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Abstract

Background: Research on Virtual Reality (VR) based motor rehabilitation for people with multiple
sclerosis (MS) is rapidly growing in popularity, although few studies have focused on the upper limb
(UL). The aims of this review were to investigate the effect of VR interventions on UL function in

people with MS and determine if the type of VR intervention influences intervention effect.

Method: Five databases (IEEE Xplore, MEDLINE, ProQuest Central (Health & Medical Collection),
Science Direct and Web of Science Core Collection) were searched using keywords that relating to
MS, VR and UL.

Results: Ten articles were included, six randomised controlled trials, three cohort studies and one pilot
observational study. Both commercial and custom VR technologies were used in interventions, along
with combination approaches using robotics, electrical stimulation and occupational therapy. Using
the Nine Hole Peg Test, two studies found significant improvements within groups, one found that
VR was more effective than another gaming approach. Significant improvements in other UL
measures were in the Fugl-Meyer Assessment for the proximal arm; handgrip; perceived strength;
Jebsen-Taylor Hand Function Test; Wolf Motor Function Test; active range of motion and trajectory
measures after VR intervention. There were conflicting results regarding if VR was more effective

than conventional approaches.

Conclusion: There is therefore some evidence that VR is effective in improving motor function in the
UL, however, there is no clear consensus on which VR based approaches are the most effective, or the
optimum intervention duration and intensity. Moreover, as many of the studies had non-immersive
approaches it is hard to determine how effective immersion based approaches maybe in such specific

context.
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' Abbreviations: ADL (Activities of daily living); BBT (Box and Blocks Test); CPT
(Convention physical training); FMA (Fugl-Meyer Assessment); HMD (Head Mounted
Display); JTT (Jebsen-Taylor Hand Function Test); MS (Multiple Sclerosis); PWMS (people
with MS); RCT (Randomised controlled trial); Serious Games (SG); UL (Upper Limb); VR
(Virtual Reality); WEMT (Wolf Motor Function Test); 9HPT (9 Hole Peg Test).



1. Introduction

Many people with multiple sclerosis (MS) have some degree of upper limb (UL) dysfunction, such as
tremor, sensory deficits, weakness and loss of dexterity in one or both hands (Kister et al., 2013;
Bertoni et al., 2015). Loss of motor skills can impact the individual’s quality of life, employment
status and activities of daily living (ADL) (Simmons et al., 2010; Goverover et al., 2017). Dexterity
problems can also result in higher healthcare related costs, due to compensatory alterations needed for
home living and possible long-term care (Koch et al., 2014). This highlights the importance of finding
effective treatments that target UL impairment and could potentially improve the quality of life for

people with MS.

Current evidence suggests that rehabilitation can contribute to improving UL motor function in people
with MS (Gandolfi et al., 2018; Gervasoni et al., 2019) however this evidence is limited due to UL
rehabilitation interventions being historically understudied, despite the impact of UL impairment in
people with MS (Kraft et al., 2014). One promising yet relatively new strategy of motor rehabilitation
research is the use of Virtual Reality (VR). VR makes use of interactive simulations that can be built
upon gamified approaches typically found in Serious Games (SG). The increased interest in VR based
strategies are due to the reported advantages, such as improving motivation and enjoyment, providing
real-time feedback in a safe virtual environment and having the potential to be used where the user
feels comfortable, such as the home (Lange et al., 2012). Two important principles of VR are
immersion and presence; immersion relates to the overall sensation of experiencing the virtual world,
whereas presence is the psychological state of feeling that the user is within it (Mutterlein, 2018;
Slater, 2018). There are different levels of immersion: low, semi and full (Miller and Bugnariu, 2016).
Low immersion systems typically involve computer-generated environments monoscopically
displayed on computer monitors (Kaplan-Rakowski and Gruber, 2019); semi immersion involves
larger stereoscopic visual displays with occasional motion capture; and full immersion frequently
involves the use of head mounted displays (HMDs) (Miller and Bugnariu, 2016). While full
immersion is not necessary for the classification of VR; higher immersion is positively received by
users as it increases motivation, lowers cognitive workload and can help improve task success (Lum
et al., 2018; Yao and Kim, 2019). However, it remains unclear whether full immersion is more
effective in improving motor rehabilitation outcomes when compared to lower immersion (Rose et al.,
2018).

Despite the potential benefits of VR, research relating to the effectiveness of VR in MS is scarce -
especially regarding UL function. Previous systematic reviews conducted on VR interventions in MS
have primarily focused on gait or other lower limb related outcomes (Casuso-Holgado et al., 2018), or
included both upper and lower limb measures (Massetti et al., 2016; Maggio et al., 2019). Therefore,

there is a need to explore the use of VR in UL rehabilitation due to the prevalence and impact of UL



motor dysfunction in people with MS, and to provide summary of evidence for best practice for
researchers and healthcare professionals. With increasing research and interest in UL in recent years,

it is timely to explore the effectiveness and suitability of VR in UL function in MS.

The aim of this systematic review is to investigate the effect of VR interventions for UL rehabilitation
in people with MS by exploring if: (1) VR-based rehabilitation interventions are effective in
improving UL function for people with MS; (2) immersive VR based rehabilitation strategies are

more effective in improving UL function compared to other conventional methods of rehabilitation.
2. Methods:
2.1 Search Strategy

Prior to conducting the review, the protocol and search strategy were registered on the PROSPERO
database in March 2020 (ref CRD42020175370). Searches were performed in May 2020 of the
following five databases from inception: IEEE Xplore, MEDLINE (via ProQuest), ProQuest Central
(Health & Medical Collection), Science Direct and Web of Science (Core Collection). Keywords
searched were related to MS, VR and UL, and searches were kept consistent as possible between
databases (Supplementary Table 1). Reference lists of the eligible articles were also searched for

relevant articles and their citations checked.
2.2 Inclusion and Exclusion Criteria

Articles were included if they met the following criteria 1) include data on adults with MS, if people
with MS were included alongside other clinical populations, the data regarding MS must be
extractable; 2) report the use of a VR intervention; 3) use an outcome measure to quantify UL
impairment, performance or function. For the purposes of this review, to be classified as VR,
interventions must demonstrate interactivity within a virtual environment and a feeling of perceived
presence by the user. There were no exclusions based on study design or the duration and frequency
of interventions. Articles were excluded if they were not full texts, they were grey literature,

conference abstracts, reviews or not available in English.
2.3 Eligibility Screening

Search results were exported to Covidence systematic review software (Veritas Health Innovation,
Melbourne, Australia. Available at covidence.org). Two independent reviewers (AW & LP) reviewed
the title and abstracts for eligibility; two independent reviewers (AW & SR) then read full text of the
remaining articles against the inclusion exclusion criteria. Any disparities were resolved through

consensus with a third reviewer (LP) if necessary.

2.4 Quality Assessment



Quality of the included articles was assessed using the Effective Public Health Practice Project
(EPHPP) Quality Assessment Tool for Quantitative Studies. The EPHPP tool assesses the quality of a
broad range of study design, such as randomised controlled trials (RCT), controlled trials and
observational studies. It has shown good validity in the assessment of health-related studies (Thomas
et al., 2004; Armijo-Olivo et al., 2012). It consists of six sections: selection bias, study design,
confounders, blinding, data collection method, and withdrawals and dropouts. Each section is
assigned a score of “strong” (1), “moderate” (2) or “weak” (3). The scores are then collated and a
global rating of strong (1), moderate (2) or weak (3) is given for the overall article. Two reviewers
(AW & SR) independently assessed the quality of the included articles. Any disparities in the quality
assessment were resolved through consensus with a third reviewer (LP) if necessary. No studies were

excluded based on the results of the quality assessment.
2.5 Data Extraction

One reviewer (AW) extracted data into a standard data extraction table. Data were extracted in
relation to: study details (authors, year of publication and study design); participant data (age, sex,
disability, disease duration, MS type, controls); intervention (frequency, duration, specific virtual
reality technology used, serious or commercial games), UL movements targeted (unilateral or bilateral

movements), UL outcome measures, and the main findings from the study.
2.6 Data Synthesis

The heterogeneity of outcome measures across articles meant that a meta-analysis was not possible.
Therefore, a narrative synthesis of the data was conducted, detailing the findings, the intervention
protocol, the measured outcomes for each study, and the studies’ strengths and weaknesses. The
different VR interventions were described and, if appropriate, were compared to determine which

were more effective in improving UL function.

3. Results
3.1 Study Selection

231 articles were found using the search strategy. After duplicates were removed, 167 articles were
screened for eligibility and 146 articles were excluded from the title and abstract screening stage. 21
full texts were then screened for eligibility and 11 articles were excluded. Therefore, 10 were accepted
for inclusion in the review. Reasons for exclusion of the 11 full text articles were: 6 articles did not
use VR as an intervention; 2 articles did not present any UL measures; 2 articles did not meet the
classification of VR; one article was a review paper that had no extractable data on MS patients using

VR as an intervention for UL improvements (Fig. 1).

[Figure 1 Near Here]



Records identified through Additional records identified
database searching through other sources
(n=231) (n=0)

Records after duplicates removed
(n=167)

Records screened Records excluded
(n - 167) (n = 146)
y
Full-text articles assessed Full-text articles excluded
for eligibility > (n=11);
(n=21) .
Not using VR as
intervention (n=6);
No UL measure (n=2);
Not VR classification
(n=2);
Studies included in review Review Paper (n=1)
(n=10)

Figure 1: PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) of search results and screening.



Table 1: Data Extraction of virtual reality-based interventions for improving upper limb studies within MS.

Study and Participants Intervention UL Outcome  Unilateral or Main Findings
Design (MS type, sex, age, EDSS, (VR Technology, Tasks, Measures Fr:!tztr(\a/re?:ti on. (Overall Conclusions).

duration of disease). Duration).

(UL assessed).

Leocani 12 PWMS and 13 Healthy Khymeia SRL visual Distance Unilateral. 6 PWMS had over 20% improvement in
etal., Control participants. display and electromagnetic ~ errors in . frontal plane, whereas only 4 improved
2007. sensors. frontal (x,z ~ 25dominant. 5604 in depth plane.

PWMS: axes) and 25 right; 0 left

& RRMS: 4 PPMS: 3 SPMS. 5 Tracking (object on screen)  depth gnt, " Significantly higher improvements for

. ’ ’ ' visual cue with finger (horizontal x,y; PWMS in the frontal plane than in the

Pilot Males, 7 Females. Mean Age 45 (movement of all UL). vertical depth planes (p < 0.05). PWMS
Study. 9 years. EDSS 4.7 £ 1.5. Mean _ y,Z axes) improved significantly less compared

disease duration 13.9 + 8.7 On_e-_day durgtlon. 12_ planes by the with control group in the depth planes (p

years. training sessions lasting 20 (finger) < 0.05).

Healthy C ) minutes. 2 minute breaks trajectory.

y Control group: between each session.

Mean Age 43 £ 10 years. 4 Same intervention for both

Males, 9 Females. Data reported groups.

on 12 controls. 1 hypothesised

drop-out.
Mahajan 11 PwMS. 2 Participant Drop Virtual driving simulator Multiple Unilateral. Mean + SD Throughput (bits per
etal., Out. Unspecified MS. 5 females,  with either isometric (force  measures from second) Higher value means better
2014 6 males. driven) or compliant trajectory data Data on treated performance.

. ) (position driven) joystick of task and UL NR. )

5 PwMS in isometric group. with either standard, or an throughput Isometric:
RCT Mean Age 56.82 + 3.47 years adapted algorithm for (bits per Standard: 0.234 + 0.03

(isometric group). tremor (MSPFA) or tremor  second).

and fatigue (MSPFA_FA)




EDSS and disease duration NR.
Control:

6 PwWMS, in compliant mode.
Mean Age 54.89 + 12.33 years
(compliant mode).

EDSS and disease duration NR.

to evaluate joystick
performance.

Two visits between 2 and
10 days apart. 6 repetitions
on each trial.

MSPFA: 0.255 £ 0.01
MSPFA_FA: 0.303 £ 0.09
Compliant:

Standard: 0.305 + 0.10
MSPFA: 0.385 £ 0.18
MSPFA_FA:0.376 £0.13

Sampson
et al.,
2016

Cohort
Design

5 PwMS. 1 RRMS, 1 PPMS and
3 SPMS. 5 female; 0 male. Age
range 40-61 years. Disease
duration 4-34 years.

EDSS NR.

SAIL system, passive robot ARAT, 9HPT, Unilateral.
with functional electrical MAM-36 and

stimulation and VR display. FMA. 2 dominant; 2

non-dominant.
Reaching task using virtual

environment. 2 right; 3 left.

18 one-hour training
sessions, over 10 weeks.

ARAT (Mean + SD (p value). % change)

Baseline: 45.6 + 10.50; Post: 46.2 + 9.55
(p = 1.0). 1.05%.

9HPT (Mean seconds + SD, p value, %
change)

Baseline: 145.3 + 96.39; Post: 116.3 +
87.91 (p = 0.465). 8.17%.

MAM-36 (Mean + SD, p value, %
change)

Baseline: 46.8 + 9.99; Post: 50.4 + 8.05
(p = 0.345). 3.6%.

FMA Proximal Arm (Mean = SD, p
value, % change)

Baseline: 22.4 + 4.62; Post: 28.0 = 6.08
(p = 0.039). 15.56%.

FMA Distal Arm (Mean + SD, p value,
% change)

Baseline: 22.4 + 2.5; Post: 22.8 £ 3.7 (p




= 0.465). 8.17%.

Thomas 30 PWMS. 21 RRMS, 1 PPMS, 5 Mii-vitaliSe protocol using  9HPT. Bilateral 9HPT (Mean seconds + SD)
etal, SPMS, 1 Benign MS and 2 Nintendo Wii plus usual Measured at  treatment and Dominant:
2017 unknown type. 27 females, 3 care. Commercial games baseline, 6- measurement. ominant
males. Mean age 49.3 + 8.70 such as Wii Sports, Wil months (only , Immediate Baseline: 21.73 + 4.04; 6-
years. EDSS criteria of 2 or <6.  SPOrts Resort, Wii Fit Plus.  jmegiate z;mlnant hand months 23.63 + 4.71; 12-months 23.95 +
RCT Disease duration<1lyear->16  T\o introductory sessions \g/\rl(_).t;p u(sjirig ' 5.07.
years. then h based i) and 12- _
_ _ pai?i ci(;))r;[(iaonas;elf- months (both Delay Baseline: 24.20 £ 4.10; 6-months
goltota(;, n=15 immediate; =15 oo intensity of groups using 24.36 + 3.67; 12-months 22.87 + 3.48.
elayed. exercise over 6-month Wii). Non-dominant:
2 drop-outs reported in period. Reported mean _ _
immediate group. usage twice a week for 27 Immediate Baseline: 25.98 + 8.15; 6-
min/day. months 28.22 + 14.23; 12-months 29.33
) +13.43
Delayed group instructed to
wait 6 months after Delay Baseline: 30.11 £ 9.40; 6-months
introductory session to 32.17 £ 9.78; 12-months 28.90 + 7.63.
begin treatment.
Jonsdottir 16 PwMS. Unspecified MS. 12 Rehab@Home SG with 9HPT and Unilateral 9HPT (Median seconds, p value)
etal, females, 4 males. Mean age 56.8  Microsoft Kinect. Multiple  BBT. measurement.
2018, + 12.3 years. EDSS 6.5. Disease  different games aimed at Dominant hand SGs: Pre 38, Post 29.5 (p < 0.05)
RCT duration 19.4 + 12.3 years variety of UL movements. N;mman and  Control: Pre 34.5, Post 41.5 (p = 0.34).

N =10in SG; n =6 in control.

Twelve 40 minute sessions
over 4 weeks.

Control: Same protocol
with Nintendo Wii, using
commercially available
exergames.

BBT (Median cubes, p value)

SG: Pre 33, Post 42 (p = 0.19).
Control: Pre 38.5, Post 42 (p = 0.34).




Maris et
al., 2018

Cohort
Design

17 PwWMS. 4 dropouts. 5 RRMS,
2 PPMS and 6 SPMS. 9 females,
4 males. Median age 54 years.
Median disease duration 17
years.

EDSS NR but criteria of min 14
or max 25 on the shoulder/
arm item of the Motricity Index.

Robot I-TRAVLE system
using SG, with a variety of
different UL movements
(reaching, lifting,
transporting, rubbing,
pushing and pulling).

20 hours of training from
two 30 minute per session

over 8 weeks.

Active range
of motion
(ROM),
Motricity
Index, Jamar
handgrip
strength,
perceived
fatigue and
strength,
WFMT and
ABILHAND

guestionnaire.

Unilateral.

7 dominant; 6
non-dominant
trained.

5 right; 8 left.

ROM (Median Degrees range of motion.

(p value)).

Max elevation in sagittal plane: Pre
110.0, Post 137.0 (p < 0.05).

Sustained elevation in sagittal plane:
Pre 102.0, Post 129.0 (p < 0.05).

Follow up max elevation in sagittal
plane: 117.0 (p > 0.05).

Follow up sustained elevation in sagittal
plane: 105.0 (p > 0.05).

Jamar Handgrip Strength (Median kg (p
value)).

Pre 13.2kg, Post 14.8kg (p < 0.05)

Follow up: 13.6kg (p < 0.05).

Jamar perceived strength (Median
Visual Analogue Scale (p value)).

Pre 3.9, Post 7.4 (p < 0.05).
Follow up: 7.5 (p > 0.05).

Jamar perceived fatigue (Median Visual
Analogue Scale (p value)).

Pre 3.6, Post 1.7 (p > 0.05).
Follow up: 0.8 (p < 0.05).
WMPFT activities (Median (p value)).

WMFT time (s): Pre 2.4, Post 1.6 (p <




0.05).
WMFT FA: Pre 4.0, Post 5.0 (p < 0.05).

Follow up WMFT time: 1.4 (p < 0.05).
Follow up WMFT FA: 5.0 (p < 0.05).

Jonsdottir 18 PwMS. 11 RRMS, 6 SPMS Rehab@Home SG with 9HPT and Self-perceived  9HPT (Median change in seconds, p
etal., and 1 PPMS. 12 females, 6 Microsoft Kinect. BBT. WOrse arm value).
2019 males. Mean age 56.1 + 10.5 Multiole diff treated. Treated arm: Pre 33.6. Post 28.0
years. Mean EDSS 6.5 + 1.9, M t:jp e; i _e;entfgSTes Unilatera Orggte arm: Pre 33.6, Post 28.0, p <
Mean disease duration 17.6 + 9.7 &/Med at variety 0 hilatera R
movements. treatment.
Cohort years. Non-treated arm: Pre 30.2, Post 25.6, p
Design Twelve 45 minute sessions, Bilateral > 0.05.
3-5 times a week. measurements. .
BBT (Median change, p value).
Treated arm: Pre 38, Post 45, p < 0.05.
Non-treated arm: Pre 41, Post 45, p >
0.05.
Walifio- 16 PwMS. 10 dropouts. 16 VR games accessed via PPT,JTTand Bilateral JTT Writing non-dominant hand (Mean
Paniagua RRMS. 8 females, 8 males. motiongamingconsole.com, GPT. treatment and time + SD):
etal, Mean age 46.44 + 9.09 years. with multiple games aimed measurement.
2019 - - at variety of UL OT: Pre 93.25 + 73. 68, Post 62.92 +
EDSS and disease duration NR. movements. 42.92, p <0.05.
OT n=8,0T + VR n=8. 20 sessions of VR OT + VR: Pre 62.92 + 42.92, Post 50.68
RCT + 39.57, p > 0.05.

interventions with a 30-
minute duration, twice a
week, along with
conventional treatment
protocol (OT).

OT sessions twice a week,

JTT Moving large light objects with
non-dominant hand (Mean time + SD):

OT: Pre 8.15 + 5.03, Post 5.78 +£ 2.05, p
> 0.05.




lasting 30 minutes.

OT + VR: Pre 6.98 + 3.38, Post 8.89 +
5.71, p < 0.05.

JTT Moving large light objects with
dominant hand (Mean time + SD):

OT: Pre 6.12 £ 1.66, Post 5.78 = 2.05, p
< 0.05.

OT + VR: Pre 5.78 + 2.05, Post 6.45 *
1.87, p < 0.05.

No significant difference in
improvements between groups in all
outcomes.

Norouzi 45 PwMS. Not specified MS. 45  Combined Conventional Kelso (1984) Bilateral Mean + SD Error of Relative Phase
etal., females, 0 males. Mean age training and VR Microsoft  error of training and (degrees), p value
2020 26.39 *+ 3.45 years. Mean EDSS  Kinect (COMB). Several relevant phase. measurement. )
score 2.15 + 1.38. Disease games involving VRT:
duration NR. coordination, reaching and Pre 17.12 + 1.63, Post 15.29 + 1.22 p <
RCT(B  cOMB n=15: CPT n=15: VRT grasping tasks. 0.05, Follow up 16.23 + 1.21 p < 0.05.
arm) n=15. 8-week duration of two 30 CPT:
minute sessions per week.
Pre 18.01 £ 1.33, Post 16.97 + 1.34, p <
Same intervention duration 0.05, Follow up 17.10 + 1.40, p < 0.05.
for all groups. CPT had no
VR. COMB:
Pre 18.52 £ 1.75, Post 13.97 £ 1.62, p <
0.05. Follow up 15.20 £ 1.78, p < 0.05.
Ozdogar 60 PwMS. 3 dropouts. 54 Intervention - One 45 min 9HPT and NR 9HPT (Mean change in seconds + SD)
etal., RRMS, 5 SPMS, 1 unspecified session per week for 8 MAM-36.




2020 MS. 43 females, 16 malesand 1 weeks. VR: -3.5+ 3.4, p<0.05.
Gender not reported. Mean age

RCT (3 40.1 + 10.7 years. Mean EDSS VR: Kinect Sport Rivals Conventional: -3.4 +5.0, p <0.05.
arm) 2.4 + 1.4. Disease duration 6.6 + using Microsoft Kinect
4.8 years. (n=20). Control: 0.5+£2.2, p> 0.05.
Conventional: Exercise Group difference: 5.884, p = 0.05.

based programme (n=19).
MAM-36 (Mean score + SD)

Control: No therapy (n=20).
VR: 4.3+7.5,p<0.05.

Conventional: 8.5 + 13.4, p < 0.05.
Control: -3.1 £ 6.1, p < 0.05.

Group difference: 7.369, p < 0.05.

Abbreviations: ARAT (Action Research Arm Test); BBT (Box and Blocks Test); CPT (Convention physical training); FMA (Fugl-Meyer Assessment); GPT
(Grooved Pegboard Test); JTT (Jebsen-Taylor Hand Function Test); MAM-36 (The Manual Ability Measurement-36); MSPFA (Multiple Sclerosis personally
fitted algorithm); MSPFA_FA (Multiple Sclerosis personally fitted algorithm with fatigue adaptation); NR (not reported); OT (Occupational therapy); PPMS
(primary progressive multiple sclerosis); PPT (Purdue Pegboard Test); PwMS (People with multiple sclerosis); RCT (randomised controlled trial); RRMS
(Relapse and remitting multiple sclerosis); SD (standard deviation); SG (serious games); SPMS (secondary progressive multiple sclerosis); UL (upper limb);
WEMT (Wolf Motor Function Test); WMFT FA (Wolf Motor Function test functional activity); VRT (Virtual reality training); 9HPT (9 Hole Peg Test).



[Table 1 Near Here]
3.2. Study Design and Participants

Six studies were RCTs (Mahajan et al., 2014; Thomas et al., 2017; Jonsdottir et al., 2018; Walifio-
Paniagua et al., 2019; Norouzi et al., 2020; Ozdogar et al., 2020), three were cohort studies (Sampson
et al., 2016; Maris et al., 2018; Jonsdottir et al., 2019), and one was a pilot observational study which
compared the outcomes of the intervention in a MS population to a group of healthy participants
(Leocani et al., 2007). Studies evaluated different joystick algorithms (Mahajan et al., 2014) or
compared other VR interventions with other VR approaches (Jonsdottir et al., 2018), conventional
approaches (Walifio-Paniagua et al., 2019; Norouzi et al., 2020; Ozdogar et al., 2020) and no therapy
(Ozdogar et al., 2020).

All studies had relatively small sample sizes, ranging from 5 (Sampson et al., 2016) to 60 (Ozdogar et
al., 2020) participants. Relapse and remitting MS (RRMS) was the most investigated type of MS,
comprising 73.4% of the study population which reported MS type. RRMS was the only type of MS
to be solely investigated (Walifio-Paniagua et al., 2019) and was investigated in seven of the ten
articles. RRMS was studied alongside other types of MS, such as secondary progressive (Leocani et
al., 2007; Sampson et al., 2016; Thomas et al., 2017; Maris et al., 2018; Jonsdottir et al., 2019;
Ozdogar et al., 2020), primary progressive (Leocani et al., 2007; Sampson et al., 2016; Thomas et al.,
2017; Maris et al., 2018) and begin MS (Thomas et al., 2017). There were no comparisons of
outcomes across MS types in any papers, with some articles not reporting the MS type of the
participants (Mahajan et al., 2014; Jonsdottir et al., 2018; Norouzi et al., 2020).

When reported, disability was measured by the Expanded Disability Status Scale (EDSS) (Kurtzke,
1983) or Motricity Index (MI). Mahajan et al. (2014), Sampson et al. (2016) and Walifio-Paniagua et
al (2019) did not report any disability measure; however, they included measurable UL dysfunction as
part of the inclusion criteria. Mean EDSS score ranged from 2.15 + 1.38 (Norouzi et al., 2020) to 6.5
+ 1.9 (Jonsdottir et al., 2018; Jonsdottir et al., 2019). Disease duration ranged from under 1 year
(Thomas et al., 2017) to 34 years (Sampson et al., 2016). Disease duration was not reported in three
articles (Mahajan et al., 2014; Walifio-Paniagua et al., 2019); Norouzi et al., 2020).

3.3. Intervention and VR Technology

All ten articles had different intervention protocols. The most commonly used VR technologies
consisted of commercially available gaming hardware such as the Microsoft Kinect (Jonsdottir et al.,
2018; Jonsdottir et al., 2019; Norouzi et al., 2020; Ozdogar et al., 2020) and the Nintendo Wii
controller (Thomas et al., 2017; Jonsdottir et al., 2018). Three studies reported using the Microsoft
Kinect as an interaction paradigm to track users’ motion within the virtual environments of custom
SG (Jonsdottir et al., 2018; Jonsdottir et al., 2019; Norouzi et al., 2020). Other VR approaches



consisted of specifically tailored solutions that are not commercially available technology (Leocani et
al., 2007; Mahajan et al., 2014; Sampson et al., 2016; Maris et al., 2018; Walifio-Paniagua et al.,
2019). For instance, Leocani et al. (2007) used the Khymeia SRL visual display that works with
electromagnetic input sensors, and Walifio-Paniagua et al. (2019) used a web-based video capture as

motion tracking paradigms.

Other studies investigated a VR approach alongside other interventions such as robotics (Sampson et
al., 2016, Maris 2018), electrical stimulation (Sampson et al., 2016) and conventional physical therapy
(Walifio-Paniagua et al., 2019; Norouzi et al., 2020). Nozouri et al. (2020) assessed a VR combination

method with conventional physical therapy (CPT) using two control groups (CPT alone or VR alone).

There were differences in duration and intensity of interventions investigated. The duration varied
from one day (Leocani et al., 2007) to 6-month programme (Thomas et al., 2017). Sessions lasted
between 20 minutes (Leocani et al., 2007) to an hour (Sampson et al, 2016), and one study did not
report the intervention duration (Mahajan et al., 2014). The UL tasks were diverse across studies.
Grasping and reaching were common movements in the VR tasks (Leocani et al., 2007; Jonsdottir et
al., 2018; Jonsdottir et al., 2019; Norouzi et al., 2020). Jonsdottir et al. (2018 and 2019) used SG
system known as Rehab@Home which comprised of four activities: organising a kitchen, moving
objects, grasping flowers and following a trajectory. Norouzi et al. (2020) considered similar
functional tasks to that used by Jonsdottir et al. such as grasping and moving household objects. Other
tasks, such as reaching, lifting and turning, were mediated by robot-mediated therapy to provide
strength and resistance training (Sampson et al., 2016; Maris et al., 2018), and a virtual driving
simulator to train individuals to use a joystick with the aim of reducing fatigue from wheelchair use
(Mahajan et al., 2014).

3.4. UL Assessed and Outcome Measures

The 9 Hole Peg Test (9HPT) was the most commonly used UL outcome reported in five studies
(Sampson et al., 2016; Thomas et al., 2017; Jonsdottir et al., 2018; Jonsdottir et al., 2019; Ozdogar et
al., 2020). Other reported objective UL measures for dexterity were Box and Blocks Test (BBT)
(Jonsdottir et al., 2018, 2019); Purdue Pegboard Test (PPT), Jebsen-Taylor Hand Function Test (JTT)
and Grooved Pegboard Test (GPT) (Walifio-Paniagua et al., 2019). Other objective UL outcome
measures used were active range of motion of the shoulder joint (ROM), Motricity Index, Jamar
handgrip strength, Wolf Motor Function Test (WFMT) (Maris et al., 2018); Action Research Arm
Test (ARAT) and Fugl-Meyer Assessment (FMA) (Sampson et al., 2016). Patient reported outcomes
used were visual analogue scales such as perceived fatigue and strength (Maris et al., 2018) and
guestionnaires such as The Manual Ability Measurement-36 (MAM-36) (Sampson et al., 2016;
Ozdogar et al., 2020) and ALBIHAND questionnaire (Maris et al., 2018). The remaining methods of
UL assessment were trajectory based data, including the trajectory path of the hand (Leocani et al.,



2007); joystick performance (Mahajan et al., 2014) and the errors of bimanual coordination using the

principle of error of relevant phase (Norouzi et al., 2020).

Five studies treated and measured UL function in one arm (Leocani et al., 2007; Mahajan et al., 2014;
Sampson et al., 2016; Jonsdottir et al., 2018; Maris et al., 2018). Leocani et al. (2007) treated the
dominant arm, whereas the other studies treated the more impaired arm. Three studies had bilateral
treatment and assessment (Thomas et al., 2017; Walifio-Paniagua et al., 2019; Norouzi et al., 2020).
Jonsdottir et al. (2019) had unilateral treatment, but assessed both arms to observe if there were

bilateral improvements. Ozdogar et al. (2020) did not report which UL was treated or assessed.
3.5. Effectiveness of VR Interventions

Of the five articles which used the 9HPT to measure UL function, three found significant
improvements in the 9HPT in one arm after 4 weeks (Jonsdottir et al., 2018, Jonsdottir et al., 2019),
and 8 weeks’ intervention (Ozdogar et al., 2020). Significant reduction in time taken during the 9HPT
ranged from 3.5s (Ozdogar et al., 2020) to 8.5s (Jonsdottir et al., 2018). In Thomas et al. (2017), only
the delayed group had improvement in the 9HPT at 12-months, but this change after intervention was
not statistically significant. Likewise, in Sampson et al. (2016), non-statistically significant

improvements in the 9HPT were also reported.

Significant improvements in UL function were also found in studies which used other outcome
measures. For example, using the JTT, Walifio-Paniagua et al, (2019) reported a significant
improvement in dominant UL function for both occupational therapy (OT) alone and OT + VR
groups, and significant improvements in non-dominant UL function for the OR + VR group.
However, only the OT group demonstrated significant improvements in writing with the non-
dominant hand. The other UL outcomes in this study, GPT and PPT, did not show any significant

improvements in either group.

In Sampson et al. (2016), there were reported significant improvements in the FMA proximal arm and
no statistical improvements were found in the ARAT, 9PHT and MAM-36. In addition, Maris et al.
(2018) reported significant improvements in multiple UL measures: maximum and sustained elevation
in sagittal plane, handgrip strength, perceived strength and in the WMFT. Of the studies which
included self-reported UL measures, significant improvements were found in the MAM-36
questionnaire for both VR and conventional physical training groups (Ozdogar et al., 2020) but not in
the study by Sampson et al. 2016. Jonsdottir et al. (2019) investigated if a bilateral improvement was
observable following single-arm treatment, and whilst there was improvement in both arms, only the

treated arm showed statistically improved function in the BBT and 9HPT.

Trajectory based measures were found to significantly improve following intervention (Leocani et al.,

2007; Norouzi et al., 2020), even with a short term intervention lasting one day, with 12 training



sessions (Leocani et al., 2007). People with MS improved significantly less in the depth plane
tracking compared to the frontal, and improved significantly less in the depth plane than the healthy
control participants (Leocani et al., 2007). All groups in the study by Norouzi et al. (2020) improved
with regards to the error of relevant phase, however the combined group using VR + CPT improved
significantly more compared to the other groups (VR only and CPT only). Mahajan et al. (2014)
demonstrated that an adapted algorithm for MS and fatigue resulted in better joystick performance,
using throughput data, but was not significant between mode or algorithm. The studies using robotics
and stimulation (Sampson et al., 2016; Maris et al., 2018) did not have a control or comparison group,
therefore there is no evidence to suggest this combination was more effective in improving arm

function than each intervention alone.

In order to assess the long-term impact of VR interventions, two studies included a follow up measure
post-intervention to assess whether changes in UL function were maintained; however, these studies
reported contrasting results. Maris et al. (2018) reported loss of the significant improvements in
multiple measures after 3-month follow up, whereas improvements in the measured outcome (errors

in bimanual coordination) were maintained 1 month after intervention in Norouzi et al. (2020).
3.5.1 VR effectiveness compared to conventional therapy

While there is evidence that VR based intervention can improve UL function in people with MS, the
effectiveness of VR remains unclear when compared to other methods. Walifio-Paniagua et al. (2019)
reported no significant differences between OT and VR combined with OT + VR for all UL outcome
measures. In contrast, Norouzi et al. (2020) demonstrated that combined CPT + VR was more
effective in improving UL function compared to CPT or VR alone, although assessment relied on
trajectory measures. Ozdogar et al. (2020) demonstrated improvements in UL function following both
VR and CPT, and these groups improved significantly more than the control group who received no

therapy.
3.6. Effect of VR Strategy on UL Rehabilitation

Jonsdottir et al. (2018) was the only study to compare VR-based systems, and they reported that there
was a significantly greater improvement in the 9HPT in the group receiving serious games using
Microsoft Kinect than commercially available games using the Nintendo Wii. Studies involving
commercially available games in conjunction with the Microsoft Kinect (Ozdogar et al., 2020) and
Nintendo Wii reported positive user feedback (Thomas et al., 2017, Jonsdottir et al., 2018). No
significant improvement of the UL function in 9HPT or BBT was reported by Jonsdottir et al., (2018),
Even though the control group using the Nintendo Wii system seemed to have higher perceived
health, as measured by EQ-5D visual analogue scale (EQ-VAS) and the SF-12, (Jonsdottir et al.,
2018).



3.7. Quality Assessment

Overall, according to the EPHPP, there were 3 strong (Jonsdottir et al., 2018; Jonsdottir et al., 2019;
Walifio-Paniagua et al., 2019), 3 moderate (Thomas et al., 2017; Norouzi et al., 2020; Ozdogar et al.,
2020) and 4 weak rated papers (Leocani et al., 2007; Mahajan et al., 2014; Sampson et al., 2017,
Maris et al., 2018) (Table 2). Study design was not associated the quality of scores, for example,
Mahajan et al. (2014), a RCT, received a weak rating, whereas Jonsdottir et al. (2019), a cohort design
received a strong rating. Selection bias was moderate across all papers and there was a consistently

strong rating for withdrawals and drop-outs, except for Walifio-Paniagua et al. (2019).

[Table 2 near here]

Table 2: Quality assessment results of articles using the EPHPP Quality Assessment Tool for Quantitative Studies.

Global Component Ratings

Study A) B) C) D) E) Data F) Global
Selection Study  Confounders Blinding Collection Withdrawals Score
Bias Design Method and Drop-
Outs
Leocani 2 2 1 3 3 1 3
etal.,
2007
Mahajan 2 1 3 2 3 1 3
etal.,
2014
Sampson 2 2 3 3 1 1 3
etal.,
2016
Thomas 2 1 1 3 1 1 2
etal.,
2017
Jonsdottir 2 1 1 2 1 1 1
etal.,
2018
Mariset 2 2 3 3 1 1 3
al., 2018
Jonsdottir 2 2 2 2 1 1 1
etal.,
2019
Walifio- 2 1 1 2 1 2 1
Paniagua
etal.,

2019




Norouzi 2 1 1 3 1 1 2
etal.,
2020

Ozdogar 2 1 1 3 1 1 2
etal.,
2020

Key: 1) Strong; 2) Moderate; 3) Weak.

4. Discussion

Despite the limited number of studies eligible for this review, there is early evidence to suggest that
VR based rehabilitation has the potential to improve UL functions within people with MS. This
evidence comes from the use of valid and reliable UL measures (9HPT, BBT, JTT, FMA and WMFT)
showing significant improvements in function after VR intervention. Significantly greater
improvements in UL function were reported by only one study following a VR intervention compared
to conventional therapy, which may reflect the fact that most if not all studies were underpowered.
Therefore, the effectiveness of VR interventions in UL rehabilitation remains unclear. Furthermore, as
immersion and presence for the user were not reported by the studies in this review, it is not possible
to determine if immersive-based approaches were more effective. Only one study compared different
VR technologies, and the VR strategy that provided higher immersion (Microsoft Kinect) was the
only intervention to result in significant improvements in the 9HPT (Jonsdottir et al., 2018). The
Microsoft Kinect offers more interactions within the virtual world, allowing patients to use their full
body compared to the Nintendo Wii’s handheld controller. The technical properties of both systems
and their suitability for rehabilitation have been discussed (Tanaka et al., 2012) but there has been

limited studies comparing the effectiveness of these systems in rehabilitation.

HMDs are often used alongside VR and can offer full immersion to the user (Sharples et al., 2008).
To the knowledge of the authors, there are no studies for UL rehabilitation using HMDs in MS
populations, to enable fully immersive experiences (Amin et al., 2016). The level of immersion is
believed to be important for rehabilitation (Rose et al., 2018), as visualisation-based approaches have
been reported to improve understanding and delivery of task (Bayyari and Tudoreanu, 2006) as well
as better perception of movement performance (Ferreira Dos Santos et al., 2016). A few studies in MS
have trialled HMDs in relation to gait and lower limb, and have produced promising evidence of
improvement in motor recovery and importantly without adverse effects (Peruzzi et al., 2016; Ozkul
et al., 2020).

Reporting the specific actions, exercises or games used within each study were generally poorly
described in the articles included in this review, making it difficult to identify what specific
intervention components are effective in promoting UL recovery. This information is important when
comparing SG testing against commercially available applications. SG typically endeavour to offer a

user friendly experience for a specific purpose and are more focused on improving function for those



with varying skill (Rego et al., 2010). Although, as Jonsdottir et al. (2018) reported that exergames,
fitness-based video games, could provide more motivational factors, future studies should explore the

influence of different game types on clinical outcome, adherence, and acceptability.

Another finding from this review was the diversity of VR technology used across the included studies.
Some VR approaches arguably had limited and restrictive interaction with the virtual environments
(Leocani et al., 2007, Mahajan et al., 2014, Walifio-Paniagua et al., 2019). It is not surprising that the
VR technology varied between the included studies, as there have been considerable technological
changes in VR making them more commercially accessible and easily deployed within clinical
research. However, the rapid technological advances in VR often mean technologies can quickly
become outdated. From a research perspective, this means that experimental outcomes and
development can quickly become obsolete. With this in mind, future studies should not be reliant on
the specific VR technologies but rather focus on highlighting the specific beneficial factors of the

technological concept and the intervention protocol itself (Lamers et al., 2016).

The intervention protocols within this review were different across all ten articles. All but two studies
focussed solely on UL functions. The other protocols focused on overall physical activity (Thomas et
al., 2017) and included lower limb and gait related activities (Thomas et al., 2017; Ozdogar et al.,
2020). Another systematic review investigating the overview of UL rehabilitation strategies in MS
(Lamers et al., 2016), found similar results in the inconsistency of protocols for UL rehabilitation.
Furthermore, the long term effect of these interventions is unclear due to the lack of follow up in all

but two studies, which gave conflicting results (Walifio-Paniagua et al., 2019, Norouzi et al., 2020).

Thomas et al. (2017) was the only study to investigate a home-based approach to rehabilitation which
was supported with regular communication with physiotherapists. Whilst UL function did not
significantly improve, there was high patient compliance and positive participant feedback. Other
approaches such as the Kinect could be suitable for affordable home-based therapy whereas the
robotic-based systems are a costly and often requires supervision (Van der Loos et al., 2016). From
the perspectives of healthcare services and patients, there is a desire for affordable, enjoyable and
effective home based interventions. Home based therapy eliminates the need for travel, which can be
expensive and difficult for people with MS-related disabilities, and the dependence on healthcare
professionals to operate the equipment (Taylor and Curran, 2015). Additionally, the COVID-19
pandemic, which forced temporary closure inpatient and outpatient facilities worldwide, highlights the
benefits of investigating more accessible approaches such as tele-rehabilitation or other home-based

approaches (Azhari and Parsa, 2020).

Other clinical conditions, such as Parkinson’s disease and stroke, also have conflicting results in terms
of the effectiveness of VR over other approaches, reporting that virtual reality may only be effective

in improving function when used in combination with usual care (Dockx et al., 2016; Laver et al.,



2017). A similar finding was recently reported in a study investigating VR and hand tracking, for
people with MS. The intervention group that used VR had significant improvements in UL outcome
measures, however this was a combination approach of both VR and conventional therapy rather than
VR alone (Cuesta-Gomez, et al, 2020). Despite the lack of consensus about VR effectiveness, there is
often encouraging user feedback regarding this method and positive user opinion and input into
rehabilitation is theorised to produce more long-term effects (Verma et al., 2012). VR is often
reported to improve patient compliance compared to other methods, which was seen in the low
number of drop-outs amongst most articles within this review. VR may therefore be more useful in
long term conditions like MS, where prolonged rehabilitation is required. Overall, the optimum

exposure to VR for UL rehabilitation in MS is unknown and needs further explored.
4.1. Limitations

There are a number of limitations with regards to this review. Due to the limited number of studies
reporting the same outcome measure, it was not possible to perform a meta-analysis. There were
different study designs, with six RCTs, and the remaining were observational studies. Varying scores
for the validity and reliability for UL measures were used. Significant results came from multiple UL
measures, however, some valid and reliable measures, such as the JTT, FMA and WMFT, were
designed for stroke assessment and the validity or reliability of these tests has not been investigated in
MS (Lamers and Feys, 2014). There was a small number of self-reported outcomes or outcomes
assessing the effects on ADL, therefore it is unclear of the significance of the intervention from the
patient perspective. The majority of articles scored a weak rating in the quality assessment, and many
studies did not report important data regarding participant information (EDSS, disease duration, MS
type) and which UL was treated and assessed. EDSS scores generally suggested low to moderate
disability, with no severely disabled participants included in the studies. The majority of the reported
MS type was RRMS (73.4%), therefore there was limited evidence for the effect of VR-based
interventions on progressive MS. Finally, the significant results from the two Jonsdottir et al. (2018;
2019) papers should be interpreted with caution, as these findings were likely derived from the same

study, due to similarities between participant data and intervention design.
5. Conclusion

This review provides some evidence that VR may improve UL recovery in people with MS. However,
it is unknown whether the VR technology used or level of immersion influences clinical outcomes.
There was some evidence that VR-based approaches improved UL functionality such as dexterity,
mainly demonstrated by the 9HPT data, and gross general movements, demonstrated by FMA and
trajectory errors, however the results rarely reached statistical significance. The number of recent
studies suggests this is a growing area of research, but there is more to learn with regards to which

approach is the most effective, and if these improvements can be sustained for prolonged periods of



time. It is unclear if the immersion that can be provided through VR would be have an impact on UL
impairment and function, and the optimum protocol for integrating VR as part of a rehabilitation
regime.
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Supplement Table 1: Search Strateqy

Database Keywords

IEEE Xplore, MEDLINE (via ProQuest), (“multiple sclerosis” OR “MS” OR “PwMS”)
ProQuest Central (Health & Medical Collection) | AND (“virtual reality” OR “virtual interaction”
and Web of Science (Core Collection) OR “virtual environment” OR “virtual world”

OR “virtual presence”) AND (“upper limb” OR
arm OR shoulder OR forearm OR elbow OR
wrist OR hand OR finger).

Science Direct (“multiple sclerosis™) AND (“virtual reality™)
AND (“upper limb” OR arm OR shoulder OR
forearm OR elbow OR wrist OR hand OR
finger).
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