 9 out of 41 studies in terms 
of EXO donning/doffing time (N = 1 Ekso [64], N = 3 
Indego [46, 47, 81]), the assistance provided by one or 
more trained assistants for donning/doffing (N = 1 Ekso 
[63]), for walking (N = 2 Ekso [42, 64]; N = 1 Indego [47]), 
and for performing upper extremity exercises (N = 1 Rex 
[79]), the time needed for individuals to transfer into the 
device (N = 1 Rex [79]), or the number of sessions nec-
essary to reach specific motor tasks (N = 1 ReWalk [72]; 
N = 1 Ekso [63]). See Table 5.

Only Ekso or Indego studies addressed donning/doff-
ing time, showing a trend in time reduction after train-
ing. This data reached significance only in two out of 
three Indego studies. One of these reported a significant 
reduction in either donning and doffing time in the case 
of unspecified TSI [45], while the other one only in the 
doffing time for a mixed population [46]. The level of 
external assistance provided for donning and doffing 
EXO was analysed by a single Ekso [63] study, as well as 
the time to transfer into Rex [79] device. This evaluation 
was performed only once, making comparisons impossi-
ble. Whit regards to the changes in the amount of assis-
tance provided by trained assistants during walking, the 
usage of Ekso promoted a reduction in individuals with 
both subacute and chronic SCI [64] as well as in only 
chronic SCIs [42]. The same was observed in the Indego 
training in a population with unspecified TSI [47]. The 
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number of sessions needed to reach specific motor tasks, 
using ReWalk [72] device (i.e. sit to stand and vice versa, 
walking 10  m, climbing stairs, walking 500  m outside), 
or to achieve the least amount of external assistance in 
walking, standing and sitting tasks using Ekso [63] device 
was analysed, with no significant information.

Lastly, Van Dijsseldonk et al. [73] studied the validity of 
some parameters as predictors of performances related 
to the use of the ReWalk device, in individuals with 
chronic SCI. Factors such as an active lifestyle, a young 
age at the time of the injury, a low lesion level and a low 
Body Mass Index (BMI) were found to be factors signifi-
cantly correlated to the achievement of required motor 
tasks during training (i.e., maintenance of upright posi-
tion and walking).

Robot data domain
The availability of recording objective performance data 
is one of the most claimed advantages of robotic rehab 
vs CPT. Nevertheless, only 8 out the 41 included stud-
ies report such data (N = 6 Ekso [42, 49, 52, 53, 63, 64]; 
N = 2 ReWalk [65, 70]) and no study reported data about 
the level of assistance provided by EXOs (see Table  6). 
In this selected group data is consistent when using the 
same EXO but varies across the different EXOs. All stud-
ies reported an improvement after training in the indexes 
considered, except Kozlowsky et  al. [63] that reported 
only best performance data, making comparisons impos-
sible. A significant improvement of up-time, walk time 
and steps number was reported in only one study using 
the Ekso [52] device, while a significant enhancement 
of step numbers and step frequency across sessions was 
pointed out ned in a single ReWalk study [70].

Bowel functionality domain
Bowel functionality was investigated in 8 out of 41 stud-
ies (see Table 6). Two studies used non-validated satisfac-
tion questionnaires on individuals with chronic lesion or 
unspecified TSI (N = 2 Ekso [48, 50]), other two studies 
used satisfaction questionnaires based on the Likert Scale 
on a chronic population (N = 2 ReWalk [12, 69]). In the 
remaining 4 studies, quite different instruments were 
employed. In two separate ReWalk studies, not validated 
semi-structured interviews [44] or a battery including 
Modified Lynch Gastrointestinal Survey, Bristol Stool 
Scale and SCI-QoL Bowel Management difficulties Short 
Form Instrument [74] were used. The specific section of 
the ISCIBDS scale was also selected to assess bowel func-
tionality after Ekso training in individuals with chronic 
and subacute lesions [61]. Lastly, a self-reported percep-
tion scale was employed in an Indego study [46].

Results indicate a general improvement in bowel func-
tionality, with no significant changes regardless of TSI, 

EXO used or training protocols. Only one study on an 
unspecified TSI population using Ekso device reported 
a significant increase of satisfaction through a question-
naire [48].

Strength domain
A total of six studies evaluated strength using Lower 
Extremity Motor outcome measure (LEMS) [96] (N = 3 
Ekso [40, 52, 53], N = 2 ReWalk [65, 72], N = 1 HAL 
[78]), in three of them also Upper Extremity Motor 
Score (UEMS) was reported [96] (N = 1 Ekso [53], N = 2 
ReWalk [65, 72]). See Table 6.

All studies included reported an enhancement of mus-
cle strength in both upper and lower limbs after EXOs 
training, but significant improvements were present only 
for LEMS, in individuals with subacute lesion in three 
studies either with Ekso [52, 53] or HAL [78] devices.

Activities of daily living (ADL) domain
Five studies evaluated ADL variations due to EXOs usage 
(N = 2 Ekso [53, 61], N = 2 HAL [77, 78], N = 1 ReWalk 
[72]). See Table  6. Function Independence Measure 
(FIM) scale [97], selected as outcome measures in stud-
ies using HAL [78] and Ekso [53] devices on a subacute 
population, showed significant improvement after train-
ing. Interestingly, a comparison between Ekso device 
plus CPT vs CPT alone showed lower FIM improvement 
when Ekso training was not provided [53].

Spinal Cord Independence Measure (SCIM) [98] was 
selected for ADL evaluation in two studies (N = 1 Ekso 
[61], N = 1 ReWalk [72]). Enhancement was observed 
in both cases, but significant SCIM improvements were 
obtained only for individuals with both subacute and 
chronic SCI after Ekso training [61]. Finally, Yatsugi et al. 
[77] used Barthel Index [99], on individuals with suba-
cute lesion, using the HAL device, showing significant 
score improvements at the end of the training.

Neurophysiology domain
In spite of the growing interest in neurophysiological 
studies in the SCI field, only four of the included studies 
reported neurophysiological data, such as motor-evoked 
potentials (MEP) or electromyography, comparing dif-
ferent conditions or populations (see Table 6). One study 
assessed muscle response through MEP before and after 
ReWalk training, pointing out no significant changes [65]. 
Lower limb muscle electromyography was performed 
in two Ekso studies, comparing either pre vs post train-
ing [51] or ABs vs individuals with SCI [57]. Another 
study [55] compared muscle activation of the trunk and 
trunk acceleration in chronic individuals walking with 
Ekso device overground or on a treadmill or walking in 
the Lokomat. The only significant difference reported 
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in the three studies indicated lower trunk antero-pos-
terior and mid-lateral accelerations and lower muscle 
activation when using Lokomat than using Ekso devices 
overground.

Sensory function domain
Only two studies using ReWalk device on participants 
with chronic lesion [65, 72] investigated the possible 
changes in sensory circuits after training (see Table  6). 
Khan et  al. [65] analysed the sensitivity threshold by 
single pulse electrical stimulation at C3-S2 sensory key 
points, those defined by the International Standard for 
Neurological Classification of SCI (ISNCSCI), with no 
significant modifications. Also Platz et  al. [72] did not 
point out any significant variations on the ISNCSCI scale 
sensory score after training.

Bladder functionality domain
EXO effects on bladder functionality were investigated 
in two studies, on individuals with mixed subacute and 
chronic SCI (see Table 6). No significant effects of train-
ing were evidenced, either by using the specific section 
of the ISCIBDS scale (N = 1 Ekso [61]) or by participants 
self-reported perception data (N = 1 Indego [46]).

Body composition and bone density domain
Effects related to bone health and body composition were 
investigated exclusively in one study [56] on individuals 
with chronic lesion who underwent Ekso training (see 
Table  6). Results showed a significant increase in BMI, 
total body weight, leg and appendicular lean body mass 
and cross-sectional area of the calf muscle, as well as a 
reduction of total, appendicular and leg fat mass. No sig-
nificant changes were evidenced in total, leg and tibia 
bone mineral densities (BMD).

Discussion
This systematic review aimed to explore the effects of 
EXOs training on walking and SHCs in individuals with 
SCI to provide the current state of art on this topic.

Throughout the 41 studies included, the most 
addressed one was the Ekso device followed by ReWalk, 
Indego, HAL and Rex devices (see Fig.  4a). All studies 
included were of moderate or low methodological qual-
ity level (see Table  2). The low scoring was mainly due 
to poor study design, where control groups or follow up 
assessments were not included. The methodological evi-
dence level was mostly 2B (scored by 28 of the 41 selected 
studies). A recent tertiary study [100], aimed to evalu-
ate the quality of the systematic reviews based on EXOs 
usage in neurological disorders was carried out as a guid-
ance for research and clinical practice. It highlighted the 
poor methodological and reporting quality of the studies, 

in spite of the recent interest in EXOs. This evidence, in 
line with the results of this review, emphasises the need 
to conduct more studies on individuals with SCI with 
higher methodological quality.

The analysis of epidemiological data about the SCI 
population showed that the studies included enrolled 
predominantly male subjects, with a ratio ranging from 
4.76  M:1F for Indego EXO to 1.4  M:1F for HAL device 
(see Table 3). Despite this ratio, available published data 
suggest that female individuals with SCI have the same 
neurological and functional recovery as male ones [101]. 
Mean age of individuals with SCI was 43.58 ± 7.8 years: 
the youngest population enrolled was in the Indego stud-
ies (38 ± 3.61 years) and the oldest population was in the 
HAL device studies (57.25 ± 5.16 years). Even though 
literature suggests that age can strongly influence the 
onset and the evolution of SCI and related SHCs [102], 
the analysis of the articles showed that EXOs training 
effects have not been analysed taking into account dif-
ferent age groups. It has been demonstrated that older 
individuals with SCI, compared to younger ones, present 
a higher rate of complications, poorer neurologic recov-
ery, and, moreover, a lower Barthel Index at discharge, 
level of independence in the spontaneous bladder and 
bowel management and frequency of independent walk-
ing [102].

Of the 541 patients enrolled, the AIS score was 
unknown by 4.25% and was equal to A or B by 64.33% 
and equal to C or D by 31.42% (see Table 3 and Fig. 1). 
For almost all the EXOs studies, the analysed popula-
tion was mainly made up of individuals with AIS A or 
B, particularly for Indego and ReWalk devices. The HAL 
studies, instead, included only individuals with AIS C 
or D. Furthermore, in 44.73% of individuals with SCI 
the lesion level was missing. In the studies where lesion 
levels were reported, the thoracic SCI was the most fre-
quent lesion (41.04%), followed by cervical (10.91%) and 
lumbar (3.33%) SCI. By combining data about lesion level 
and impairment it emerged that: in case of lesion classi-
fied as AIS A or B, EXOs training was mainly proposed 
to individuals with thoracic lesion (i.e. more than 50% of 
individuals); while in case of AIS C or D the EXOs usage 
was more likely proposed to individuals with cervical and 
thoracic lesions. For most of the studies included, the 
individuals enrolled within the single studies had differ-
ent functional impairments, according to the AIS score, 
and had a wide range of lesion levels. In fact, several 
studies explored EXOs training effects in a population 
with a wide range of lesion levels, from high cervical to 
lumbar, or in a cohort of individuals with mixed sensory-
motor, complete and incomplete SCI. For example, Zeilig 
et al. [12] pointed out significant differences within SCI 
classified as thoracic (i.e. high thoracic lesion level vs 
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low thoracic lesion level): the lower the lesion level, the 
higher the walking speed on short and long distances. 
Taking into account previous considerations, future stud-
ies should enroll individuals with more homogeneous 
clinical features, in order to shed light on the relationship 
between EXOs training effects and impairment/lesion 
level. This could help in the decision-making rehabilita-
tion process.

Data about TSI on reviewed studies were intriguing 
(see Table  3). The TSI of about 20% of individuals with 
SCI enrolled in the 41 studies was not specified. This 
population was mainly the one analysed in the Indego 
studies. The remaining population was made up of more 
than 50% of individuals with chronic lesions. The ReWalk 
and Rex studies analysed exclusively individuals with 
chronic SCI. On the contrary, the HAL studies enrolled 
only individuals with subacute SCI. Data on both chronic 
and subacute TSI were available only for the studies 
based on the Ekso device, and only Baunsgaard et al. [52, 
61] directly compared data between these two groups. 
It emerges that there is the need to analyse the training 
effects in both subacute and chronic SCI for each EXO, in 
order to properly introduce the EXO training in the reha-
bilitation project of each patient.

Other heterogeneous data were related to the interven-
tion field. The analysis of the studies included revealed a 
lack of homogeneity of the protocol proposed for each 
EXO study (see Table  3 and Fig.  3). It is reasonable to 
believe that EXOs training effects may depend on dosage 
and frequency. Unfortunately, the duration of the single 
treatment and the number of training sessions differed 
extremely among studies and sometimes not declared by 
Authors (see Fig. 3). For example, the number of sessions 
ranged from 1 to 25 for the Ekso device, from 1 to 56 for 
the ReWalk device, from 2 to 32 sessions for the Indego 
device. The two studies on the HAL device reported 5 or 
10 sessions, while for the single Rex device just one ses-
sion was performed. It is interesting to note that most 
studies on ReWalk device reported at least 24 training 
sessions, for the other EXOs a prevalence of the num-
ber of trainings across the studies was not identifiable 
(see Table  3). Moreover, by analysing the relationship 
between the number of sessions performed and the num-
ber of domains with significant data, it does not appear 
that studies with a higher number of sessions have more 
significant domains than those with a lower number of 
training sessions. For example, in the walking domain 
significant data were reported both in studies that carried 
out 1 or 2 sessions and in studies with a higher number of 
trainings.

A key topic in neurorehabilitation is the comparison 
of the effects of the EXOs usage versus CPT or other 
robotic-assisted gait training (e.g. robotic treadmill 

training). To date, the results of this review  indicated 
that this is a field still to be investigated since no study 
focusing on the comparison of EXO training versus other 
robotic-assisted gait trainings was available, and only 
two studies of those included compared EXO rehabilita-
tive effects to CPT alone [40, 53]. It is necessary indeed 
to underline that these comparative studies were carried 
out only for the Ekso device. It is interesting to point out 
that only 5 out of 14 domains were addressed in these 
two studies [40, 53] (walking, balance, strength, robot 
data and ADL domains), see Tables 5, 6. The single RCT 
included in this review, even if conducted in a very small 
group of ambulatory individuals with chronic SCI [40], 
reported a more significant improvement of step length 
after the Ekso training than after CPT and a significant 
improvement of stride length and 6MWT only for Ekso 
group. These walking outcomes were performed without 
wearing Ekso. The second n-RCT study of a larger group 
of individuals with subacute SCI [53], indicated a signifi-
cantly higher improvement of lower limb strength and 
ADL in the group of Ekso plus CPT, than the CPT alone 
group. No significant EXO effects were noted for balance 
and robot data domains for both studies. All the remain-
ing studies included did not allow comparison between 
treatments, mostly assessing the EXOs treatment alone 
(N = 37). Above data are far from conclusive. Only two 
Ekso studies [40, 53] compared EXO training effects 
versus CPT and moreover these were based on a popu-
lation with different neurological features and walking 
abilities (see Table  3). Therefore, these studies focused 
on different domains, exception made for the strength 
one. Consequently, devoted controlled studies appear to 
be necessary, to deeper address all domains in a larger 
cohort of individuals with SCI, taking into account differ-
ent neurological and performance features. In light of the 
foregoing, currently it is not possible to clarify whether 
the use of EXO devices can provide individuals with SCI 
with greater benefits than other types of treatment, such 
as CPT or other robotic-assisted gait trainings. There-
fore, the potential benefits of EXO trainings should not 
be overestimated, despite there not being any disadvan-
tages from EXOs usage reported in the domains ana-
lysed. The fact that EXO usage may lead to various types 
of adverse events and compromise the rehabilitation pro-
cess, should not be overlooked.

As reported above, the outcome measures of the 
41 studies were heterogeneous, covering 14 different 
domains, mostly related to the walking one. Only the Rex 
study did not show any significant training effect [79]. 
Figure  6 graphically reports the studies for which the 
Authors pointed out significant EXOs usage effects.

As for the walking domain, out of the 16 studies report-
ing significant effects, 10 referred to pre-post training 
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Fig. 6  Percentage of studies including at least one outcome measures for each domain with significant improvements after EXOs training (a). 
Same data are reported in detail for Ekso, ReWalk, Indego and HAL devices (b)
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velocity measures, 7 of which also reported significant 
effects on kinematic data (see Table 5). It is of relevance 
that the walking assessments were made either on free 
walking (i.e. without EXO) or in EXO assisted walking, 
respectively according to the ambulatory or non-ambu-
latory capabilities of the enrolled individuals. Overall, 
6 studies reported significant effects on EXOs assisted 
walking velocity, and 4 on free walking velocity. These lat-
ter studies are of relevance for the expanding use of EXOs 
as rehabilitation devices. Ekso [40, 52] and HAL [77, 
78] devices were the EXOs used in the studies reporting 
walking velocity improvement in ambulatory individuals. 
The observed population was mixed: 3 studies [52, 77, 
78] on subacute and one study [40] on chronic individu-
als. All studies on subacute showed significant 10MWT 
improvement. The single study on chronic individuals 
with significant improvement regarded only the 6MWT 
[40]. Of course, the sample was too small to reach any 
conclusions. Nevertheless, it is interesting that short dis-
tance velocity, more related to walking abilities, improves 
in subacute individuals, while long-distance performance, 
more related to endurance, improves in chronic individu-
als. As for the ReWalk device, Yang et  al. reported that 
in case of individuals who need external assistance, the 
lower the level of external assistance the higher the walk-
ing speed was, on short and long distances [66].

As already reported above, the ambulatory individu-
als were evaluated without EXO, while the non-ambu-
latory ones completed assessments while wearing the 
EXO (see Tables  5, 6). This data is related to the sever-
ity of the lesion, according to the AIS level. In fact, in 
case of complete SCI, individuals included in the studies 
were able to walk only with the EXO. Consequently, for 
studies involving non-ambulatory individuals, the sig-
nificant data variations reported after training could be 
related to the training itself. The experience in using the 
EXO allowed individuals to be more skilled in using the 
device, increasing their technical skills. On the contrary, 
in the case of ambulatory individuals, who were able to 
perform assessments without EXO, the significant varia-
tions reported after training could represent a neurologi-
cal improvement. In literature, variations in the AIS level 
or in the motor scores may be considered as indices for 
neurological recovery [103]. None of the studies reported 
AIS level variations after training, while 4 studies based 
on Ekso (N = 2) [40, 52] and HAL (N = 2) [77, 78] devices 
stated significant walking domain improvements after 
at least 15 Ekso device sessions and 5 HAL device ses-
sions. Also, the strength domain significantly improved 
after training in two out of these four studies (N = 1 Ekso 
[52], N = 1 HAL [78]). Furthermore, for the study [52] 
where walking and strength domains improvements were 
reported, Ekso training benefits were also maintained at 

the follow up examination, reinforcing the hypothesis of 
a possible motor recovery owing to EXO training. Con-
sidering that the above reported studies involved indi-
viduals with subacute lesion, future studies with a control 
group that also include neurophysiological evaluations 
are necessary to estimate if the neurological recovery 
is in fact due to EXO training. Indeed, EXO training is 
based on a bottom-up approach that acts on the lower 
limbs (bottom) through the acquisition of technical skills 
and aimes at influencing the neurological system (top) by 
exploiting residual neural plasticity mechanisms. On the 
other hand, also a top-down approach should be consid-
ered, in fact an increasing number of studies support the 
hypothesis that technological devices allow a more direct 
action on the central nervous system to recover periph-
eral functions [104]. To define the relationship between 
neurological recovery and EXO training, the possibility 
that the type of EXO, the treatment protocol and the level 
of assistance provided by the EXO could influence train-
ing effects on motor recovery, should be considered.

Besides the EXOs effects on gait, Ekso or ReWalk 
trainings also influence dynamic balance (see Table  5). 
The Ekso device training allowed balance benefits both 
in chronic and subacute ambulatory participants [52], 
who therefore carried out the assessments (i.e. BBS and 
TUG) without wearing the EXO, and in those who are 
not ambulatory, with unspecified TSI [48], who carried 
out the assessment (i.e. TUG) while wearing Ekso. Also, 
trunk balance may be influenced positively by EXO train-
ing. The ReWalk gait training increased trunk control in 
the sitting position in non-ambulatory chronic individu-
als [65]. This evidence suggests that, although training 
with EXOs has walking as its primary objective, EXOs 
usage may also allow for enhancements in balance and 
trunk muscle training. This would bring about conse-
quent effects on autonomy and ADL management, but it 
needs to be confirmed by devoted studies.

For most commercial EXOs, some walking aids 
(crutch/es, cane/s, rollator) are required to improve bal-
ance for a safe management of the device [2], suggesting 
possible effects on upper limb strength alongside the ben-
efits on the lower limb ones. Although muscle strength 
is almost always used to evaluate the effects of walking 
training in trials based on the SCI population, it is inter-
esting that very few studies selected UEMS or LEMS for 
the evaluation of the strength domain. The results on 
the strength domain pointed out no EXO training effect 
on UEMS. LEMS significantly improved after training 
in three studies (N = 2 Ekso [52, 53]; N = 1 HAL [78]) 
in subacute ambulatory individuals, while in chronic 
SCIs, neither ambulatory nor non-ambulatory, no EXO 
training improvement was noted (see Table  6). Given 
these results, we can assume that in the subacute phase 
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it is possible to utilize EXOs to increase strength in the 
lower limbs. This would be reinforced by the possibility 
that the LEMS’ increase is reported for individuals who 
underwent training with EXOs, for which it is possible 
to adjust the level of assistance provided by EXOs. Since 
the studies included in this review did not analyse the 
effects on strength of the assistance provided by EXOs, 
it could be interesting for future trials to explore the rela-
tionship between it and the potential strength improve-
ments. In fact, although EXOs allowed for the possibility 
to adjust the level of assistance provided, it is curious that 
no study reports data about the variation of assistance 
across training sessions. Having this type of informa-
tion would be useful to better tailor ad-hoc EXOs train-
ing. We can presume that for individuals with incomplete 
SCI, assistance can be gradually reduced as functional 
recovery increases. Only the Ekso studies provided assis-
tance information, but not in all the articles included. 
As reported in the training section, training progression 
was personalized for each individual according to walk-
ing modalities (i.e. First Step, ProStep, ProStep +), the 
level of EXO assistance or the variations in walking aids. 
With regards to the level of EXO assistance, it is stated 
that the Ekso device was initially set at the maximum 
assistance level, according to the individual’s capabilities, 
to encourage the individuals’ contribution to the move-
ment. Furthermore, it is stated that an initially high level 
of assistance was progressively lowered, according to the 
individual’s increased performance.

In addition to the level of assistance provided by EXOs, 
other performance data during walking were collected 
from the studies reviewed. In particular, robot data was 
available only for Ekso and ReWalk devices (see Table 6). 
During EXOs training, using either Ekso or ReWalk 
devices, a progressive increase of up-time, walk time 
and steps number was reported, which allowed partici-
pants to gradually manage the device better. Neverthe-
less, significant improvements of these parameters were 
observed only in a single study on the Ekso device [52] 
across training sessions. These performance data may 
reflect the ability of EXO users to properly manage the 
device and may influence the HRI. Few studies included 
analysed the HRI domain, mainly reporting the time 
spent for donning and doffing the device, suggesting 
that individuals with SCI who underwent Indego train-
ing became significantly faster in wearing and removing 
it [46, 47, 81] (see Table  5). Although HRI studies have 
a long history over time, future studies aimed to specifi-
cally evaluate the interaction between individuals with 
SCI and EXOs are needed.

Considering that EXOs training induces movements of 
lower limbs by providing sensory inputs, these rhythmic 
movements could induce the reorganization of the spinal 

and supraspinal circuitry, as well as a possible decrease 
of spasticity in SCI [105], a common symptom after SCI 
[11]. No study on Rex and HAL devices was available in 
the spasticity domain, but results from studies based on 
Ekso, ReWalk and Indego EXOs suggest a general trend 
of positive training effects on spasticity (see Table 5). In a 
few studies, a significant reduction of spasticity in lower 
limb muscles was observed in individuals with complete 
and incomplete, subacute and chronic SCI, after Ekso 
[61] and ReWalk [46] training. Interestingly, Stampacchia 
et al. [62] demonstrated that even a single session using 
the Ekso device allowed individuals with mixed TSI to 
significantly reduce MAS, pain and spasms. These two 
symptoms are closely linked to spasticity and are related 
to the individual’s perception of physical and emotional 
functionality after SCI, as well as chronic fatigue and 
decreased QoL [106]. Considering that pain can persist 
for years after SCI, a major impediment to effective reha-
bilitation, the positive effects of powered EXOs on pain 
could be of particular interest. However, before starting 
any trial, it would be useful to classify in depth the type 
of pain to assess. In fact, different types of pain such as 
neuropathic or visceral pain, as well as pain linked to 
over exercising, incorrect posture, poor biomechanics or 
sores, could co-exist after SCI.

Another common SHC due to SCI is bone loss and 
the resulting osteoporosis [107]. Bone loss predisposes 
individuals with SCI to fractures [108–110]. Bone loss is 
caused by a combination of factors including changes in 
bone metabolism, blood circulation abnormalities and 
reduction in mechanical forces from both weight-bearing 
activities and muscle contractions [111]. Subsequently, it 
has been hypothesized that weight-bearing in EXO may 
improve the progressive loss of BMD [56]. Nevertheless, 
only a single study on chronic complete lesioned indi-
viduals using the Ekso device addressed this issue [56] 
and reported no significant changes in bone health (see 
Table  6). Besides this data, it is interesting to note that 
one Ekso study and one ReWalk study reported bone 
fracture as an adverse event, mainly for individuals with 
complete SCI. A meta-analysis reported the incidence 
of bone fracturing at any time during EXO training pro-
gram [28]. Furthermore, Van Herpen et  al., identified 
the misalignment of the EXO joints, relative to the user 
joints, as one of the main causes for lower limbs fracture, 
especially in osteopenic or osteoporotic bones [112]. 
Understanding the relationship between fracture risk 
and specific levels of BMD for each EXO device would 
help clinicians to select individuals with SCI suitable to 
train with EXO. Currently it is difficult to define a BMD 
threshold for exclusion from EXO usage and, despite the 
fracture predisposition of the individuals with SCI, not 
all the EXO studies included the BMD as an inclusion/
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exclusion criteria. Such as data suggests that an appro-
priate screening of bone condition should be performed 
before EXO training, considering osteoporosis or osteo-
penia as a relative contraindication for EXO usage.

However, results indicate that Ekso training has posi-
tive effects on BMI, on lean vs fat mass and on total body 
weight. These latter results are interesting considering 
that obesity is a major risk factor of cardiovascular dis-
ease and that is frequently found in SCI population, due 
to the decreased physical activity/exercise, the decrease 
in lean body mass, and the increase in fat mass [108, 
113]. Furthermore, the types of cardiovascular training 
are limited for individuals with SCI, due to their paraly-
sis and the necessary effort in traditional non-robotic 
walking orthoses. This is why EXOs may provide a viable 
alternative.

A significant increase of HR and oxygen consumption 
was reported during a single session of Ekso [52, 54] and 
ReWalk [71] training, in individuals with chronic and 
complete SCI, but only during the transition from sitting 
or standing to walking while wearing EXO. This increase 
can be considered as the normal response to maintain-
ing the BP when changing position [114] that would 
take place even without wearing an EXO. In fact, no sig-
nificant BP variations were reported. In spite of this, it is 
uncertain if the EXO training increases or even decreases 
the BP response in individuals with SCI as compared 
to overground walking, because no control group was 
included in any of the Ekso and ReWalk device studies 
mentioned. Nevertheless, we can speculate that, apart 
from the physiological cardiovascular system adaptation, 
the active contribution of upper limbs and trunk neces-
sary for weight shifting and dynamic balance control 
during EXOs walking may also influence HR and oxygen 
consumption. Devoted studies to address if EXOs usage 
can serve as an effective means of cardiovascular exer-
cise need to be done. It is interesting to note that even 
if fatigue was explored by almost all studies included in 
the cardiorespiratory and metabolic parameters domain, 
only Baunsgaard et al. [52] and Juszczak et al. [46] high-
lighted a reduction in the effort perceived after training, 
respectively using Ekso and Indego devices (see Table 5). 
This suggests a better management of these EXOs by the 
user.

Other SHCs are those related to the pelvic floor, such 
as bladder and neurogenic bowel dysfunctions, with con-
sequent constipation and/or incontinence [7]. In this 
review, few studies covered bowel and bladder domains. 
No EXO training effects on bladder functionality were 
evidenced, while some changes on bowel functional-
ity were reported (see Table 6). However only Sale et al. 
[48] obtained a significant improvement in perceived 
bowel functionality after Ekso training, in unspecified 

TSI population. These results are in line with a previous 
study, that recommended EXOs training to improve, in 
particular, bowel functionality/management and related 
QoL measures [11], using both upright posture and over-
ground walking exercise. It should be pointed out that 
only one single study selected bowel functionality and 
management as the primary goal [74], which took into 
account the frequency of bowel evacuations, time spent 
on bowel management, bowel accidents and laxative 
dosage. On the contrary, the other studies addressed the 
bowel domain per the single items of not specific ques-
tionnaires or semi-structured interviews. Therefore, spe-
cific scales and/or questionnaires for bowel assessment 
and management in the SCI field are still needed. This 
is even more important because bowel dysfunction was 
second, in order of importance, only to loss of mobility 
[74] in the list of the domains that individuals with SCI 
addressed as having impact on their QoL. Curiously, 
none of the studies focused on the SCI sexual compo-
nent, when SCI causes neurogenic sexual dysfunction, 
and their QoL is mainly affected by sexual function [115], 
as well as the bowel and bladder ones [116].

Most individuals with SCI witness a decrease in their 
QoL because of the difficulties performing self-reliant 
ADL and in taking part in everything a community 
may offer. Health-related QoL has been investigated 
more than the ADL domain and it was addressed for 
all EXOs, except for the HAL device, including either 
subacute or chronic SCI (see Table  6). Data has dem-
onstrated that the Ekso device is perceived to be safe 
and comfortable, with a consequent high level of user 
satisfaction [48], for chronic SCIs only. One single 
study considered QoL “satisfaction with life” after Ekso 
usage [61]. It improved in individuals with chronic SCI; 
on the contrary, no changes were reported in subacute 
cases of SCI. One explanation could be that QoL is 
known to improve over the years following the injury, 
suggesting a process of adaptation over a long period 
[9]. One study investigated the physical role domain 
(“how much one thinks she or he can accomplish and 
how much one feels to be limited in the kind of work or 
other activities”) in using ReWalk device [72]. It is well 
known that individuals with SCI are judged for their 
diminished physical functioning whit respect to the 
general population, but their self-perception of possi-
ble achievements, rather than limitations, during their 
activities was positively changed after the EXO train-
ing. It is reasonable to think that standing, being mobile 
in an upright posture and experiencing the possibil-
ity to “overcome” a simple wheelchair-based mobility, 
gave the trained individuals with SCI a different per-
spective on what they can physically achieve. Taking 
into account that these aspects were rarely addressed, 
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we suggest evaluating motivational, psychosocial, and 
emotional aspects when examining individuals with 
SCI that want to use an EXO to walk.

Even if the main goal of EXOs training is not directly to 
improve ADL, EXOs trainings may help individuals with 
SCI to achieve independence in ADL and reduce sec-
ondary co-morbidities [53] because of the possibility to 
increase movement performances and independence in 
self-care. In this review, few studies measured the EXOs 
effects on ADL, pointing out improvements: on the BI 
[77] after HAL device usage, on the SCIM III after Ekso 
device training [61] and on the FIM [78] after both HAL 
and Ekso device usage [53] (see Table  6). This last arti-
cle is the only one that selected the individual functional 
activity performance scale as the primary outcome meas-
ure. It is interesting to see that these few studies focused 
mainly on a subacute population. The ADL improve-
ments, greater in subacute SCI, could probably be attrib-
uted to early phase improvements following SCI. Higher 
quality studies, with appropriate control interventions, 
need to be conducted to deeper address the relationship 
between ADLs improvements and EXOs usage in a suba-
cute population. In fact, the absence of a control group 
could obscure the potential benefit of EXOs intervention. 
Achieving maximal independence in ADL in people with 
SCI is strongly related to their health and well-being, 
and it has been shown that participation in social activi-
ties leads to a higher QoL [117]. Despite this relationship 
between ADL and QoL, only one study examined both 
domains, also considering the TSI (see Table  6). While 
the ADL progress appeared greater after EXOs training 
in the subacute phase, QoL improvements were pre-
dominant in chronic SCI cases. This suggests two paths 
for future studies on the EXOs training: one is to bet-
ter analyse the relationship between QoL and ADL, and 
the other one is to classify the results of these domains 
according to TSI.

Lastly, none of the studies included in this review 
addressed the impact of the EXOs on rehabilitation costs, 
despite the growing interest in this field. However Pinto 
et al. [118], in a single study, that has not met the inclu-
sion criteria of this review, analysed how the EXOs usage 
affected hospital budgets. It suggested that it reduced 
hospital costs. If this observation is confirmed by future 
targeted studies, clinicians will be motivated to imple-
ment the EXOs usage in the clinical daily routine. How-
ever, it is not yet clear if the EXOs usage is more effective 
than CPT, taking into account the lack of studies which 
compare EXOs versus CPT. In this context, even if Pinto 
et  al. suggested that the EXOs usage may be linked to 
reduction in hospital costs, the comparison between 
EXO trainings and CPT should be deeper analysed to 
better understand the cost-effectiveness.

Limits
This systematic review is indirectly limited by the poor or 
moderate methodological quality of the studies included, 
by the small heterogeneous number of participants with 
variable dosage of interventions, by the presence and/
or absence of control groups and/or follow-up assess-
ments in only few studies and by the various parameters 
adopted in each domain for different types of compari-
sons. Consequently, trying to find significant data could 
be inconclusive. In light of the above, we suggest future 
devoted studies based on statistical analysis that com-
bines data from multiple studies, with the goal to address 
and deeper clarify the same scientific question. We do so 
in consideration of our approach of reporting the signifi-
cant data, with the absence of significant disadvantages 
due to EXO training, also in order to avoid an overesti-
mation of the benefits of the EXO usage.

Conclusion
In light of the results of this systematic review, it appears 
that the strengths and weaknesses of EXOs are starting 
to be defined in scientific literature, even if a clear evi-
dence about the full range of possible EXOs benefits or 
detriments have not been established yet. Results of 
this systematic review suggested that the EXO train-
ing could allow potential benefits in different domains, 
even if adverse events (e.g. skin lesion, bone fracture at 
lower limbs, …) may occur. However, these benefits need 
to be confirmed through specific high-quality RCTs. In 
fact, the small number of studies with a control group 
addressed few domains and did not allow to establish 
whether the benefits deriving from the use of EXO are 
greater or lesser than CPT. Furthermore, studies target-
ing those domains less addressed, need to be carried out. 
Also, studies focusing on homogenous epidemiological 
and clinical features up to date have been either partially 
carried out, or not at all. Lastly, from the studies included 
it seems there is no direct relationship between dos-
age and domains’ improvements. To actually clarify this 
point, further studies are needed to compare the effects 
of different EXO dosages according to the EXO device, 
the TSI and the severity of the lesion. Further in depth 
studies of the above mentioned key points could help 
the clinicians to better select the appropriate training for 
individuals with SCI.
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