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Effects of robot-assisted gait training
combined with virtual reality on motor
and cognitive functions in patients with
multiple sclerosis: A pilot, single-blind,
randomized controlled trial
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Abstract.
Background: Studies on robot-assisted gait training rehabilitation in multiple sclerosis have reported positive effects on
mobility and quality of life. However, their effects on cognitive functions are difficult to determine because not all trials
have included cognition assessments. Virtual reality-based training provides enhanced opportunity for stimulating cognitive
abilities by repetitive practice, feedback information, and motivation for endurance practice.
Objective: To compare the effects of innovative robot-assisted gait training combined with virtual reality versus standard
robot-assisted gait training on information processing speed, sustained attention, working memory, and walking endurance
in patients with multiple sclerosis.
Methods: Seventeen outpatients were randomly assigned to receive robot-assisted gait training either with or without virtual
reality. The robot assisted gait training + virtual reality group underwent end-effector system training engendered by virtual
reality. The standard training group underwent end-effector system training. A blinded rater evaluated patients before and
after treatment and at one month follow-up. The outcome measures were the Paced Auditory Serial Addition Test, Phonemic
Fluency Test, Novel Task, Digit Symbol, Multiple Sclerosis Quality of Life-54, 2-Minutes Walk Test, 10-Meter Walking
Test, Berg Balance Scale, gait analysis, and stabilometric assessment.
Results: Between-group comparisons showed a significant change on the 2-Minutes Walk Test (p = 0.023) after treatment
in the robot-assisted gait training + virtual reality group. Significant improvement were obtained also in executive functions
(p = 0.012). Both gains were maintained at the 1-month follow-up evaluation (p = 0.012, p = 0.012) in the robot-assisted gait
training + virtual reality group. Both group improved quality of life after treatment (Multiple Sclerosis Quality of Life-54:
Mental Health p = 0.018, Physical Health p = 0.017).
Conclusions: Both training lead to positive influenced on executive functions. However larger positive effects on gait ability
were noted after robot-assisted gait training engendered by virtual reality with multiple sclerosis. Robot-assisted gait training
provides a therapeutic alternative and motivational of traditional motor rehabilitation.
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1. Introduction

Multiple sclerosis (MS) is a major cause of chronic
neurologic disability in adults (aged 18–50 years)
(Khan & Amatya, 2017). The severe burden on
individuals and their families beside the loss in
productivity and the socioeconomic impact on soci-
ety can be substantial (Krause et al., 2013; Shah,
2015).

Symptoms differ individually depending on the
location and characteristics of the morphological
changes in both white and gray matter in the brain.
The most common are cognitive dysfunction (espe-
cially executive functions) and motor impairment
(gait and balance) (Khan & Amatya, 2017). Cogni-
tive deficits manifest in 40 to 70% of patients at any
stage of the disease (Loitfelder et al., 2014). They
frequently accompany motor impairment (Yogev-
Seligmann et al., 2008); processing speed, sustained
attention, and working memory are the domains most
often impaired (Jongen et al., 2012). Approximately
85% of individuals with MS report walking dys-
functions to be a major impairment in their daily
lives (Larocca, 2011), and 50 to 80% have balance
problems (Gunn et al., 2013; Cameron et al., 2014).
Gait in MS patients is characterized by shorter stride
length, slower walking speed, and prolonged dou-
ble limb support time (Sosnoff et al., 2012). While
pharmacotherapy has been proposed for MS-related
gait and balance impairments (Goodman et al., 2009;
Goodman et al., 2010; Cameron et al., 2014; Bisht
et al., 2017), its limited effects on disability have
highlighted the need for non-pharmacological inter-
ventions in MS (Maggio et al., 2019). Although
cognitive and motor tasks are not typically performed
independent of each other during daily life activities,
they are separately treated in rehabilitation programs.
However in the our knowledge motor treatments have
impacts on cognitive functions (Fonte et al., 2019).
Consequently, the complexity of MS calls for a com-
prehensive approach that encompasses both cognitive
and motor rehabilitation.

Studies on robot-assisted gait training (RAGT)
rehabilitation in MS have reported positive effects
on gait, balance, and quality of life (Schwartz et
al., 2012; Straudi et al., 2013; Straudi et al., 2016;
Gandolfi et al., 2014). But because not all trials
have included cognition as an outcome variable, it
is difficult to determine the effect of RAGT on cog-
nitive impairment (Peruzzi et al., 2017; Russo et
al., 2018; Casuso-Holgado et al., 2018). An opti-
mal approach to maximize efficacy and improve

motor and cognitive domains may be with multi-
factorial intervention (Varalta et al., 2018). Virtual
reality (VR) during motor rehabilitation, for exam-
ple, has been demonstrated a potentially useful tool
in motor assessment and rehabilitation (Leocani et
al., 2007; Taylor & Griffin, 2015; Massetti et al.,
2016; Russo et al., 2018). VR-based training pro-
vides enhanced opportunity for repetitive practice,
feedback information, and motivation for endurance
practice, thus promoting visual, auditory and tac-
tile input, and motor learning (Laver et al., 2017;
De Keersmaecker et al., 2019). In their recent nar-
rative review, Maggio and colleagues showed that
VR is a motivational and effective tool that can
enrich traditional motor and cognitive rehabilitation
for MS patients, with positive effects on cognitive
and/or motor deficits (Maggio et al., 2019). A recent
meta-analysis by Casuso-Holgado and collaborators
concluded that VR training may be considered at least
as effective as conventional training and more effec-
tive than no intervention in improving balance and
gait abilities in patients with MS (Casuso-Holgado et
al., 2018).

The primary aim of this study was to compare
the effects of RAGT combined with VR to those
of standard RAGT on information processing speed,
sustained attention, working memory, and walk-
ing endurance in MS patients. The secondary aim
was to assess the training effects on verbal initia-
tion, visual-motor coordination, gait speed, balance
performance, and quality of life. Our hypothesis
was that the increase in performance in informa-
tion processing speed, sustained attention, working
memory, and walking endurance would be greater
after RAGT combined with VR than after standard
RAGT alone.

2. Methods

2.1. Trial design

For this pilot, single-blind, randomized controlled
trial the examiner was blinded to group assign-
ment (allocation ratio 1:1). The study is reported in
accordance with the CONSORT guidelines for pilot
randomized controlled trials (Eldridge et al., 2016).
It was carried out in accordance with the tenets of the
Helsinki Declaration and approved by the local ethics
committee. The patients enrolled in this study were
a subgroup of those involved in a clinical trial regis-
tered at http://clinicaltrials.gov (NCT02896179).

http://clinicaltrials.gov
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2.2. Subjects

Consecutive outpatients with primary progres-
sive, secondary progressive, and relapsing-remitting
MS attending our Neurorehabilitation Unit were
recruited between November 2016 and November
2017. A blinded physician experienced in neu-
rorehabilitation screened the patients for eligibility.
Inclusion criteria were: diagnosis of primary pro-
gressive, secondary progressive, relapsing-remitting
MS; Expanded Disability Status Scale (EDSS) score
between 3 and 6 (Kurtzke et al., 1983); Mini Men-
tal State Examination score > 24 (Folstein et al.,
1975); age > 18 years and <65 years. Exclusion cri-
teria were: MS relapse during the 3 months prior
to recruitment; any rehabilitation training in the 6
months prior to recruitment; subjects with psychi-
atric disorders and/or drugs/alcohol abuse; changes
in disease-modifying and symptomatic therapy for
MS during the study period; contraindications to
RAGT such as inability to sit without trunk sup-
port, inability to stand for at least 10 seconds with
support; other neurological or orthopedic condi-
tions involving the lower limbs (musculoskeletal
diseases, severe osteoarthritis, peripheral neuropa-
thy, joint replacement); cardiovascular co-morbidity
(recent myocardial infarction, heart failure, uncon-
trolled hypertension, orthostatic hypotension); and
concurrent participation in other clinical studies.
Patients were informed about the experimental nature
of the study and gave their written, informed consent.

2.3. Interventions

Prior to the start of the study, we designed the
combined RAGT + VR and the standard RAGT
protocol. Two physiotherapists experienced in neu-
rorehabilitation, one per treatment group, unaware
of patient allocation, conducted the training ses-
sions. Irrespective of group assignment, all patients
received individualized treatment for 40 minutes/day,
2 days/week (Tuesday and Thursday) for 6 consecu-
tive weeks, for a total of 12 sessions.

The patients were asked to refrain from any form
of physical therapy during the study period other than
that scheduled under the present study protocol.

RAGT was performed on a G-EO System (Reha
Technology, Olten, Switzerland), which is an end-
effector device with body weight support and
footplates attached to a double crank and a rocker gear
system with three degrees of freedom each that allows
control of step length and height (Hesse et al., 2012).

The step length of each patient was evaluated with
the GAITRite system (CIR Systems, Havertown, PA,
USA) and individually defined (Givon et al., 2009).

Each session lasted up to 40 minutes: 5 minutes
for positioning the patient on the device, 30 minutes
for RAGT, and 5 minutes for removing the patient
from the device. To reduce fatigue, the body weight
support protocol was gradually set to 2 weeks at 30%
of body weight, 2 weeks at 20%, and 2 weeks at 10%.

The RAGT + VR group underwent training on
the same device (GE-O System) engendered by non-
immersive VR (i.e., the environment displayed on
the 2D video screen was not a computer-generated
gaming application) (see Fig. 1). Instead, the visual
scenario was a simulation of a real walking trail in a
natural park and showed a high-definition video on
a 42” LED monitor (mod. UE42F5300, Samsung),
which was synchronized with the movements of the
footplates of the G-EO1 System.

Before starting the training, the patients were
instructed to focus in the scenario which was shown to
them during the training session. In order to increase
the patients’ perception to be involved in a real life
situation, they had to pay attention to the screen in
which various stimuli (e.g., persons, trees, benches)
appeared during the walk. Furthermore the video
screen and patients were enclosed in a black curtain
to shut out disturbing visual input.

2.4. Outcome measures

The outcome measures were: The Paced Auditory
Serial Addition Task (PASAT), The 2-Minutes Walk
Test (2MWT), The Phonemic Fluency Test (PFT),
The Novel Task, The Digit Symbol (DSymb), The
Multiple Sclerosis Quality Of Life-54 (MSQOL-54),
The 10-Meter Walking Test (10MWT), The Berg
Balance Scale (BBS), Gait analysis and Stabilometric
assessment.

All the enrolled subjects in the study were evalu-
ated before, immediately after treatment, and then at
one-month follow-up by the same blinded examin-
ers (physician and neuropsychologist). The test order
was consistent across evaluation sessions as reported
below. To avoid fluctuation in performance due to
potential confounders, patients were evaluated in a
spacious and silent environment at the same time of
day (around at 10 a.m.) for each session.

2.4.1. Primary outcomes
PASAT is a serial addition test to assess infor-

mation processing speed, sustained attention, and
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Fig. 1. G-EO System with VR device (Reha Technology, Olten, Switzerland).

working memory (Ciaramelli et al., 2006). Individu-
als are asked to listen to an audio recording of a series
of single-digit numbers (1–9) and say aloud the sum
of the last number presented plus the number preced-
ing it (score range 0–60, higher scores indicate better
performance).

2MWT measures self-paced walking ability and
functional capacity. It was administered according
to the protocol described by Guyatt and colleagues
(Guyatt et al., 1984). Patients were asked to walk
back and forth along a 30-m indoor corridor as fast
as they could in 2 minutes. They were allowed to rest
at any point during the test but received no verbal
encouragement from the test leaders. No talking was
permitted during the tests. The distance walked (in
meters) was recorded (higher scores indicated better
performance) (Gijbels et al., 2011).

2.4.2. Secondary outcomes
PFT is a measure of verbal initiation. Subjects have

1 minute to produce as many words as possible that
begin with a given letter (higher scores indicate better
performance) (Mondini et al., 2011).

The Novel Task is a substest of the Rivermead
Behavioral Memory Test that explores long-term
memory. The subtest evaluates visuo-spatial learning;
it is composed of two parts: the Novel Task - Imme-
diate Recall (NT-IR) and the Novel Task - Delayed
Recall (NT-DR); for the first the patient uses differ-
ent colored pieces to replicate a shape demonstrated
by the examiner, while for the second the patient
uses different colored pieces to replicate the same
shape later in the same testing session but without
demonstration by the examiner (score NT-IR range
0–51, NT-DR range 0–17, higher scores indicate bet-
ter performance) (Higginson et al., 2000).

The Digit Symbol (DSymb) is a subtest of
the Wechsler Adult intelligence Scale. It mea-
sures psychomotor speed, visual-motor coordination,
attention, and concentration. Within a specified time
limit, the patient presses a key to copy symbols that
are paired with numbers (higher scores indicate better
performance) (Wechsler, 1955).

MSQOL-54 is a multidimensional health-related
quality of life measure that combines both generic
and MS-specific items into a single instrument (Solari
et al., 1999). This 54- item instrument generates
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12 subscales, along with 2 summary scores and
2 additional single-item measures. The subscales
are: physical function, role limitations-physical, role
limitations-emotional, pain, emotional well- being,
energy, health perceptions, social function, cogni-
tive function, health distress, overall quality of life,
and sexual function. The summary scores are the
Mental Health (MHC) and Physical Health (PHC)
composite summaries (higher scores indicate better
performance).

10MWT tests self-selected gait speed. For this val-
idated test, subjects walk on a flat, hard floor at their
fastest speed for 10 meters (higher scores indicate
better performance) (Paltamaa et al., 2005).

BBS is a performance-based assessment tool that
evaluates standing balance during functional activ-
ities. The scale rates performance from 0 (cannot
perform) to 4 (normal performance) on 14 items
(corresponding to 14 tasks such as sitting, chang-
ing position, transferring, standing, turning, stepping,
and reaching) (score range 0–56, higher scores indi-
cate better performance) (Cattaneo et al., 2006).

Gait analysis was performed by means of an
electronic system (GaitRite System Gold, version
3.2b–CIR Systems, Havertown, PA, USA) for gath-
ering temporal-spatial data on deambulation. It is
made up of an 8-meter long sensorized walkway
connected to a PC. The system records the signal,
reproducing the pressure maps of each step on a
video, thus identifying the progression of the center
of gravity and recording the temporal-spatial fea-
tures of the subject’s gait. The main gait parameters
were: gait speed, step length, heel-to-heel base sup-
port (HH), single support time (SS), double support
time (DS), stance and swing phase. The patients
walked 4 times at a self-selected speed along a mat
with integrated sensors. They were be allowed to
use orthoses but no other walking aids (Menz et al.,
2004).

Stabilometric assessment was carried out on a
monoaxial platform, an electronic system (Techno-
body, Milan, Italy) that evaluates the instant position
of the center of pressure (CoP). The parameters were
length (mm) and sway area of CoP trajectory (mm2).
Foot position on the platform was standardized for
all patients by means of a V-shaped frame. While
standing, the patients placed the medial border of
their feet alongside the frame. The malleoli were
aligned with the vertical bars. The distance between
two malleoli was 3 cm and the medial borders of
the feet were extra-rotated 12◦ with respect to the
anterior-posterior axis. Patients were evaluated while

standing without upper-limb support. An operator
stood behind them to prevent them from falling.
Each patient was tested in two consecutive condi-
tions (eyes-open and eyes-closed), each lasting 30 s
according to the protocol described by Catteneo and
colleagues (Cattaneo et al., 2007).

2.5. Randomization and masking

After screening, the principal investigator (PI)
randomly assigned eligible patients to the RAGT
+ VR or the RAGT group according to a sim-
ple software-generated randomization scheme. The
PI was unaware of which group the subject would
be allocated to (allocation was by sealed opaque
envelopes). The randomization list was locked in a
desk drawer accessible only to the PI (Bryant &
Machin, 1997).

2.6. Statistical analysis

Descriptive statistics included mean, median, stan-
dard deviation, percentage, and effect size measures
between the two independent groups (Cohen’s d
calculation). Non-parametric tests were applied for
inferential statistics because of the non-normal
data distribution (Shapiro). The Mann-Whitney U
test measured between-group homogeneity at base-
line for the following parameters: age (years),
education (years), time since diagnosis (years),
scores on EDSS, MMSE, PASAT, 2MWT, and
MSQOL-54. The Wilcoxon signed rank test was
used to compare within-group changes between
baseline and post-treatment measures, and base-
line and 1-month follow- up. The Mann-Whitney
U test was used for between-group comparisons.
For this purpose, the difference (�) was com-
puted between post/pre-treatment and 1-month
follow-up/pre-treatment scores for all outcome
measures. Significance was set at p < 0.05. Bonfer-
roni correction was applied for multiple comparisons
(p < 0.025). Data were analyzed using IBM SPSS
software (20.0) for Macintosh (IBM-SPSS, Armonk,
NY, USA).

3. Results

3.1. Demographic data

Seventeen patients with MS (7 men and 10 women)
were randomized to the RAGT + VR group (n = 8)
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or the RAGT group (n = 9). Fourteen patients had
a secondary progressive clinical course (7 in the
RAGT + VR and 7 in the RAGT group) and 3 had
a relapsing-remitting clinical course (1 in the RAGT
+ VR and 2 in the RAGT group). No adverse events
were reported during the study period. Two patients
in the RAGT group withdrew because of difficulty
arranging transportation to the study site. MS type,
age, education, time since diagnosis, scores on EDSS,
MMSE, PASAT, 2MWT, and MS-QOL-54 were not
statistically different between the two groups at base-
line. Table 1 presents the demographic and clinical
characteristics of the study sample. The study flow
diagram is illustrated in Fig. 2.

3.2. Primary outcomes

Between-group comparison showed a signifi-
cant change on the 2MWT (p = 0.023; Z:–2.269)
after treatment (Table 2). No significant post-
training effects were observed for the RAGT group
(Table 3). Within-group comparison showed a signif-
icant improvement in the PASAT score for the RAGT
+ VR group after treatment (p = 0.012; Z:–2.521)
and at follow-up (p = 0.012; Z:–2.521) and signifi-
cant changes on the 2MWT (p = 0.012; Z:– 2.524)
(see Tables 4 and 5).

3.3. Secondary outcomes

Significant post-treatment improvement for the
RAGT group were found in the MSQOL-54 MHC
(p = 0.018; Z:– 2.375), MSQOL-54 PHC (p = 0.017;

Z:–2.384), 10MWT (p = 0.018; Z:–2.371), and BBS
(p = 0.016; Z:–2.414) (Tables 2 and 3).

Within-group comparison showed significant
improvement on the PFT (p = 0.012; Z:–2.521) and
the NT-IR after treatment (p = 0.012; Z:–2.521)
and at follow-up (p = 0.012; Z:–2.521; p = 0.012;
Z:–2.521) for the RAGT + VR group. Significant
improvements were found in the MSQOL-54 PHC
composite (p = 0.017; Z:–2.384) and the MSQOL-54
MHC composite (p = 0.018; Z:–2.371) after treat-
ment. Significant changes were found on the 10MWT
(p = 0.012; Z:–2.251) and the BBS (p = 0.011;
Z:–2.539) after treatment. See Tables 4 and 5.

4. Discussion

The main aim of the present pilot study was to
compare changes in information processing speed,
sustained attention, working memory, and walking
endurance after administration of an innovative com-
bined RAGT + VR protocol versus RAGT alone
in MS patients. The secondary aim was to assess
the training effects on verbal initiation, visual-motor
coordination, gait speed, balance performance, and
quality of life.

No significant differences in cognitive test scores
were found between the two groups. Nevertheless
we showed a significant improvement in the pro-
cessing speed, sustained attention, working memory
and walking endurance in the RAGT-VR group after
the treatment Taking into account the numbers avail-
able in the present study, it should be emphasized

Table 1

Demographic and clinical features of patients

RAGT-VR group (8) RAGT group (9) p-value (Z)

Numbers 3♂/5♀ 4♂/5♀
MS type (SPMS/RRMS) 7/1 7/2
Age (years) 57 ± 5,83 51,7 ± 10,24 0.310 (–1,015)
Education (years) 13,5 ± 2,98 10,5 ± 3,21 0.093 (–1,679)
Time since diagnose (years) 17,7, ± 9,62 13,9 ± 9,23 0.470 (–0,723)
EDSS (1–10) 5,4 ± 0,9 5 ± 1,01 0.417 (–0,812)
MMSE (0–30) 28 ± 1,53 27,8 ± 1,31 0.882 (–0,148)
PASAT (0–60) 42,7 ± 13,3 33,8 ± 11,16 0.112 (–1,590)
2MWT (m) 67,6 ± 22,61 74,6 ± 32,7 0.643 (–0.463)
MSQOL-54

PHC (0–100) 53,6 ± 19,05 45 ± 12,17 0.176 (–1,352)
MHC (0–100) 65,5 ± 23,13 66,7 ± 8,02 0.441 (–0,771)

Data are given as mean ± stardard deviation; p-value (Z) = p-value identified from the Mann-Whitney test. Abbreviations:
RAGT-VR: Robot-assisted Gait Training combined with Virtual Reality; RAGT: Robot-assisted Gait Training; MS: Mul-
tiple Sclerosis; SPMS: Secondary Progressive Multiple Sclerosis; RRMS: Relapsing/Remitting Multiple Sclerosis; EDSS:
Expanded Disability Status Scale; MMSE: Mini Mental State Examination; PASAT: Paced Auditory Serial Addition Task;
2MWT: Two Minutes Walking Test; MSQOL-54: Multiple Sclerosis Quality of Life-54; PHC: Physical Health Composite;
MHC: Mental Health Composite. *Statistically significant at p ≤ 0.05.
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Fig. 2. CONSORT Flow diagram of the study.

that the strength of our conclusions is limited. How-
ever, to the best of our knowledge, this is the first
study to investigate the effects of combined RAGT
+ VR on cognitive impairment in MS patients. A
similar study conducted by Calabrò and colleagues

assessed the efficacy of RAGT in MS patients by
means of an exoskeleton device equipped with a VR
system and found improved psychological outcome
in the patients using the VR system, as shown by
improvement in coping strategies. Cognitive deficits
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Table 2

Between-group comparisons as to cognitive and quality of life
outcomes

Before/after Before-FU
p value (Z) p value (Z)

PASAT (0–60) 0.324 (–0.986) 0.772 (–0.290)
PFT (n. words) 0.523 (–0.638) 0.201 (–1.279)
RBMT

NT-IR 0.485 (–0.697) 0.487 (–0.696)
NT-DR 0.244 (–1.165) 0.562 (–0.580)

DSymb (score) 0.070 (–1.815) 0.254 (–1.141)
MSQOL-54

PHC (0–100) 0.556 (–0.589) 0.771 (–0.291)
MHC (0–100) 0.080 (–1.753) 0.862 (–0.174)

Abbreviations: SD = Standard Deviation; FU = follow-up; p value.
(Z) = p-value and corresponding Z-value identified from the
Wilcoxon test; RAGT-VR: Robot-assisted Gait Training combined
with Virtual Reality; RAGT: Robot-assisted Gait Training; PASAT:
Paced Auditory Serial Addition Task; PFT: Phonemic Fluency
Test; RBMT: Rivermead Behavioral Memory Test; DSymb: Digit
Symbol; NT-IR: Novel Task - Immediate Recall; NT-DR: Novel
Task - Delayed Recall; MSQOL-54: Multiple Sclerosis Quality of
Life-54; PHC: Physical Health Composite; MHC: Mental Health
Composite. *Statistically significant at P ≤ 0.025.

Table 3

Between-group comparisons as to gait and balance outcomes

Before/after Before-FU
P value (Z) p value (Z)

2MWT (m) 0.023 (–2.269)* 0.772 (–0.290)
10MWT (sec) 0.037 (–2.083) 0.643 (–0.463)
BBS (0–56) 0.281 (–1.079) 0.439 (–0.773)
Spatio-temporal gait parameters
Cadence (step/min) 0.418 (–0.810) 0.568 (–0.571)
Stride (cm) 0.487 (–0.694) 0.668 (–0.429)
Single Support (sec) 0.082 (–1.737) 0.063 (–1.857)
Double Support (sec) 0.817 (–0.231) 0.886 (–0.143)
Stabilometric assessment
Length of CoP (mm)

Eyes opened 0.082 (–1.739) 0.817 (–0.231)
Eyes closed 0.908 (–0.116) 0.475 (–0.714)

Sway Area (mm2)

Eyes opened 0.562 (–0.579) 0.317 (–1.000)
Eyes closed 0.908 (–0.116) 0.848 (–0.192)

Abbreviations: SD = Standard Deviation; FU = follow-up; p value.
(Z) = p-value and corresponding Z-value identified from the
Wilcoxon test; RAGT-VR: Robot-assisted Gait Training combined
with Virtual Reality; RAGT: Robot-assisted Gait Training; 2MWT:
Two Minutes Walking Test; 10MWT: Ten Meters Walking Test;
BBS: Berg Balance Scale; CoP: Center of Pressure. *Statistically
significant at P ≤ 0.025.

were not directly assessed, however (Calabrò et al.,
2017).

The novelty of our findings is that a significantly
larger improvement in gait endurance as assessed by
2MWT was noted in the RAGT + VR group than in
the RAGT group. This difference can be explained as

the result of a repetitive task in a “real life” condition
performed by an end-effector device engaged with
VR. Indeed, a repetitive gait task with several steps is
performed in a single RAGT session and the addition
of VR offers an enriched environment where patients
can experience walking as if in a real everyday life
situation, which otherwise could be cognitively over-
whelming for a person with MS. In such patients,
the most frequently impaired cognitive domains are
complex attention, information processing speed,
(episodic) memory, and executive functions (Sepul-
cre et al., 2006; Sumowski et al., 2009; Benedict
et al., 2011). Gaming VR interventions to stimulate
cognitive function and optimize sensory informa-
tion processing and integration systems have been
reported to enable anticipatory postural control and
response mechanisms (Ortiz-Gutiérrez et al., 2013).
Furthermore, VR might target brain networks, speed-
ing up the recovery process (Brütsch et al., 2011).
You and colleagues investigated by functional mag-
netic resonance imaging whether VR induced cortical
reorganization in the lower extremity of patients with
chronic stroke and suggested that VR may have
attributed to positive changes in neural reorganization
(You et al., 2005).

In our study, the RAGT + VR group patients
obtained significant improvement in executive
functions, including sustained attention, working
memory, lexical access speed, and visual-spatial
learning, and these gains were maintained at the
1-month follow-up evaluation. We can speculate
that these positive cognitive effects may transfer to
functional abilities (Peruzzi et al., 2017), such as
improvement in gait abilities (Fulk, 2005; Baram &
Miller, 2010), and we speculate further that these
gains are related to an improvement in information
processing speed. Furthermore, RAGT + VR was
able to maintain enhanced active participation dur-
ing prolonged training conditions better than RAGT
alone. These findings highlight the potential use of
VR-based training for improving gait in MS patients.
VR has been proposed as a potentially useful tool
in rehabilitation (Leocani et al., 2007), as VR-based
training provides an enriched opportunity for repeti-
tive practice, feedback information, and motivation
for endurance practice, thus promoting cognitive
stimulus (visual, auditory and somato-sensory input)
and motor learning (Lehrer er al., 2011; Massetti
et al., 2016; Laver et al., 2017).

Our findings on cognitive functions are shared by
previous studies that investigated the effects of loco-
motor training and VR in MS patients (Fulk, 2005;
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Table 4

Within-group comparison of treatment effects in cognitive and quality of life outcome measures

Group Before After FU Before/after Before-FU

Mean ± SD Mean ± SD Mean ± SD p value (Z) Effect size p value (Z) Effect size

PASAT (0–60) RAGT-VR group 42,75 ± 13,31 48 ± 11,28 47,88 ± 11,96 0.012 (–2521)* 0.81 0.012 (–2521)* 0.57
RAGT group 34,43 ± 11,82 36,86 ± 15,44 40,14 ± 14,96 0.445 (–0.763) 0.176 (–1.355)

PFT (n. words) RAGT-VR group 31,25 ± 12,76 41,38 ± 15,28 42 ± 11,83 0.012 (–2.521)* –0.17 0.012 (–2.521)* 0.02
RAGT group 36 ± 10,50 44,14 ± 16,38 41,71 ± 11,83 0.236 (–1.185) 0.175 (–1,357)

NT-IR (0–51) RAGT-VR group 28,5 ± 10,50 38 ± 10,29 37,88 ± 9,03 0.012 (–2.521)* 0.37 0.012 (–2.521)* 0.49
RAGT group 26,43 ± 9,27 33,57 ± 13,28 32 ± 14,17 0.063 (–1.859) 0.075 (–1.782)

NT-DR (0–17) RAGT-VR group 10,50 ± 5,81 13,88 ± 3,72 14 ± 2,71 0.071 (–1.807) 0.11 0.671 (–0.425)
RAGT group 10 ± 4,40 13,43 ± 4,54 15,60 ± 1,95 0.173 (–1.362) 0.223 (–1.192) –0.68

DSymb (score) RAGT-VR group 34,13 ± 16,46 33,88 ± 15,36 37 ± 15,72 0.914 (–0.108) –0.42 0.131 (–1.511) 0.07
RAGT group 34,29 ± 9,86 39,86 ± 12,92 36 ± 13,34 0.063 (–1.863) 0.705 (–0.378)

MSQOL-54
PHC (0–100) RAGT-VR group 53,26 ± 18,97 60,01 ± 20,8 58,45 ± 20,88 0.017 (–2.384)* 0.59 0.042 (–2.032) 0.43

RAGT group 44,76 ± 14,12 49,81 ± 12,95 50,74 ± 14,18 0.018 (–2.375)* 0.028 (–2.201)
MHC (0–100) RAGT-VR group 65,54 ± 23,14 72,77 ± 19,88 69,55 ± 22,09 0.018 (–2.371)* 0.14 0.049 (–1.973) –0.1

RAGT group 66,9 ± 8,87 70,63 ± 7,66 71,01 ± 8,87 0.017 (–2.384)* 0.046 (–1.997)

Abbreviations: SD = Standard Deviation; FU = follow-up; p value (Z) = p-value and corresponding Z-value identified from the Wilcoxon test; RAGT-VR: Robot-assisted Gait Training combined
with Virtual Reality; RAGT: Robot-assisted Gait Training; PASAT: Paced Auditory Serial Addition Task; PFT: Phonemic Fluency Test; DSymb: Digit Symbol; NT-IR: Novel Task - Immediate
Recall; NT-DR: Novel Task - Delayed Recall; MSQOL-54: Multiple Sclerosis Quality of Life-54; PHC: Physical Health Composite; MHC: Mental Health Composite. *Statistically significant at
P ≤ 0.025.
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Table 5

Within-group comparison of treatment effects in gait and balance outcome measures

Group Before After FU Before/after Before-FU

Mean ± SD Mean ± SD Mean ± SD p value (Z) Effect size p value (Z) Effect size

2MWT (m) RAGT-VR group 67,63 ± 22,61 82,87 ± 19,65 72,13 ± 20,59 0.012 (–2.524)* 0.16 0.398 (–0.845) –0.16
RAGT group 74,57 ± 32,74 78,43 ± 34,65 77 ± 36,36 0.018 (–2.375)* 0.446 (–0.672)

10MWT (sec) RAGT-VR group 15,26 ± 4,69 11,78 ± 3,41 14,13 ± 4,23 0.012 (–2.521)* –0.43 0.293 (–1.501) –0.13
RAGT group 15,35 ± 8,15 14,38 ± 7,88 14,98 ± 7,96 0.018 (–2.371)* 0.128 (–1.521)

BBS (0–56) RAGT-VR group 40,88 ± 5,96 43,50 ± 5,50 43,86 ± 4,60 0.011 (–2.539)* –0.53 0.088 (–1.706) –0.38
RAGT group 44,29 ± 4,82 46,29 ± 5,06 45,86 ± 5,81 0.016 (–2.414)* 0.223 (–1.219)

Spatio-temporal gait parameters
Cadence (step/min) RAGT-VR group 77,74 ± 19,55 78,54 ± 21,76 81,86 ± 21,08 0.944 (–0.070) –0.21 0.886 (–0.169) –0.06

RAGT group 88,75 ± 28,32 84,75 ± 34,78 83,63 ± 33,25 0.499 (–0.676) 0.600 (–0.524)
Stride (cm) RAGT-VR group 84,27 ± 20,90 84 ± 18,82 87,34 ± 23,05 0.575 (–0.560) –0.39 1.000 (–0.000) –0.09

RAGT group 89,38 ± 26,77 92,17 ± 23,37 89,03 ± 14,61 0.237 (–1.183) 0.463 (–0.734)
Single Support (sec) RAGT-VR group 0,49 ± 0,11 0,46 ± 0,07 0,45 ± 0.04 0.401 (–0.840) 0.12 0.499 (–0.676) –0.26

RAGT group 0,43 ± 0,07 0,45 ± 0,09 0,47 ± 0,10 0.236 (–1.185) 0.046 (–1.992)
Double Support (sec) RAGT-VR group 0,69 ± 0,32 0,72 ± 0,38 0,65 ± 0,34 0.575 (–0.560) –0.08 0.866 (–0.169) –0.09

RAGT group 0,64 ± 0,49 0,76 ± 0,57 0,69 ± 0,48 0.866 (–0.169) 0.917 (–0.105)
Stabilometric assessment
Length of CoP (mm)

Eyes opened RAGT-VR group 247 ± 62,98 184,12 ± 43,31 249,12 ± 89,62 0.012 (–2.524)* –0.24 0.726 (–0.350) –0.12
RAGT group 253,86 ± 58,65 195 ± 47,75 239,14 ± 69,46 0.012 (–2.524)* 0.398 (–0.845)

Eyes closed RAGT-VR group 374,25 ± 161,95 308,38 ± 108,16 404,71 ± 127,29 0.327 (–0.980) –0.11 0.612 (–0.507) 0.04
RAGT group 343,14 ± 166,76 320,86 ± 121,08 397,67 ± 204,73 0.401 (–0.840) 0.866 (–0.169)

Sway Area (mm2)

Eyes opened RAGT-VR group 213 ± 118,25 154,75 ± 90,51 200,88 ± 122,77 0.012 (–2.521)* 0.12 0.779 (–0.280) 0.01
RAGT group 202,43 ± 92,8 145,14 ± 67,29 200,33 ± 80,51 0.012 (–2.524)* 0.398 (–0.845)

Eyes closed RAGT-VR group 381,88 ± 143 279,88 ± 113,04 372,43 ± 136,49 0.262 (–1.122) –0.27 1.000 (–0.00) 0.34
RAGT group 375,71 ± 219,91 311,28 ± 122,72 427,83 ± 190,45 0.327 (–0.980) 0.917 (–0.105)

Abbreviations: SD = Standard Deviation; FU = follow-up; p value (Z) = p-value and corresponding Z-value identified from the Wilcoxon test; RAGT-VR: Robot-assisted Gait Training combined
with Virtual Reality; RAGT: Robot-assisted Gait Training; 2MWT: Two Minutes Walking Test; 10MWT: Ten Meters Walking Test; BBS: Berg Balance Scale; CoP: Center of Pressure. *Statistically
significant at P ≤ 0.025.
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Peruzzi et al., 2017). To our knowledge, the effects
of RAGT + VR on cognitive function and the rela-
tionship between motor rehabilitation and cognition
in MS are yet to be fully explored (Postigo-Alonso
et al., 2018; Varalta et al., 2018; De Keersmaecker
et al., 2019). Calabrò and colleagues reported that,
compared to over-ground training and body weight
support treadmill training, RAGT + VR may be
safely used as a tool to improve walking func-
tion in MS patients (Calabrò et al., 2017). Authors
concluded that the significant contribution of VR
to RAGT may depend on improvement in either
attention/motivation or mood. They stated that if
the patients are motivated by experiencing a var-
ied and stimulating environment through the VR,
they would get an improvement in attention with
potentially better functional outcomes, maybe thanks
to the reactivation/boosting of brain neurotransmis-
sion, including the cholinergic and dopaminergic
system.

In our study, within-group analysis of motor ability
scores showed that both groups gained in gait abil-
ity and balance performance. We hypothesize that
the improvements obtained in gait endurance result
from training with the device. RAGT performed on
an end-effector device such as the GE-O System
presents several advantages: task-oriented exercise
for gait training and practice in gait-like movement
with minimal assistance by means of a partial-body
weight system. Before each session, patients are
positioned on two footplates, the plate movements
simulate stance and swing gait phases in a highly
physiological manner. Our results are in line with
previous studies (Calabrò et al., 2017; Russo et al.,
2018).

Our findings also showed significant improvement
in balance ability. As mentioned by Gandolfi and
colleagues, RAGT can be considered “task-specific
balance training” (Gandolfi et al., 2014). As such,
RAGT may stimulate central integrative centers in
the brain stem and spinal cord by reinforcing neu-
ronal circuits, leading to improved postural control.
Since the GE-O device allows for performing more
steps than in standard physiotherapy, patients are
able to train at higher volume and intensity for
a fixed time in a single session of physiotherapy
(Hesse et al., 2013). Given these advantages, RAGT
can be considered a useful approach to address
proprioceptive and central integration deficits. Our
results are in line with previously studies in which
RAGT coupled to 2D VR may be a valuable tool
for promoting neural plasticity and that it could

be considered as induction therapy to improve
walking ability and balance performance in MS
patients (Russo et al., 2018; De Keersmaecker et al.,
2019).

In addition to investigating cognitive and motor
effects, the present study demonstrated significant
improvement in quality of life in both groups. The
functional consequences of MS-related impairments
can be debilitating, with a multidimensional impact
on activities of daily living. The gain in quality of life
can be attributed to the positive effects of RAGT. Our
findings are in line with a previously studies (Straudi
et al., 2016, Fanciullacci et al. 2017) and support
the hypothesis that, by inducing functional recov-
ery, RAGT can influence the subjective perception
of functional outcomes (Feistein et al., 2015).

This pilot, randomized controlled trial has several
limitations that restrict the strength of its conclusions.
First, the sample size is small. Based on sample size
calculation, 100 patients (50 per group) are required
to detect a significant improvement on the PASAT
test (power of 95%). Because this study is a part of
larger project, to further validate our present find-
ings, a multicenter randomized controlled is needed
to increase the number of subjects. Second, fully
immersive VR may provide a complete simulated
experience through the support of multiple sensory
output devices to enhance stereoscopic view of the
environment through movement of the user’s head,
as well as audio and haptic devices; this could be
more interactive for immersing the patient in reality.
Third, the lack of a follow-up assessment at 3 or more
months after training is needed to further assess the
persistence of the training effect.

In conclusion, greater positive effects on gait abil-
ity were noted after RAGT engendered by VR than
RAGT alone. VR-enhanced training may influence
cognitive functions in MS patients and provide a ther-
apeutic alternative and a motivational and effective
enrichment of traditional motor rehabilitation.
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