cover, overlay, obscure, block, or change any copyright notices or terms of use which the Publisher may post on the Article. It is not permitted to frame or use framing techniques to enclose any trademark, logo, or other proprietary information of the Publisher.

This document is protected by international copyright laws. No additional reproduction is authorized. It is permitted for personal use to download and save only one file and print only one copy of this Article. It is not permitted to make additional copies (either sporadically
or systematically, either printed or electronic) of the Article for any purpose. It is not permitted to distribute the electronic copy of the article through online internet and/or intranet file sharing systems, electronic mailing or any other means which may allow access
to the Article. The use of all or any part of the Article for any Commercial Use is not permitted. The creation of derivative works from the Article is not permitted. The production of reprints for personal or commercial use is not permitted. It is not permitted to remove,

COPYRIGHT© 2021 EDIZIONI MINERVA MEDICA

© 2021 EDIZIONI MINERVA MEDICA European Journal of Physical and Rehabilitation Medicine 2021 October;57(5):841-9
Online version at http://www.minervamedica.it DOI: 10.23736/S1973-9087.21.06915-X

SYSTEMATIC REVIEW
THE ITALIAN CONSENSUS CONFERENCE CICERONE

What does evidence tell us about the use of gait
robotic devices 1n patients with multiple sclerosis?

A comprehensive systematic review on functional
outcomes and clinical recommendations

Rocco S. CALABRO ! *, Anna CASSIO 2, Davide MAZZOLI 3, Elisa ANDRENELLI 4,
Emiliana BIZZARINI 5, Isabella CAMPANINI 6, Simona M. CARMIGNANO 7,

Simona CERULLIS8, Carmelo CHISARI?, ValentinaCOLOMBO 10, StefaniaDALISE?, CiraFUNDARO 11,
Valeria GAZZOTTI 12, Daniele MAZZOLENI 13, Miryam MAZZUCCHELLI 13, Corrado MELEGARI 14,
Andrea MERLO 3.6, Giulia STAMPACCHIA !5, Paolo BOLDRINI 16, Stefano MAZZOLENI 17,
Federico POSTERARO 18, Paolo BENANTTI !9, Enrico CASTELLI 29, Francesco DRAICCHIO 21,
Vincenzo FALABELLA 22, Silvia GALERI 23, Francesca GIMIGLIANO 24, Mauro GRIGIONTI 25,
Stefano MAZZON 26, Franco MOLTENI 27, Maurizio PETRARCA 28, Alessandro PICELLI 29,
Michele SENATORE 30, Giuseppe TURCHETTI 3!, Giovanni MORONE 32, Donatella BONAIUTI 33
on behalf of the Italian Consensus Conference on Robotics in Neurorehabilitation (CICERONE)

IIRCCS Centro Neurolesi “Bonino-Pulejo”, Messina, Italy; 2Spinal Cord and Intensive Rehabilitation Medicine Unit, AUSL Piacenza,
Castel San Giovanni, Piacenza, Italy; 30OPA Sol et Salus Gait and Motion Analysis Laboratory, Torre Pedrera, Rimini, Italy; 4Department

of Experimental and Clinical Medicine, Marche Polytechnic University, Ancona, Italy; SSpinal Cord Unit, Department of Rehabilitation
Medicine, Gervasutta Hospital, Azienda Sanitaria Universitaria Friuli Centrale, Udine, Italy; SLAM-Motion Analysis Laboratory,
Department of Neuromotor and Rehabilitation Sciences, AUSL-IRCCS Reggio Emilia, Reggio Emilia, Italy; 7Rehabilitation
Therapeutic Center, Tramutola, Potenza, Italy; 8University Polyclinic Foundation A. Gemelli IRCCS, Rome, Italy; 9Section of
Neurorehabilitation, Department of Translational Research and New Technologies in Medicine and Surgery, University of Pisa, Pisa,
Italy; '°Montecatone Rehabilitation Institute, Imola, Bologna, Italy; !'Unit of Neurophysiopathology, Istituti Clinici Scientifici Maugeri
IRCCS, Montescano, Pavia, Italy; 12Vigorso Prostheses Center, National Institute for Insurance against Accidents at Work (INAIL),
Budrio, Bologna, Italy; 13School of Physical and Rehabilitation Medicine, Bicocca University of Milan, Milan, Italy; 14Elias
Neuroriabilitazione, Parma, Italy; !5Spinal Cord Unit, Pisa University Hospital, Pisa, Italy; !6Italian Society of Physical and

Rehabilitation Medicine (SIMFER), Rome, Italy; 7Department of Electrical and Information Engineering, Polgte.chnig:al University of
Bari, Bari, Italy; !8Department of Rehabilitation, ASL12, Viareggio, Lucca, Italy; "Pontifical Gregorian University, Rome, Italy;

20Department of Pediatric Neurorehabilitation, Bambino Gesu Children’s Hospital, Rome, Italy; 2!Department of Occupational and
Environmental Medicine, Epidemiology and Hygiene, National Institute for Insurance against Accidents at Work (INAIL), Monte
Porzio Catone, Rome, Italy; 22talian Federation of Persons with Spinal Cord Injuries (FAIP Onlus), Rome, Italy; 23IRCCS Don
Gnocchi Foundation, Florence, Italy; 24Department of Mental and Physical Health and Preventive Medicine, Luigi Vanvitelli
University of Campania, Naples, Italy; 25National Center for Innovative Technologies in Public Health, Italian National Institute of
Health, Rome, Italy; 26Rehabilitation Unit, ULSS Euganea, Camposampiero Hospital, Padua, Italy; 27Villa Beretta Rehabilitation
Center, Valduce Hospital, Costa Masnaga, Lecco, Italy; 22The Movement Analysis and Robotics Laboratory, Bambino Gesu Children’s
Hospital, Rome, Italy; 2°Department of Neurosciences, Biomedicine and Movement Sciences, University of Verona, Verona, Italy;
30Jtalian Association of Occupational Therapists (AITO), Rome, Italy; 3!Institute of Management, Scuola Superiore Sant’Anna,
Pisa, Italy; 32Santa Lucia Foundation IRCCS, Rome, Italy; 33Piero Redaelli Geriatric Institute, Milan, Italy

*Corresponding author: Rocco S. Calabro, IRCCS Centro Neurolesi “Bonino-Pulejo”, S.S. 113, Contrada Casazza, 98124 Messina, Italy.
E-mail: salbro77@tiscali.it

Vol. 57 -No. 5 EUROPEAN JOURNAL OF PHYSICAL AND REHABILITATION MEDICINE 841



This document is protected by international copyright laws. No additional reproduction is authorized. It is permitted for personal use to download and save only one file and print only one copy of this Article. It is not permitted to make additional copies (either sporadically

or systematically, either printed or electronic) of the Article for any purpose. It is not permitted to distribute the electronic copy of the article through online internet and/or intranet file sharing systems, electronic mailing or any other means which may allow access

to the Article. The use of all or any part of the Article for any Commercial Use is not permitted. The creation of derivative works from the Article is not permitted. The production of reprints for personal or commercial use is not permitted. It is not permitted to remove,

cover, overlay, obscure, block, or change any copyright notices or terms of use which the Publisher may post on the Article. It is not permitted to frame or use framing techniques to enclose any trademark, logo, or other proprietary information of the Publisher.

CALABRO

COPYRIGHT© 2021 EDIZIONI MINERVA MEDICA

ABSTRACT

INTRODUCTION: There is growing evidence on the efficacy of gait robotic rehabilitation in patients with multiple sclerosis (MS), but most
of the studies have focused on gait parameters. Moreover, clear indications on the clinical use of robotics still lack. As part of the CICERONE
Italian Consensus on Robotic Rehabilitation, the aim of this systematic review was to investigate the existing evidence concerning the role of
lower limb robotic rehabilitation in improving functional recovery in patients with MS.

EVIDENCE ACQUISITION: We searched for and systematically reviewed evidence-based studies on gait robotic rehabilitation in MS, between
January 1st, 2010 and December 3 1st, 2020, in the following databases: Cochrane Library, PEDro, PubMed and Google Scholar. The study quality
was assessed by the 16-item assessment of multiple systematic reviews 2 (AMSTAR 2) and the 10-item PEDro scale for the other research studies.
EVIDENCE SYNTHESIS: After an accurate screening, only 17 papers were included in the review, and most of them (13 RCT) had a level II
evidence. Most of the studies used the Lokomat as a grounded robotic device, two investigated the efficacy of end-effectors and two powered
exoskeletons. Generally speaking, robotic treatment has beneficial effects on gait speed, endurance and balance with comparable outcomes to
those of conventional treatments. However, in more severe patients (EDSS >6), robotics leads to better functional outcomes. Notably, after gait
training with robotics (especially when coupled to virtual reality) MS patients also reach better non-motor outcomes, including spasticity, fa-
tigue, pain, psychological well-being and quality of life. Unfortunately, no clinical indications emerge on the treatment protocols.
CONCLUSIONS: The present comprehensive systematic review highlights the potential beneficial role on functional outcomes of the lower limb
robotic devices in people with MS. Future studies are warranted to evaluate the role of robotics not only for walking and balance outcomes, but also
for other gait-training-related benefits, to identify appropriate outcome measures related to a specific subgroup of MS subjects’ disease severity.

(Cite this article as: Calabro RS, Cassio A, Mazzoli D, Andrenelli E, Bizzarini E, Campanini I, et al.; Italian Consensus Conference on Robotics in
Neurorehabilitation (CICERONE). What does evidence tell us about the use of gait robotic devices in patients with multiple sclerosis? A compre-
hensive systematic review on functional outcomes and clinical recommendations. Eur J Phys Rehabil Med 2021;57:841-9. DOI: 10.23736/S1973-

RECOMMENDATIONS ON GAIT ROBOTIC DEVICES FOR MS PATIENTS

9087.21.06915-X)

KEyY worbps: Gait; Rehabilitation; Robotics; Lower extremity; Multiple sclerosis.

Introduction

Multiple sclerosis (MS) is a chronic inflammatory dis-
ease of the central nervous system (CNS), which
causes demyelination and neurodegeneration. MS is often
correlated with progressive disability and, in a high per-
centage of patients (75-85%) gait impairment is the main
concern.! Even though walking difficulties are more prev-
alent in the chronic phase of the disease, subtle changes of
gait parameters may be detectable even in the early phase.!

The Expanded Disability Status Scale (EDSS), first pro-
posed by Kurtzke in 1983, classifies the degree of disability
in MS patients.2 This scale quantifies disability in 8 differ-
ent systems, including pyramidal, cerebellar, visual, per-
ceptual, cognitive, visceral, cerebral and brainstem level,
and further classifies patients based on their residual deam-
bulatory ability. Indeed, a score up to 3.5 defines a mild to
moderate impairment of functional autonomy, whilst scores
>7.5 identifies severe disability, up to patients bound on
the wheelchair or bedridden. It is recognized that the dis-
tance walked by a patient with MS gradually diminishes as
the illness progresses. Specifically, the gait of MS patients
shows reduced speed, stride length and resistance as well
as an increase in time spent in the double support phase.!.2

Physiotherapy treatments focusing on gait training have
generally proven beneficial and effective in improving gait
and mobility as well as reducing the risk of a fall. In patients
with more severe gait disabilities, however, overground
walking training becomes difficult or even impossible.3
More recently, the medical community has employed new
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approaches to gait training, which are based either on neu-
roplasticity, high-intensity training with a high number of
task-oriented repetitions, or on robotics.4 Initially, a body-
weight-supported treadmill (BWST) was used for these
newer types of training treatments. Later, motorized robotic
systems associated with treadmill and BWST were devel-
oped. This type of approach, which reduces the strain on
physiotherapists, is referred to as robotic-assisted gait train-
ing (RAGT).5

Furthermore, robotic exoskeletons have been developed
in the past few years, to assist with lower limb gait move-
ments and train overground (EAGT). These powered exo-
skeletons are used for either neurorehabilitation or as assis-
tive devices.® Robotic training can increase the length, in-
tensity, and the number of physiotherapy sessions, improv-
ing functional outcomes in neurological patients and re-
ducing therapist burden and potentially healthcare costs.”.8

Rationale and aim

There is growing evidence on the efficacy of RAGT in MS
patients, but most of the studies have focused on gait parame-
ters.” Indeed, most studies on this patient population showed
significant effects of stationary RAGT for walking speed and
endurance, balance as well as quality of life4 5.9 Some works
suggested superior clinical effects of RAGT with conven-
tional treatment in more severe MS, but evidence is incon-
sistent.4 Moreover, clear indications on the clinical use of
robotics in the rehabilitation of lower limb still lack.

The aim of this review was to investigate the existing
evidence concerning the role of robotic rehabilitation in

October 2021



This document is protected by international copyright laws. No additional reproduction is authorized. It is permitted for personal use to download and save only one file and print only one copy of this Article. It is not permitted to make additional copies (either sporadically

or systematically, either printed or electronic) of the Article for any purpose. It is not permitted to distribute the electronic copy of the article through online internet and/or intranet file sharing systems, electronic mailing or any other means which may allow access

to the Article. The use of all or any part of the Article for any Commercial Use is not permitted. The creation of derivative works from the Article is not permitted. The production of reprints for personal or commercial use is not permitted. It is not permitted to remove,

cover, overlay, obscure, block, or change any copyright notices or terms of use which the Publisher may post on the Article. It is not permitted to frame or use framing techniques to enclose any trademark, logo, or other proprietary information of the Publisher.

COPYRIGHT© 2021 EDIZIONI MINERVA MEDICA

RECOMMENDATIONS ON GAIT ROBOTIC DEVICES FOR MS PATIENTS

improving lower limb functional recovery in patients with
MS. In detail, following the CICERONE consensus sug-
gestions, we aimed at evaluating:

* 1) the scientific evidence regarding the effects of
robot-assisted rehabilitation on walking disorders and on
the recovery of the lower limb in adults with MS, defining:

* a) which types of devices are used and in which
categories of patients;

* b) what are the treatment protocols (duration, num-
ber of sessions, frequency, etc.);

e ¢) what are the possible therapeutic approaches
combined to the robot- assisted treatment and the com-
parison treatments;

 d) what are the treatment outcomes / objectives, be-
sides gait and balance;

» 2) the level of evidence regarding the effects of ro-
bot-assisted rehabilitation on walking disorders and on the
recovery of the lower limb in adults with MS.

We also sought to give some evidence-based recom-
mendations for the use of the main lower limb devices in
the clinical settings.

Evidence acquisition
Search strategy

Several searches were performed on the following data-
bases: Cochrane Library, PEDro, PubMed and Google
Scholar, using the following key words: “robotic reha-
bilitation” and/or “end effector”; “exoskeleton” and/or
“neurorchabilitation” and/or “functional outcomes” or
“RAGT” or “Lokomat,” and/or “pain” and/or “spasticity”
combined with the expression “multiple sclerosis.”

Inclusion/exclusion criteria and paper analysis

We included all of the systematic reviews, randomized
clinical trials (RCT) and pilot studies published between
January 1st, 2010 and December 31st, 2020 referring to
MS rehabilitation using robotics. To be included, papers
should deal with robotic devices (with or without VR
or BWS), being a robot defined as “a re-programmable,
multi-functional manipulator designed to move material,
parts, or specialized devices through variable programmed
motions to accomplish a task thanks to a peripheral feed-
back.” Indeed, studies with other kinds of electromedical
devices were excluded. Different functional outcomes, in-
cluding spasticity and pain, were considered.

Titles and abstracts were screened and full-text papers
reviewed independently by two reviewers (R.S.C. and
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A.C.) using predetermined criteria. In case of disagree-
ment, an independent reviewer fixed the problem (D.B.).
Reviewers identified information, treatment recommenda-
tions and their level of evidence/grade of recommenda-
tions (when available). Moreover, each paper was checked
for the year, edition, country, national/international and in-
formation contained. As this was intended only as a com-
prehensive review, we did not perform a metanalysis of
the data.

Study quality assessment

The study quality was assessed by the 16-item Assessment
of multiple systematic reviews 2 (AMSTAR 2) and the 10-
item PEDro scale for the other research studies. Four dif-
ferent authors rated the studies included in this systematic
review. Moreover, based on the Oxford Center for Evi-
dence-Based (OCEBM) 2011 Levels of Evidence, system-
atic reviews were given level I, RCT level II, and parallel
group, controlled trials level III. Case series, which have a
level 1V, were not considered.!©

Evidence synthesis

After a first screening of 286 articles, a total of 35 pub-
lished papers were selected, and from these 17 met the in-
clusion criteria and were analyzed (Figure 1). It was found

8 Records identified through Additional records identified
§ database searching through other sources
= (N.=256) (N.=30)
=
Q
2 y y
Records after duplicates removed
& (N.=286)
=
(5]
!
2 Records screened > Records excluded
(N.=286) (N.=251)
2 v
:g, Full-text articles Full-text articles
2 assessed for eligibility > excluded with reasons
5 (N.=35) (N.=18)
Studies included in qualitative synthesis
= (N=17)
Q
°
; Y
Q
i
Studies included in quantitative synthesis
(N=17)

Figure 1.—PRISMA flow diagram for study selection.
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that the 12 excluded articles were not relevant, as they in-
vestigated only treadmill treatments, telerehabilitation, or
virtual reality treatments. Among the 17 selected articles,
two are reviews of the literature,!!- 12 13 are RCT,!3-26 and
one?’ single group-pilot study. Two of the included RCT,
were only accessible as abstracts,22 26 but with sufficient
data to be considered in this review. Concerning the evi-
dence level, level I was assigned only to the two reviews,
level II to the 13 RCT, and level III to the single group-
pilot study.

The sample size of the selected RCT ranges from 10 to 72
patients, with a median of 32. The two reviews respective-
ly include 309 patients from nine studies, and 205 patients
from seven studies.!l: 12 The studies investigated various
kinds of robotic devices. Firstly, 13 of them!!-14, 17-19, 21-26
investigated RAGT (and all of them with the Lokomat de-
vice), where robotic assistance is applied to the hip and the
knee, in conjunction with a treadmill. Two studies!s: 16 in-
vestigated RAGT using an end-effector (i.e. a device con-
trolling the distal part of the lower limb with a mobile plat-
form). One study?0 evaluated the Keeogo, an overground
exoskeleton attached to the pelvis and to both lower limbs,
assisting the hip and the knee robotically, and allowing the
patients to wear their habitual leg-foot orthosis. Lastly, a
study?’ investigated the EKSO-GT exoskeleton.

The patients included in the studies presented with
moderate to severe ambulation disability. In only two stud-
ies the minimal EDSS score was 1.5 to 3.5, identifying a
low disability ambulation level. In the other studies the
minimal EDSS score was 4 to 6. Generally speaking, the
patients included in the review had almost at least minimal

RECOMMENDATIONS ON GAIT ROBOTIC DEVICES FOR MS PATIENTS

residual ambulation capacity, given that the higher EDSS
score was 7.5.

Nine RCT!3. 16-19, 2326 and both literature reviews!! 12
compared the efficacy of RAGT treatments with the con-
ventional overground gait training (CGT). An RCT2! com-
pared RAGT with either gait training on a treadmill (TT),
or gait training using a TT with BWST (TT-BWST). Two
RCT!4 22 compared RAGT treatment with the use of
RAGT and virtual reality (VR) in conjunction. Lastly, one
RCT study!s compared RAGT with the Sensory Integra-
tion Balance Training (SIBT). The efficacy of overground
exoskeletons was either compared with CGT,20 or inves-
tigated separately by using a single-group pilot study.?’
The VR and SIBT were combined with the robot assisted
treatment, whereas CGT and TT or TT-BWST were really
comparison treatments, as they did not use robotics.

In the studies dealing with RAGT (using either the Lo-
komat or the Reha Stim), the effective duration of treat-
ment was 30-40 mins per session. The number of sessions
per week ranged from 2 to 5, depending on the study.
The total length of treatment ranged between 3-8 weeks,
with a maximum length of 18 weeks, reported only by
one study. The length and duration of EAGT and RAGT
treatments were comparable. The duration of the robotic
training was longer in the case of the exoskeleton Keeogo,
since it can be executed at home. In fact, the patient can
wear the device for the entire day and remove it during
daily activities and during sleep. In some studies, a robotic
treatment was administered in conjunction with conven-
tional treatment.!3. 14, 16,17.25 In all of these studies, the type
of conventional training was based on muscle exercises

TABLE L.—Qutcome measures assessed in each of the articles selected for this work.11-27

Outcome measure

Research articles

11 12 13 14 15 16

—
~

Reference number

18 19 20 23 25 26

Gait speed

Gait resistance
Motor skills

Balance

Functional autonomy
Spasticity

Fatigue

Disability

Quality of life
Depression
Kinematic parameters
Muscular strength
Energy expenditure
Activity level

Pain

Cognitive abilities

X X
X X

> PR R
HORHR K KK
XXX X
ol XXX XK
XXX XX XX

X

X
X

ol

X
X

el

X
X

ol
Rl
ol
ol
Rl

ke

X: the study has assessed that specific outcome variable.
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without overground gait training, and associated with ad-
ditional approaches, such as hippotherapy,!3 occupational
therapy,!3. 16. 17 hydrotherapy,!3: 17 or cognitive neuropsy-
chological treatments.13. 16

Several outcome measures were evaluated in the studies
selected (Table I) (Supplementary Digital Material 1: Sup-
plementary Table I, Supplementary Table II),!!-27 being
gait speed and endurance the most used. RAGT, with re-
gard to the Lokomat, has proven feasible and significantly
effective, especially in MS patients presenting with severe
disability (EDSS 6-7.5), and have shown the potential in
improving gait speed and endurance,!!: 13, 19,25 as well as
increasing muscular strength.!3 In patients with a similar
degree of disability, training with the end effector Reha
Stim was also effective, and resulted in increased gait en-
durance, reduced spasticity and effort with a consequent
improvement in autonomy in ADLs.16

Exoskeleton treatment with Keoogo was tested on pa-
tients with moderate gait impairment (EDSS <6.5), and it
showed to be effective in improving gait resistance and
in reducing the time needed to climb up the stairs. On the
other hand, it had no impact on the total physical effort,
measured in the number of steps/daily, or on the dynamic
motor skills.20 Over-ground exoskeleton treatment, tested
on patients with EDSS of 6-7.5, was instead significantly
effective in improving walking speed on short distances
and in reducing energy expenditure.2’

Conventional over-ground walking high-intensity train-
ing was particularly effective in improving most of the
temporal parameters of walking.!l. 17. 19 Therefore, the
conclusions from these latter RCT studies and from one of
the two reviews!! were that RAGT treatment has beneficial
effects on gait parameters and endurance which are com-
parable to those of conventional treatments.!l 18, 19 The
improvements in gait speed and endurance were slightly
more pronounced following RAGT treatments, but the
comparison with conventional treatments did not yield
significant differences. The other included review instead
concluded that robotic training is always more effective in
improving gait endurance compared to more conventional
treatments, but the results are not considered sufficient to
make significant clinical conclusions.!2 In general, the data
tends to show that RAGT treatments seem more beneficial
in patients with a more severe degree of disability (EDSS
6-7.5),11. 13, 16 while traditional treatments seem more ben-
eficial in patients with a less severe degree of disability as
well as a higher walking speed.!”

When comparing BWSTT and RAGT in conjunction
with treadmill gait training (BWSTT-RAGT), both treat-
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ments were equally effective in improving outcome mea-
sures. No superiority of robotic treatment with RAGT was
found over BWSTT alone (20). RAGT treatments with
Lokomat/Reha Stim in conjunction with VR show to have
an additional benefit, as they improve cognitive outcomes
as well.14,22,25

Lastly, follow-up measurements showed that the ben-
efits of the various treatments were still present one month
and three months after the treatments. On the other hand,
the studies with follow-up measurement after six months
highlighted that the treatments have no long-term positive
effects. 13, 15, 22,26

Discussion

This is the first time ever that a review has comprehen-
sively investigated all of the main functional outcomes
related to the lower limb after treatment with gait robotic
devices. Indeed, most of the published systematic reviews
have mainly focused on gait and balance,® !!. 12 oversee-
ing other important aspects following robotic neuroreha-
bilitation.

According to the existing data,® 12 our work demon-
strates that training with robotic devices, such as Lokomat
or Reha-Stim, is feasible and significantly effective in MS
patients and has shown the potential to improve gait speed,
gait endurance and balance. Recovery of walking contin-
ues to be the primary goal for individuals with neurologi-
cal deficits, including MS, and a contributing factor to the
quality of life. Therefore, relearning to walk is considered
a major goal during neurorchabilitation. Although the op-
timal therapeutic intervention to achieve full recovery of
gait remains unknown, any rehabilitation effort intended
to drive changes toward motor recovery should incorpo-
rate principles of neuroplasticity. This is the reason why, in
the last years, we have witnessed a growing development
and use of robotics in the rehab field, as it is able to train
the patients in an intensive, repetitive and task-oriented
manner so as to boost neural plasticity.5 28

In their systematic review, Bowman et al.9 have found
that RAGT improves balance and gait outcomes in a
clinically meaningful way in the MS population. RAGT
seemed more effective if compared to unspecific rehabili-
tation, while it showed similar effects when compared to
specific balance and gait training in studies with level 11
evidence. The review by Yeah ef al. showed comparable
improvement in primary outcomes, including gait speed,
gait endurance, stride length and balance as well ambula-
tion between RAGT and conventional walking training in
people with MS. Differently from our work, Yeah et al.
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mainly focused on gait parameters and performed a meta-
nalysis with pooled data involving 312 patients. A recent
systematic review with meta-analyses and meta-regres-
sions suggested that RAGT was not significantly more ef-
fective than CGT to train walking in people in MS.!! How-
ever, this work included a low number of studies (as it did
not use a comprehensive approach as we did in our work)
with a low variability of disabilities at baseline.

Although it is not possible to reach firm conclusion
on the effect, robotics has several advantages in terms of
patient motor assistance, intensity of training, safety, and
the possibility to combine other therapeutic approaches.
Moreover, even if not all of the patients undergoing robot-
ics might improve gait and balance, they may benefit from
this type of training regarding non-motor outcomes, includ-
ing spasticity.2% Notably, better improvements in spasticity
have been demonstrated when robotics is coupled with
drugs acting as neuromodulators, including nabiximols.30
This further demonstrates how combined approaches (i.e.
robotics plus drugs, VR, conventional training, non-inva-
sive neuromodulation, and other cues including music) are
more able to potentiate neural plasticity maybe through a
sort of a paired associative stimulation. Our comprehen-
sive review found improvement in several types of non-
motor outcomes, including pain, fatigue, depression, and
quality of life. Yeah et al.4 found that after the intervention
individuals receiving RAGT felt less fatigue and spasticity
than those undergoing conventional training. Nonetheless,
this systematic review has evaluated neither cognitive and
behavioral outcomes nor the relationship between the out-
comes and the disability level, differently from our work.

The positive effects of robotics on non-motor outcomes
agree with the data coming from patients affected by
stroke.3! Indeed, EAGT has been demonstrated to have
better outcomes than conventional training in constipa-
tion, mood, and coping strategies (with regard to social
support), as well as in the perception of quality of life. As
constipation is a serious problem in MS patients with mod-
erate-severe disability, it would be interesting to evaluate if
this symptom would improve in such patients after robotic
training. What is more, several studies are demonstrating
the psychological and cognitive effects of post-robotic
training, especially when the device is associated with
VR.32 VR can be used to provide the patient with repeti-
tive, task-specific training that, thanks to the multisensory
feedback, and can potentiate the use-dependent plasticity
processes within the sensory-motor cortex, thus promot-
ing/enhancing functional motor recovery. The tool enables
the patient to perceive the environment as real, then in-
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creasing the patient’s engagement and embodiment.3! As
regards the studies investigated in our review, the combi-
nation of robotics with VR was linked with additional ben-
efits on cognitive functions and balance of patients with
MS (Level of Evidence: II).

Notably, the benefits associated with these types of ro-
botic treatments (especially when coupled to VR) are not
strictly related to motor ambulation skills or energy expen-
diture, but also have positive effects on autonomy, spas-
ticity, fatigue, well-being, cognition and quality of life in
patients with MS. For this reason, it is always recommend-
ed to employ measurement scales, which assess these pa-
rameters, when administering a targeted treatment plan.33
While for stroke there are some recommendations for the
clinical use of robotic rehabilitation,33 clear indications
for MS are scarce. The studies we reviewed use heteroge-
neous scales or instrumental measurements: the gait speed
(10MWS, T25FW, 20MWT, cm/s on treadmill, 3mWS);
endurance (6mWT, 2mWT, 3mWT); motor ability (TUG/
RMI/FAC); balance (BBS/ABC/SOT/SA/TBS); disabil-
ity (FIM/mBI); spasticity (mAS/SEA); fatigue (FSS, WE
bei MS); specific disability levels (EDSS); quality of life
(MSQOL-54, SF36, VAS, EQ-5D, RAND-36, PHQ9); de-
pression (HRSD); kinematic parameters of the path (step
length, single support time, double support time); hip/knee
muscle strength (instrumental with robot); energy expendi-
ture (VO, peak); the level of activity (METs); pain (NRS);
cognitive skills (COPE, PASAT, PFT, RBMT, DSymb).
However, there are no recommendations for an essential
core set that allows to have a homogeneous description of
the RAGT functional outcomes in patients with MS. As
Chee et al. found that at each point-increase in EDSS cor-
responds a reduction of speed and an increase of the risk
of falling by 18%,34 the tool could also be used to partially
address this issue.

It is noteworthy that from the analysis of the recent liter-
ature on the topic there is no evidence of additional benefits
from robotic devices when compared to gait conventional
treatments, including over-ground walking (Level of Evi-
dence: 1) or treadmill training (with or without BWSTT)
(Level of Evidence: II). However, this data refers to the
whole MS population, without taking into consideration
the disability level. When the patients’ walking abilities
are less impaired, overground gait training is preferred,
especially if using high-intensity treatments. Indeed, treat-
ment with robotic devices is advantageous when adminis-
tered to the patients with a greater degree of disability and
worse gait impairments (i.e. EDSS 6-7.5). This is in line
with the work by Morone et al., indicating how patients
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Patient
Ability

Patient gait deficit vs. machine constriction characteristics

hypothesis for robotic gait training in Multiple Sclerosis
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Aysuayul Suiures)
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Figure 2.—Theoretical schema combining the patient’s level of ability
defined by EDSS with the best possible solution in terms of walking
training and machine constriction.

with stroke may benefit from robotics depending on their
disability level.35 Based on the available literature data, to
provide clinicians with practical indications about the use
of robotics in clinical settings, we believe that different
training with different approaches and kinds of devices
should be used in the different stages of the disease, as
per patients’ EDSS. Indeed, according to principles of neu-
rosciences, walking training should be done in the most
physiological possible way. The more the severity of the
subject affected by MS, the more the assistance and the
constraint level provided by the robot/device, as shown in
Figure 2. We have to specify that EDSS was the proposed
method of quantifying disability of MS and monitoring
changes in the level of disability over time, as it is widely
used in clinical trials and also in clinical settings. Indeed,
other useful scales, such as the 6MWT, can be used to as-
sess a single outcome measure, whereas EDSS investigate
different systems (including bowel and bladder problems)
and it may provide a better relationship between RAGT
and global functional outcome (as per aim of this review).

On the other hand, it has been demonstrated that RAGT
was not superior to CT in improving gait speed in patients
with progressive MS and severe gait disabilities where a
positive, even transitory, effect of rehabilitation was ob-
served.3¢ This is why studies with more homogeneous
samples (i.e. with the same type of SM and comparable
disability level) are needed.

As the studies we reviewed used different treatment pro-
tocols, it is not possible to recommend a specific treatment
duration, number of sessions and frequency. For many
years, exercise was controversial in patients with MS and
thought to exacerbate symptoms and fatigue. However, as
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it has been found that exercise is safe and effective, this
has become a cornerstone of MS rehabilitation and may
have even more fundamental benefits in MS.37 Nonethe-
less, fatigue related to RAGT has been poorly investigated
and preliminary data are encouraging, demonstrating how
this symptom improves after robotic treatment.!4-17-24 For
a better application of RAGT in clinical practice, specific
protocols targeting this important issue and with higher
involvement of the patients are necessary. Indeed, it has
been shown that neurorehabilitation using innovative tech-
nologies can be useful for the commitment and motivation
during the rehabilitation process, with possible positive
effects on the functional and psychological outcomes of
patients with MS.38

Importantly, while patients included in randomized
controlled interventional trials have to fulfill many inclu-
sion and exclusion criteria, data coming from real clinical
settings are welcomed. To this end, the ARTIC network
(an international group of diverse, clinically renowned
centers whose goal is to advance the science of rehabilita-
tion robotics) is evaluating the use of robotics (with regard
to the Lokomat) in the real neurorehabilitation environ-
ment.3 This network offers a unique opportunity to inves-
tigate the implementation, application, and effectiveness
of rehabilitation technologies, proposing a valuable cue
for clinical recommendations. Indeed, variation in prac-
tice among ARTIC members together with collection of
common data and outcome measurements will enable the
group to draw strong, generalizable conclusions. Further
goals include establishing standardized treatment proto-
cols and increasing medical and governmental acceptance
of robotic therapy.

Finally, concerning long term outcomes, there is no
comparison from treatment protocols although the benefi-
cial effects of a high-intensity training tend to disappear
at the follow-up period. About that, it is recommended to
train patients regularly, i.e. every three or six months to
maintain the gained robotic after-effects.

Limitations of the study

The systematic review had some limitations: the lack of
risk of bias analysis, the wide variability in terms of ro-
botic devices, of the training protocols, and of the outcome
measures assessed. The studies included in this compre-
hensive review have several limitations too, including the
small sample sizes, the lack of a control group and the lack
of long-term follow up evaluations. Moreover, a metanaly-
sis of the included studies was not performed and this pre-
vent us from making interpretations on the magnitude of
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improvements found in RAGT literature, and whether this
is approaching thresholds of clinical meaningful change.
This latter change, however, has been demonstrated by
other authors concerning gait and balance using a meta-
nalysis of pooled data.® We have instead comprehensively
considered all the outcomes following robotic gait train-
ing, showing how patients may benefit from robotic de-
vices independently from their gait and balance recovery.
A systematic review with metanalysis of non-motor-out-
comes following RAGT should be performed in the near
future.

Conclusions

The present comprehensive systematic review highlights
the potential beneficial role of lower limb robotic devices
on functional outcomes in subjects affected by MS. In
particular, the robotic training showed similar beneficial
effects of a matched dose of the standard therapy, with
greater benefits in patients with a more severe disability.
Clinical heterogeneity of treatment programs and the va-
riety of robot devices could severely affect the generaliz-
ability of the study results. Future studies are warranted
to evaluate the role of RAGT not only for walking and
balance outcomes, but also for other gait-training-related
benefits, to identify appropriate outcome measures related
to a specific subgroup of MS subjects’ severity.

References

1. Comber L, Galvin R, Coote S. Gait deficits in people with mul-
tiple sclerosis: A systematic review and meta-analysis. Gait Posture
2017;51:25-35.

2. Kurtzke JF. On the origin of EDSS. Mult Scler Relat Disord 2015;4:95-103.

3. Soler B, Ramari C, Valet M, Dalgas U, Feys P. Clinical assessment,
management, and rehabilitation of walking impairment in MS: an expert
review. Expert Rev Neurother 2020;20:875-86.

4. Yeh SW, Lin LF, Tam KW, Tsai CP, Hong CH, Kuan YC. Efficacy of
robot-assisted gait training in multiple sclerosis: A systematic review and
meta-analysis. Mult Scler Relat Disord 2020;41:102034.

5. Calabro RS, Cacciola A, Berte F, Manuli A, Leo A, Bramanti A, et al.

Robotic gait rehabilitation and substitution devices in neurological disor-
ders: where are we now? Neurol Sci 2016;37:503—14.

6. Feys P, Swinnen E. Powered exoskeletons for walking in multiple scle-
rosis. Mult Scler 2021;27:487-8.

7. Rodriguez-Fernandez A, Lobo-Prat J, Font-Llagunes JM. Systematic
review on wearable lower-limb exoskeletons for gait training in neuro-
muscular impairments. J Neuroeng Rehabil 2021;18:22.

8. Lo K, Stephenson M, Lockwood C. The economic cost of robotic reha-
bilitation for adult stroke patients: a systematic review. JBI Database Syst
Rev Implement Reports 2019;17:520-47.

9. Bowman T, Gervasoni E, Amico AP, Antenucci R, Benanti P, Boldrini
P, et al.; “CICERONE” Italian Consensus Group for Robotic Rehabilita-
tion. What is the impact of robotic rehabilitation on balance and gait out-

848

EUROPEAN JOURNAL OF PHYSICAL AND REHABILITATION MEDICINE

RECOMMENDATIONS ON GAIT ROBOTIC DEVICES FOR MS PATIENTS

comes in people with multiple sclerosis? A systematic review of random-
ized control trials. Eur J Phys Rehabil Med 2021;57:246-53.

10. University of Oxford Centre for Evidence-Based Medicine. OCEBM
Levels of Evidence; 2011 [Internet]. Available from: https://www.cebm.
ox.ac.uk/resources/levels-of-evidence/ocebm-levels-of-evidence  [cited
2021, Sep 20].

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

12. Xie X, Sun H, Zeng Q, Lu P, Zhao Y, Fan T, et al. Do Patients with
Multiple Sclerosis Derive More Benefit from Robot-Assisted Gait Train-
ing Compared with Conventional Walking Therapy on Motor Function? A
Meta-analysis. Front Neurol 2017;8:260.

13. Beer S, Aschbacher B, Manoglou D, Gamper E, Kool J, Kesselring J.
Robot-assisted gait training in multiple sclerosis: a pilot randomized trial.
Mult Scler 2008;14:231-6.

14. Calabro RS, Russo M, Naro A, De Luca R, Leo A, Tomasello P, et
al. Robotic gait training in multiple sclerosis rehabilitation: can virtual
reality make the difference? Findings from a randomized controlled trial.
J Neurol Sci 2017;377:25-30.

15. Gandolfi M, Geroin C, Picelli A, Munari D, Waldner A, Tamburin
S, et al. Robot-assisted vs. sensory integration training in treating gait
and balance dysfunctions in patients with multiple sclerosis: a randomized
controlled trial. Front Hum Neurosci 2014;8:318.

16. Pompa A, Morone G, losa M, Pace L, Catani S, Casillo P, et al.
Does robot-assisted gait training improve ambulation in highly disabled
multiple sclerosis people? A pilot randomized control trial. Mult Scler
2017;23:696-703.

17. Vaney C, Gattlen B, Lugon-Moulin V, Meichtry A, Hausammann R,
Foinant D, et al. Robotic-assisted step training (lokomat) not superior
to equal intensity of over-ground rehabilitation in patients with multiple
sclerosis. Neurorehabil Neural Repair 2012;26:212-21.

18. Schwartz I, Sajin A, Moreh E, Fisher I, Neeb M, Forest A, ef al. Ro-
bot-assisted gait training in multiple sclerosis patients: a randomized trial.
Mult Scler 2012;18:881-90.

19. Straudi S, Manfredini F, Lamberti N, Martinuzzi C, Maietti E, Basa-
glia 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;26:716-24.

20. McGibbon CA, Sexton A, Jayaraman A, Deems-Dluhy S, Gryfe P,
Novak A, et al. Evaluation of the Keeogo exoskeleton for assisting ambu-
latory activities in people with multiple sclerosis: an open-label, random-
ized, cross-over trial. ] Neuroeng Rehabil 2018;15:117.

21. Lo AC, Triche EW. Improving gait in multiple sclerosis using robot-
assisted, body weight supported treadmill training. Neurorehabil Neural
Repair 2008;22:661-71.

22. Munari D, Fonte C, Varalta V, Battistuzzi E, Gandolfi M, Montag-
noli AP, et al. The effects of an innovative combined Robot Assisted Gait
Training and Virtual Reality on cognitive impairments and motor deficits
in patients with multiple sclerosis: a pilot randomized control trial. Mult
Scler J 2018.[Epub ahead of print]

23. Straudi S, Benedetti MG, Venturini E, Manca M, Foti C, Basaglia
N. Does robot-assisted gait training ameliorate gait abnormalities in mul-
tiple sclerosis? A pilot randomized-control trial. NeuroRehabilitation
2013;33:555-63.

24. Straudi S, Fanciullacci C, Martinuzzi C, Pavarelli C, Rossi B, Chisari
C, et al. The effects of robot-assisted gait training in progressive multiple
sclerosis: A randomized controlled trial. Mult Scler 2016;22:373-84.

25. Russo M, Dattola V, De Cola MC, Logiudice AL, Porcari B, Cannavo
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;41:166-72.

26. Venturini E, Balugani L, Zarattin F, Ferraresi G, Straudi S, Basaglia
N. The effects of robot-assisted gait training on locomotor function in sub-

October 2021



This document is protected by international copyright laws. No additional reproduction is authorized. It is permitted for personal use to download and save only one file and print only one copy of this Article. It is not permitted to make additional copies (either sporadically

or systematically, either printed or electronic) of the Article for any purpose. It is not permitted to distribute the electronic copy of the article through online internet and/or intranet file sharing systems, electronic mailing or any other means which may allow access

to the Article. The use of all or any part of the Article for any Commercial Use is not permitted. The creation of derivative works from the Article is not permitted. The production of reprints for personal or commercial use is not permitted. It is not permitted to remove,

cover, overlay, obscure, block, or change any copyright notices or terms of use which the Publisher may post on the Article. It is not permitted to frame or use framing techniques to enclose any trademark, logo, or other proprietary information of the Publisher.

COPYRIGHT© 2021 EDIZIONI MINERVA MEDICA

RECOMMENDATIONS ON GAIT ROBOTIC DEVICES FOR MS PATIENTS

jects with multiple sclerosis: A three months follow-up study. Gait Posture
2011;335:S1-66.

27. 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.

28. Straudi S, Basaglia N. Neuroplasticity-Based Technologies and Inter-
ventions for Restoring Motor Functions in Multiple Sclerosis. Adv Exp
Med Biol 2017;958:171-85.

29. Mirbagheri MM, Ness LL, Patel C, Quiney K, Rymer WZ. The ef-
fects of Robotic-Assisted Locomotor training on spasticity and volitional
control. IEEE Int Conf Rehabil Robot 2011;2011:5975443.

30. Calabro RS, Russo M, Naro A, Ciurleo R, D’Aleo G, Rifici C, et al.
Nabiximols plus robotic assisted gait training in improving motor per-
formances in people with Multiple Sclerosis. Mult Scler Relat Disord
2020;43:102177.

31. De Luca R, Maresca G, Balletta T, Cannavo A, Leonardi S, Latella D,
et al. Does overground robotic gait training improve non-motor outcomes
in patients with chronic stroke? Findings from a pilot study. J Clin Neu-
rosci 2020;81:240-5.

32. De Keersmaecker E, Lefeber N, Geys M, Jespers E, Kerckhofs E,
Swinnen E. Virtual reality during gait training: does it improve gait func-
tion in persons with central nervous system movement disorders? A sys-
tematic review and meta-analysis. NeuroRehabilitation 2019;44:43-66.

33. Geroin C, Mazzoleni S, Smania N, Gandolfi M, Bonaiuti D, Gas-
perini G, et al.; Italian Robotic Neurorehabilitation Research Group. Sys-
tematic review of outcome measures of walking training using electro-

CALABRO

mechanical and robotic devices in patients with stroke. J Rehabil Med
2013;45:987-96.

34. Chee JN, Ye B, Gregor S, Berbrayer D, Mihailidis A, Patterson
KK. Influence of Multiple Sclerosis on Spatiotemporal Gait Parameters:
A Systematic Review and Meta-Regression. Arch Phys Med Rehabil
2021;102:1801-15. [Epub ahead of print]

35. Morone G, Paolucci S, Cherubini A, De Angelis D, Venturiero V,
Coiro P, et al. Robot-assisted gait training for stroke patients: current
state of the art and perspectives of robotics. Neuropsychiatr Dis Treat
2017;13:1303-11.

36. Straudi S, Manfredini F, Lamberti N, Martinuzzi C, Maietti E, Basa-
glia 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;26:716-24.

37. Dalgas U, Langeskov-Christensen M, Stenager E, Riemenschneider
M, Hvid LG. Exercise as Medicine in Multiple Sclerosis-Time for a Para-
digm Shift: Preventive, Symptomatic, and Disease-Modifying Aspects
and Perspectives. Curr Neurol Neurosci Rep 2019;19:88.

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

39. van Hedel HJ, Severini G, Scarton A, O’Brien A, Reed T, Gae-
bler-Spira D, et al.; ARTIC network. Advanced Robotic Therapy In-
tegrated Centers (ARTIC): an international collaboration facilitating
the application of rehabilitation technologies. J Neuroeng Rehabil
2018;15:30.

Conflicts of interest.—The authors certify that there is no conflict of interest with any financial organization regarding the material discussed in the manuscript.

Authors’ contributions.—Rocco S. Calabro and Anna Cassio contributed equally to the manuscript and share first authorship. Rocco S. Calabro, Anna Cassio,
Giovanni Morone, and Donatella Bonaiuti conceptualized the paper, performed and/or supervised research and drafted manuscript. Davide Mazzoli, Elisa
Anderenelli, Emiliana Bizzarrini, Isabella Campanini, Simona M. Carmignano, Simona Cerulli, Carmelo Chisari, Valentina Colombo, Stefania Dalise, Cira
Fundaro, Daniele Mazzoleni, Miryam Mazzucchelli, Corrado Melegari, Andrea Merlo, and Giulia Stampacchia performed quality assessment of the RCT/
review. Paolo Boldrini, Stefano Mazzoleni, Federico Posteraro, Paolo Benanti, Enrico Castelli, Francesco Draicchio, Vincenzo Falabella, Silvia Galeri, Frab-
cesca Gimigliano, Mauro Grigioni, Stefano Mazzon, Franco Molteni, Giovanni Morone, Maurizio Petrarca, Alessandro Picelli, Michele Senatore, and Gi-
useppe Turchetti, as organization committee and scientific technical committee members of the CICERONE consensus conference, supervised the research,
read and corrected the manuscript. Rocco S. Calabro, Anna Cassio, and Donatella Bonaiuti read and corrected manuscript. All authors read and approved the
final version of the manuscript.

Acknowledgements.—The authors would like to thank Linda Arrighi (PhD student in Biopsychology) for English editing. The present study has been carried
out within the framework of the Italian Consensus Conference on “Rehabilitation assisted by robotic and electromechanical devices for persons with disabil-
ity of neurological origin” (CICERONE), promoted by the Italian Society of Physical and Rehabilitation Medicine (SIMFER, Societa Italiana di Medicina
Fisica e Riabilitativa) and Italian Society of Neurological Rehabilitation (SIRN, Societa Italiana di Riabilitazione Neurologica) (2019-2021).

History.—Atticle first published online: September 22, 2021. - Manuscript accepted: September 17, 2021. - Manuscript revised: September 1, 2021. - Manu-
script received: March 4, 2021.

Supplementary data.—For supplementary materials, please see the HTML version of this article at www.minervamedica.it

Vol. 57 -No. 5 EUROPEAN JOURNAL OF PHYSICAL AND REHABILITATION MEDICINE 849





