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Can powered exoskeletons improve gait and balance in 
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Multiple sclerosis (MS) is a progressive neurologic 
disorder that can profoundly influence mobility, 
independence and quality of life. Gait dysfunction in MS is 
common, resulting in an increased risk of losing walking 
ability. Robotic exoskeletons have been developed to 
offer a new form of locomotor training. The aim of our 
study was to investigate the effectiveness of the powered 
exoskeleton (Ekso) in improving gait and balance in 
patients affected by MS. Twenty patients with MS (mean 
± SD: age = 43.7 ± 10.3 years; 66.7% male) were enrolled 
in this retrospective study. They were divided into two 
groups, matched for demographic data (age and sex) and 
medical characteristics (disease duration and Expanded 
Disability Status Scale), but differing for the type of 
rehabilitation training performed. Group 1 [experimental 
group (EG)] received gait training with the Ekso device, 
whereas group 2 (control group) performed traditional 
gait training. Although both trainings led to a significant 
improvement in the ability to walk and balance, only in 

the EG a significant improvement in walking speed (10 
Meter Walk test; P = 0.002), in person’s mobility (Timed Up 
and Go test; P = 0.002), and in the perception of mental 
well-being (MSQoL-M; P = 0.004), with a good usability 
and acceptance of the device, was found. Powered 
exoskeletons could be considered a valuable tool to 
improve functional outcomes and get the therapeutic goal 
in patients with MS. International Journal of Rehabilitation 
Research XXX: 000–000 Copyright © 2021 Wolters Kluwer 
Health, Inc. All rights reserved.

International Journal of Rehabilitation Research 2021, XXX:000–000

Keywords: disability, Ekso-GT, gait training, multiple sclerosis

aNeurology Unit, AO Papardo, bStudio di Psicologia Relazionale e Riabilitazione 
Psicologica, cIRCCS Centro Neurolesi ‘Bonino Pulejo’ and dAssociazione 
Italiana Assistenza Spastici, Messina, Italy

Correspondence to Rocco Salvatore Calabrò, MD, PhD, IRCCS Centro 
Neurolesi “Bonino-Pulejo”, S.S. 113, Contrada Casazza, 98124 Messina, Italy
Tel: +39 090 60128840; fax: +39 090 60128950; e-mail: salbro77@tiscali.it

Received 8 November 2020 Accepted 5 January 2021

 

Introduction
Multiple sclerosis (MS) is a progressive neurologic dis-
order that can profoundly influence mobility, independ-
ence and quality of life [1]. Gait dysfunction in MS is 
common, resulting in an increased risk of losing walking 
ability, increasing the risk of secondary medical con-
ditions. A large survey found that 40% of patients with 
MS reported some difficulty with ambulation, and 70% 
of them reported their walking issues to be the biggest 
challenge of their disease [1].

Assistive devices, such as canes, walkers and rollators, can 
help with ambulatory activity, but are only meant to assist 
and not to improve physical endurance of the user [2]. 
Robotic exoskeletons have been developed and recently 
approved for spinal cord injury and stroke rehabilitation 
[3,4], as they offer a relatively new form of locomotor 
training, with potential positive results also in MS [5]. 
These devices enable individuals with lower extremity 
weakness to stand up and walk over ground with a full 
weight-bearing and reciprocal gait. Nonetheless, peo-
ple with MS are highly susceptible to fatigue and are 
at increased risk of falling [6]. Consequently, an exo-
skeleton that works well for SCI or stroke may not do 
so for MS, because of the variability in distribution and 

temporal presentation of motor and sensory impairments 
and symptoms, which could affect the safe device use. 
About this, Kozlowski et al. [7] tested the feasibility and 
safety of a powered exoskeleton for assisted walking in 
MS and the device appeared feasible and safe.

McGibbon showed that Keeogo (a lower body-powered 
knee exoskeleton) was able to deliver an exercise-medi-
ated benefit to individuals with MS by improving unas-
sisted gait endurance and stair-climbing ability [8]. The 
extent to which routine exoskeleton-assisted walking 
could provide secondary benefits [e.g. walking without 
the device, reductions to Expanded Disability Status 
Scale (EDSS) score, pain, depression, fatigue, or spastic-
ity] is less clear.

The aim of our study was to investigate the effectiveness 
of the powered exoskeleton Ekso-GT in improving gait 
and balance in patients affected by MS.

Materials and methods
Study design and population
Patients with MS who attended the Robotic and 
Behavioral Neurorehabilitation Unit of the IRCCS 
Centro Neurolesi ‘Bonino-Pulejo’ from March 2018 to 
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June 2019, were evaluated for inclusion in this retro-
spective case-control study, using an electronic recovery 
data system. Ten patients undergoing Ekso-GT (EG) 
were then compared to 10 patients (CG) receiving tra-
ditional gait training (TGT): the type of the training was 
normally assigned at the beginning of the rehabilitation 
by the rehab team. The evaluations, which we collected 
retrospectively, were carried out at the beginning and at 
the end of the training by the rehabilitation team (neu-
rologist, physiatrist, nurse, physiotherapist, psychologist), 
as per research and clinical standards.

Inclusion criteria were as follows: (1) MS diagnosis 
according to the last revisions of the McDonald criteria 
[9]; (2) FIM [10] scale score >30; (3) EDSS between 4.5 
and 6.5 [11]; (4) absence of disabling sensory alterations 
(i.e. auditory and visual loss) and cognitive deficits (Mini 
Mental State Examination and Quality of Life < 21) 
potentially interfering with the training [12]. Exclusion 
criteria were as follows: (1) age > 65 years; (2) severe spas-
ticity (modified Ashworth Scale > 3) [13]; (3) MS relapse 
in the 6 months before enrollment; (4) EDSS > 6.5.

Data collection
Demographic and clinical information was collected 
from all the included patients. The MS development 
phase and the rehabilitation sessions were recorded. The 
data were collected retrospectively and then analyzed; 
patients had signed a general informed consensus on the 
use of data for research purposes.

Procedures and outcomes
The included patients were divided into two groups, 
having comparable demographic data (age and sex) and 
medical characteristics (disease duration and EDSS). 
The gait rehabilitation protocol consisted of 40 training 
sessions (i.e. five times a week for 8 weeks) lasting about 
1 hour for each group. The patients received the same 
amount of treatment, but with two different gait training: 
the EG used the robotic device Ekso-GT whereas the 
CG received TGT. Patients in both groups were also pro-
vided with conventional physical therapy (i.e. stretching, 
muscle strength and occupational therapy).

All the patients were assessed at the beginning (T0) and 
at the end (T1) of the rehabilitation program, using 10 
Meter Walk test (10MWT) to evaluate walking speed 
in meters per second over a short distance [14]; Timed 
Up and Go test (TUG) to assess a person’s mobil-
ity and requires both static and dynamic balance [15]; 
Motricity Index to measure strength in upper and lower 
extremities [16]; Functional Ambulation Categories 
(FAC) that assesses the ability to walk [17]; Functional 
Independence Measure (FIM) and Berg Balance Scale 
(BBS) to measure balance ability (static and dynamic) 
[10,18]; Multiple Sclerosis Quality of Life-54 (MSQOL) 
to assess health-related quality of life [19]. Goal 
Attainment Scaling (GAS; for evaluating the extent to 

which the patient believes that individual goals during 
the intervention were achieved) and System Usability 
Scale (SUS; to investigate the usability of the Ekso-GT) 
were also administered [20,21].

Ekso-GT device
The Ekso-GT is a powered hip-knee medical rehabil-
itation exoskeleton developed by Ekso Bionics, and 
approved by the FDA for those recovering from a stroke 
and SCI. Ekso is an exoskeleton framework for the lower 
limbs, equipped with electric motors to power movement 
for the hip and knee joints, passive spring-loaded ankle 
joints, foot plates on which the user stands, a backpack 
that houses a computer, battery supply, and wired con-
troller. Ekso-GT software includes three walk mode: 
(1) FirstStep-TM: aid to step is provided by the physio-
therapist using the controller; such mode is used during 
the first training sessions; (2) ProStep-TM: aid to step 
depends on the patients' thanks to appropriate sideways 
and forward shifts of their weight whilst walking using 
Ekso-GT; (3) ProStep-Plus TM: the patient moves the 
device with appropriate sideways, forward movements 
and lifting of the foot by offloading the pressure of the 
sensors placed on the front of the foot. Different parame-
ters (i.e. forward assistance, step length and height, swing 
and stand time, hip and knee flexion angle) are adjusted 
during the training in relation to patient’s improvements 
and needs. Moreover, during the Ekso rehabilitation, 
it is also possible to set the different assistance modes, 
including the Adaptive (i.e. the device constantly mon-
itors the amount of forward movement aid provided so 
as to receive the appropriate assistance needed) and the 
Fixed (100 to 0 value; the lower the value, the lower the 
assistance) ones.

Statistical analysis
Clinical records of 10 MS patients treated with Ekso 
and 10 patients with MS performed to TT were exam-
ined. We assigned them to one of two groups: EG and 
CG. To reduce the selection bias, we matched age, 
sex, duration of the disease and EDSS score. The data 
were analyzed using SPSS version 18.0, considering a 
P < 0.05 as statistically significant. Descriptive statis-
tics were analyzed and expressed as mean ± SD or as 
median ± first-third quartile for continuous variables, 
as appropriate; frequencies (%) were used for categor-
ical variables. Kolmogorov–Smirnov’s Z test was used. 
Given the non-homogeneity of the distributions of 
continuous variables and the reduced number of data, 
a nonparametric approach was performed. For the data 
type, the Wilcoxon signed-rank test was applied, com-
paring the patient’s result at different time points (two 
tails, if appropriate). Thus, we performed the analysis 
of covariance (ANCOVA) to test for group difference 
on scores at T1, controlling for scores at baseline. We 
used the score in the test at time T1 as the dependent 
variable; the independent variable was the categorical 
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variable ‘Group’ (1 = experimental; 2 = control), and the 
covariate was the baseline test score (T0).

Results
All patients (12 male and eight female; mean age: 43.7 
± 8.07) completed the training, and both groups under-
went the same amount of treatment. As the two groups 
were properly matched (Table  1), no significant differ-
ences were found in age (P = 1.00), disease duration, 
EDSS score (P = 1.00) and proportion of sex (P = 1.00). 
Moreover, at baseline, no significant differences emerged 
between the outcome scores of the two groups. The 
results of Wilcoxon’s tests showed significant differences 
in all of the domains that we evaluated (Table 2), under-
lining that the scores of some tests were influenced by 
the type of treatment. The analysis results showed that 
both the training led to a significant improvement in the 
ability to walk (FAC), balance (BBS), functional capacity 
(FIM), perception of physical well-being (MSQOL-P), 
as well as in the perception of the achievement of the 
therapeutic goal. However, only in the EG, we observed 

a significant improvement in walking speed (10MWT;  
P = 0.002), and person’s mobility (TUG; P = 0.002), in the 
perception of mental well-being (MSQOL-M; P = 0.004). 
Results showed that the type of treatment influenced 
many domains. Indeed, ANCOVA (Table 2), controlling 
for the covariates at T0, revealed a large-sized main effect 
on walking speed (10MWT), person’s mobility (TUG) 
in the left body part, and in the ability to walk (FAC). 
However, a medium-sized main effect on mental QoL, 
person’s mobility (TUG) in the right body part, balance 
(BBS), and in the perception of goal achievement (GAS). 
The assumption of homogeneity of the regression slopes 
was not satisfied in some covariate models: Motricity 
Index, FIM and e physical QoL. Therefore, ANCOVA 
could not be performed for these tests.

Notably, we observed that the majority of the sample 
indicated the main goal ‘walking with a better balance’ 
(77.7%) and ‘acceptance of the disease’ (33.3%). Finally, 
we observed that the EG perceived a high usability of 
the robotic device, which was well tolerated (SUS mean 
± SD: 88.6 ± 5.6).

Discussion
This study supports the growing importance of robotics, 
with regard to powered exoskeleton, in improving func-
tional outcomes in patients with MS. Indeed, a greater 
improvement in walking speed and walking distance (as 
per 10MWT) and subjects’ mobility (as per TUG), as well 
as in balance, was more evident in the Ekso-GT group.

Earlier studies have indicated improvements in sitting, 
standing and walking postures, or endurance in gait after 
the use of recent powered exoskeletons, such as ReWalk 
and Keeogo [7,8]. In particular, it has been demonstrated 
that Keeogo exoskeleton, a device that assists only at the 
knee joints, lead to improvement in gait endurance and 
stair-climbing capacity in persons with MS having an 
EDSS ≤6.5 [7]. These data are in line with our findings, 

Table 1 Demographic and clinical characteristics of the patients

 EG CG All P-value

Participant 10 10 20  
Sex     
 Male 6 6 12  
 Female 4 4 8 1.00
Age (years) 43.7 ± 10.3 43.7 ± 5.6 43.7 ± 8.07 1.00
Education    1.00
 Primary - - -
 Middle 2 2 4
 High 6 7 13
 University 2 1 3
Disease duration 8.4 ± 3.5 8.4 ± 3.5 8.4 ± 3.5 1.00
Expanded Disability Status 

Scale (EDSS)
4.9 4.9 4.9 1.00

Mean ± SD was used to describe continuous variables; proportions (numbers 
and percents) were used to describe categorical variables.
CG, control group; EG, experimental group.

Table 2 Median and interquartile range of clinical scores at baseline (T0) and follow-up (T1), for both experimental and control groups

Clinical assessment

Experimental group

P-value

Control group

P-value

ANCOVA group variable

T0 T1 T0 T1 F value P-value ɳ2

10MWT 8.14 (5.5–16.4) 7.32 (4.7–15.0) 0.002 9.32 (5.8–16.4) 10.00 (7.0–16.5) 0.250 13.41 0.002 0.44
TUG LEFT 13.6 (8.0–28.4) 8.5 (7.0–23.2) 0.002 13.2 (10.4–21.8) 12.4 (10.0–23.2) 0.064 2.62 0.002 0.13
TUG RIGHT 13.4 (8.1–25.6) 10.81 (7.4–23.1) 0.002 28.5 (22.5–32.0) 28.5 (22.5–32.0) 1.000 12.18 0.003 0.41
MI LL LEFT 66.0 (57.5–76.0) 75.0 (68.0–75.0) 0.063 64.0 (56.5–74.5) 68.0 (59.0–77.5) 0.004 NA
MI LL RIGHT 77.0 (49.5–100.0) 83.0 (57.5–100.0) 0.062 84.0 (50.0–91.5) 86.0 (53.0–95.5) 0.004 NA
MI UL LEFT 100.0 (85.5–100.0) 100.0 (92.0–100.0) 0.50 98.0 (85.0–100.0) 100.0 (87.0–100.0) 0.62 NA
MI UL RIGHT 100.0 (100.0–100.0) 100.0 (100.0–100.0) 1.000 98.0 (99.0–100.0) 100.0 (98.5–100.0) 0.250 NA
FAC 3.0 (2.5–4.0) 4.0 (3.0–5.0) 0.016 3.0 (2.5–4.0) 4.0 (3.5–4.0) 0.031 5.22 0.013 0.30
BBS 40.0 (39.0–44.0) 48.0 (46.0–53.5) 0.004 41.0 (39.0–43.0) 46.0 (44.0–49.0) 0.004 5.76 0.02 0.23
FIM 116.0 (101.0–119.0) 120.0 (112.0–122.0) 0.004 111.0 (105.0–118.5) 119.0 (112.5–120.5) 0.004 NA
MSQOL-P 53.4 (38.0–61.0) 91.6 (71.6–132.0) 0.004 60.0 (36.0–83.0) 66.1 (48.0–84.5) 0.008 NA
MSQOL-M 56.2 (42.9–64.4) 72.5 (68.8–95.8) 0.004 42.1 (41.6–57.1) 43.7 (41.5–60.5) 0.078 3.34 0.004 0.16
GAS 37.6 (31.3–37.7) 67.2 (50.0–71.7) 0.004 37.6 (37.6–37.6) 56.2 (43.1–60.5) 0.012 4.05 0.004 0.19

10MWT, 10 Meter Walking Test; ANCOVA, analysis of covariance; BBS, Berg Balance Scale; FAC, functional ambulation categories; FIM, functional independence 
measure; GAS, Goal Attainment Scaling; LL, lower limb; M, mental; MI, Motricity Index; MSQOL, multiple sclerosis - quality of life; P, physical; TUG, Timed Up and Go 
test; UL, upper limb.
Scores are in median (first-third quartile); significant differences are in bold.
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potentially suggesting better results following robotic 
rehab only in individuals with higher disability scores 
[22–23].

Infact, Kozlowski et al. [7] showed the feasibility and 
safety, as well as effectiveness, of using the Rewalk exo-
skeleton in individuals with MS having an EDSS range 
5.5–7.0. Moreover, considering the severity of the disor-
der, it has been shown long-term positive effects after 
over-ground robotic walking training especially in severe 
MS patients [22]. Azal et al. also demonstrated a signif-
icant negative correlation between self-selected gait 
speed (in terms of improvement) and metabolic expend-
iture (reduction) during short distance walks, in patients 
with EDSS between 6.0 and 7.5. This probably reflects 
improvement in neuromuscular efficiency without induc-
ing fatigue and exhaustion [24].

Recovery of walking continues to be the primary goal for 
persons with neurologic deficits and a contributing factor 
to the quality of life. Therefore, (re)learning to walk is 
a major goal during rehabilitation. Although the optimal 
therapeutic intervention to achieve full recovery of gait 
remains unknown for many patients with neurologic inju-
ries, any rehabilitation effort intended to drive changes 
toward motor recovery should incorporate principles of 
neuroplasticity [25–27].

RAGT fulfills two important elements of the task-spe-
cific training principle: relevant and repetitive training 
[28]. Relevant because of the opportunity to walk over 
ground in both indoor and outdoor environments, pro-
moting a person’s interest, motivation and active engage-
ment. Then, the amount of time spent walking in the 
device demonstrates the repetitive nature of training. 
This could partly explain the reason why our patients 
receiving Ekso-GT training got better functional out-
comes. Indeed, it has been shown that repetitive, high-in-
tensity and task-oriented exercise could promote a better 
patient’s recovery [35,44], also by stimulating awareness 
of movements’ results and awareness of the quality of 
movements through a multisensory feedback [29–33].

Additionally, some studies have underlined the impor-
tance of robotic training (especially when coupled to 
virtual reality) in boosting both motor and cognitive out-
comes and processing speed, with a positive perception 
of patients’ performance, as compared to traditional train-
ing [5,34–37].

It is noteworthy that physical impairment should not be 
considered the only goal of the rehabilitation outcomes, 
as the potential impact on the psychologic well-being, 
self-esteem and confidence should be always considered, 
especially in severe disability [25].

The novelty of the study is that we have applied a 
patient-centered approach by using individualized health 
outcomes using the GAS, an accurate marker of success 
in relation to the intended goals of treatment, both by the 

patient and the clinician. We focused on the achievement 
of the rehabilitation outcomes based on the patients’ 
evaluation of the use of the robotic device. In fact, our 
data showed as patients that performed the robotic train-
ing better improved in the GAS score, as compared to 
conventional therapy. Indeed, the patients had the per-
ception of having reached the objectives set out at the 
beginning of the treatment, and found the Ekso-GT use-
ful in gaining their goals and improving QoL.

To this aim, the MSQoL-54, a multidimensional 
health-related quality of life tool [19], showed a greater 
improvement in the EG, especially concerning mental 
health. In fact, the MSQoL-Mental health score showed 
that psychopathologic symptoms had more influence 
on the QoL of MS patients than physical impairment. 
Although MSQoL is a self-report tool, we believe that 
taking into consideration the patient’s subjective evalua-
tion on his/her impairment and the QoL should be highly 
recommended to optimize pharmacologic and nonphar-
macologic therapy [38].

The main limitation of this study is the retrospective 
design and the absence of a follow-up, so it is not possible 
to define whether the results obtained by our sample are 
maintained over time. The sample size is relatively small 
for detecting valid effects on the outcomes. However, 
our results are in line with other studies evaluating the 
potential benefit of powered exoskeleton in MS.

Another limitation is the lack of assessment of the 
patient’s mood and anxiety, which are believed to be 
major contributing factors of QoL, as well as the absence 
of a detailed neuropsychologic assessment. Further larger 
studies are needed to address these important issues.

In conclusion, our findings support the idea that over-
ground robotic devices, by potentiating adherence and 
motivation during the rehabilitation training, may have 
positive impacts on functional and psychologic outcomes 
of patients with MS, potentially improving their well-be-
ing and quality of life.

Acknowledgements
Conflicts of interest
There are no conflicts of interest.

References
1 Johansson S, Ytterberg C, Claesson IM, Lindberg J, Hillert J, Andersson 

M, et al. High concurrent presence of disability in multiple sclerosis. 
Associations with perceived health. J Neurol 2007; 254:767–773.

2 Souza A, Kelleher A, Cooper R, Cooper RA, Iezzoni LI, Collins DM. Multiple 
sclerosis and mobility-related assistive technology: systematic review of 
literature. J Rehabil Res Dev 2010; 47:213–223.

3 He Y, Eguren D, Luu TP, Contreras-Vidal JL. Risk management and regula-
tions for lower limb medical exoskeletons: a review. Med Devices (Auckl) 
2017; 10:89–107.

4 Lajeunesse V, Vincent C, Routhier F, Careau E, Michaud F. Exoskeletons’ 
design and usefulness evidence according to a systematic review of lower 
limb exoskeletons used for functional mobility by people with spinal cord 
injury. Disabil Rehabil Assist Technol 2016; 11:535–547.

5 Androwis GJ, Kwasnica MA, Niewrzol P, Popok P, Fakhoury FN, Sandroff 
BM, et al. Mobility and cognitive improvements resulted from overground 



Copyright © 2021 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

Powered exoskeletons improve gait and balance Russo et al. 5

robotic exoskeleton gait-training in persons with MS. Annu Int Conf IEEE 
Eng Med Biol Soc 2019; 2019:4454–4457.

6 Coote S, Hogan N, Franklin S. Falls in people with multiple sclerosis who 
use a walking aid: prevalence, factors, and effect of strength and balance 
interventions. Arch Phys Med Rehabil 2013; 94:616–621.

7 Kozlowski AJ, Fabian M, Lad D, Delgado AD. Feasibility and safety of 
a powered exoskeleton for assisted walking for persons with multiple 
sclerosis: a single-group preliminary study. Arch Phys Med Rehabil 2017; 
98:1300–1307.

8 McGibbon CA, Sexton A, Jayaraman A, Deems-Dluhy S, Gryfe P, Novak A, 
et al. Evaluation of the Keeogo exoskeleton for assisting ambulatory activi-
ties in people with multiple sclerosis: an open-label, randomized, cross-over 
trial. J Neuroeng Rehabil 2018; 15:117.

9 Thompson AJ, Banwell BL, Barkhof F, Carroll WM, Coetzee T, Comi G, et 
al. Diagnosis of multiple sclerosis: 2017 revisions of the McDonald criteria. 
Lancet Neurol 2018; 17:162–173.

10 Linacre JM, Heinemann AW, Wright BD, Granger CV, Hamilton BB. The 
structure and stability of the functional independence measure. Arch Phys 
Med Rehabil 1994; 75:127–132.

11 Meyer-Moock S, Feng YS, Maeurer M, Dippel FW, Kohlmann T. Systematic lit-
erature review and validity evaluation of the Expanded Disability Status Scale 
(EDSS) and the multiple sclerosis functional composite (MSFC) in patients 
with multiple sclerosis. BMC Neurol 2014; 14:58.

12 Folstein MF, Folstein SE, McHugh PR. “Mini-mental state”. A practical method 
for grading the cognitive state of patients for the clinician. J Psychiatr Res 
1975; 12:189–198.

13 Bohannon RW, Smith MB. Interrater reliability of a modified Ashworth scale of 
muscle spasticity. Phys Ther 1987; 67:206–207.

14 Tyson S, Connell L. The psychometric properties and clinical utility of meas-
ures of walking and mobility in neurological conditions: a systematic review. 
Clin Rehabil 2009; 23:1018–1033.

15 Ries JD, Echternach JL, Nof L, Gagnon Blodgett M. Test-retest reliability and 
minimal detectable change scores for the timed “up & go” test, the six-minute 
walk test, and gait speed in people with Alzheimer disease. Phys Ther 2009; 
89:569–579.

16 Demeurisse G, Demol O, Robaye E. Motor evaluation in vascular hemiplegia. 
Eur Neurol 1980; 19:382–389.

17 Teasell R, Foley NC, Salter K. EBRSR: Evidence-Based Review of Stroke 
Rehabilitation. 13th ed. London, ON: EBRSR; 2011.

18 Blum L, Korner-Bitensky N. Usefulness of the Berg Balance Scale in stroke 
rehabilitation: a systematic review. Physical Therapy 2008; 88:559–566.

19 Vickrey BG, Hays RD, Harooni R, Myers LW, Ellison GW. A health-related 
quality of life measure for multiple sclerosis. Qual Life Res 1995; 4:187– 
206.

20 Smith DL. Goal Attainment Scaling as an adjunct to counseling. J Couns 
Psychol 1976; 23:22–27.

21 Brooke J. SUS: a “quick and dirty” usability scale. In: Jordan PW, Thomas B, 
Weerdmeester BA, et al, editors. Usability Evaluation in Industry. London: 
Taylor and Francis; 1986.

22 Morone G, Bragoni M, Iosa M, De Angelis D, Venturiero V, Coiro P, et al. 
Who may benefit from robotic-assisted gait training? A randomized clinical 
trial in patients with subacute stroke. Neurorehabil Neural Repair 2011; 
25:636–644.

23 Sattelmayer M, Chevalley O, Steuri R, Hilfiker R. Over-ground walking or 
robot-assisted gait training in people with multiple sclerosis: does the effect 
depend on baseline walking speed and disease related disabilities? A sys-
tematic review and meta-regression. BMC Neurol 2019; 19:93.

24 Afzal T,  Tseng SC, Lincoln JA, Kern M, Francisco GE, Chang SH.  Exoskeleton-
assisted Gait Training in Persons With Multiple Sclerosis: A Single-Group 
Pilot Study. Arch Phys Med Rehabil 2020; 101:599–606.

25 Manuli A, Maggio MG, Tripoli D, Gullì M, Cannavò A, La Rosa G, et al. 
Patients’ perspective and usability of innovation technology in a new rehabil-
itation pathway: an exploratory study in patients with multiple sclerosis. Mult 
Scler Relat Disord 2020; 44:102312.

26 Maggio MG, Maresca G, De Luca R, Stagnitti MC, Porcari B, Ferrera MC, 
et al. The growing use of virtual reality in cognitive rehabilitation: fact, fake or 
vision? A scoping review. J Natl Med Assoc 2019; 111:457–463.

27 Holden MK. Virtual environments for motor rehabilitation: review. Cyberpsychol 
Behav 2005; 8:187–219.

28 Bryanton C, Bossé J, Brien M, McLean J, McCormick A, Sveistrup H. 
Feasibility, motivation, and selective motor control: virtual reality compared 
to conventional home exercise in children with cerebral palsy. Cyberpsychol 
Behav 2006; 9:123–128.

29 Afzal T, Tseng SC, Lincoln JA, Kern M, Francisco GE, Chang SH. Exoskeleton-
assisted gait training in persons with multiple sclerosis: a single-group pilot 
study. Arch Phys Med Rehabil 2020; 101:599–606.

30 Feys P, Straudi S. Beyond therapists: technology-aided physical MS rehabili-
tation delivery. Mult Scler 2019; 25:1387–1393.

31 Straudi S, Manfredini F, Lamberti N, Martinuzzi C, Maietti E, Basaglia N. 
Robot-assisted gait training is not superior to intensive overground walking in 
multiple sclerosis with severe disability (the RAGTIME study): a randomized 
controlled trial. Mult Scler 2020; 26:716–724.

32 Buesing C, Fisch G, O’Donnell M, Shahidi I, Thomas L, Mummidisetty CK, 
et al. Effects of a wearable exoskeleton stride management assist system 
(SMA®) on spatiotemporal gait characteristics in individuals after stroke: a 
randomized controlled trial. J Neuroeng Rehabil 2015; 12:69.

33 Chang SH, Afzal T, Berliner J, Francisco GE; TIRR SCI Clinical Exoskeleton 
Group. Exoskeleton-assisted gait training to improve gait in individuals with 
spinal cord injury: a pilot randomized study. Pilot Feasibility Stud 2018; 
4:62.

34 Russo M, Dattola V, De Cola MC, Logiudice AL, Porcari B, Cannavò A, et 
al. The role of robotic gait training coupled with virtual reality in boosting the 
rehabilitative outcomes in patients with multiple sclerosis. Int J Rehabil Res 
2018; 41:166–172.

35 Bruni MF, Melegari C, De Cola MC, Bramanti A, Bramanti P, Calabrò RS. What 
does best evidence tell us about robotic gait rehabilitation in stroke patients: a 
systematic review and meta-analysis. J Clin Neurosci 2018; 48:11–17.

36 De Luca R, Russo M, Gasparini S, Leonardi S, Foti Cuzzola M, Sciarrone F, et 
al. Do people with multiple sclerosis benefit from PC-based neurorehabilita-
tion? A pilot study. Appl Neuropsychol Adult 2019:1–9.

37 Calabrò RS, Filoni S, Billeri L, Balletta T, Cannavò A, Militi A, et al. Robotic 
rehabilitation in spinal cord injury: a pilot study on end-effectors and 
neurophysiological outcomes. Ann Biomed Eng 2020. doi: 10.1007/
s10439-020-02611-z

38 Langhorne P, Coupar F, Pollock A. Motor recovery after stroke: a systematic 
review. Lancet Neurol 2009; 8:741–754.




