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Abstract

Objective: To examine the effects of a cognitive-motor rehabilitation program consisting of treadmill training (TT) augmented by virtual reality
(TT+VR) on frailty in people with multiple sclerosis (pwMS).

Design: Secondary analysis from a multicenter randomized controlled trial investigating the effects of TT+VR, compared with TT only, on meas-
ures of mobility and cognitive function in pwMS.

Setting: Four university research laboratories in 3 countries.
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Participants: A total of 124 pwMS were randomized into the parent trial. Here, we studied a subset of n = 83 participants (mean age, 49.4+9.3y;
73.5% female; expanded disability status scale range, 2.0-6.0), who completed the intervention and had complete preintervention and postinter-
vention frailty data.

Interventions: Participants were randomly allocated to TT+VR (n=44) or TT (n=39). Both groups trained 3 times a week for 6 weeks.

Main OQutcome Measures: Frailty was assessed using a 40-item frailty index (FI) through standard validated procedures and represented the pri-
mary study outcome. Two exploratory frailty indices were also computed by isolating health-related deficits involving the cognitive (FI-physical)
or physical (FI-cognitive) domains from the main FI. The assessments were performed at baseline and after 6 weeks, upon intervention
completion.

Results: The mean FI of study participants at baseline was 0.33=£0.13, indicating a moderate average level of frailty. FI scores improved in both
TT+VR and TT groups participants (pooled mean AFI, 0.024; 95% CI, 0.010-0.038; F=10.49; P=.002; np2:0.115), without any group-by-time
interaction (F=0.82; P=.367,; np2=0.010). However, a significant group-by-time interaction was found for pretraining and posttraining changes in
Fl-cognitive (F=5.74; P=.019; np2=0.066), suggesting a greater improvement for TT+VR group participants than for TT group participants.
Conclusions: TT with or without virtual reality can reduce frailty levels in pwMS. While both TT and TT+VR had a positive effect on overall

frailty, only TT+VR improved cognitive aspects of frailty and may represent an appropriate strategy for counteracting frailty in pwMS.
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Frailty is a biological syndrome of decreased reserve and resistance
to stressors arising from cumulative declines across multiple physio-
logic systems.' This condition is very common among people living
with multiple sclerosis (MS). Indeed, people with MS (pwMS) have
a 15-fold higher risk of being frail compared with age-matched indi-
viduals living without MS.> Recent studies suggest that up to two-
thirds of community-dwelling ambulatory pwMS are frail,** and
this proportion is even higher (upward of 90%) in patients with
more advanced mobility disability.” In addition, frailty within MS is
strongly associated with adverse clinical outcomes, such as falls,
independent of age, sex, and disability levels.* Consequently, there
is a critical need to identify strategies to reduce frailty in pwMS.

In this regard, rehabilitation interventions play a central role in
restoring the health and well-being of pwMS.° For instance, physical
activity or exercise-based rehabilitation strategies can improve multi-
ple symptoms of MS, including motor’ and cognitive dysfunction®
and depression,”’ all of which may be involved in the etiology of
frailty in MS.' Rehabilitation strategies involving different types
and combinations of physical activity have been shown to reduce
frailty levels, or mitigate hallmarks of frailty, in community-dwelling
older adults.'"'* This provides a strong rationale for the potential
effectiveness of physical activity interventions to minimize frailty in
pwMS. To date, however, it is still not clear if rehabilitation inter-
ventions can reduce frailty in this clinical population. The early
onset of frailty in individuals with MS” further underscores the criti-
cal importance of timely interventions to manage this condition.

Since cognitive and motor dysfunction are the most common
symptoms of MS,'*'* multimodal cognitive-motor rehabilitation has
been gaining popularity in recent years as a strategy to promote
overall well-being in pwMS.'>""” Importantly, a recent randomized
controlled trial (RCT) has shown promising results concerning the

List of abbreviations:

ANOVA analysis of variance
FI frailty index
MS multiple sclerosis
pwMS people with multiple sclerosis
RCT randomized controlled trial
TT treadmill training
TT+VR treadmill training augmented by virtual reality

VR virtual reality

effectiveness of a cognitive-motor intervention (stationary cycling
through a virtual environment) in reducing frailty among older adults
living in a long-term care setting.'® In addition, our recently com-
pleted RCT focusing on virtual reality (VR) treadmill training (TT)
demonstrated significant improvements in hallmarks of frailty, such
as walking, cognition, and depression, in pwMS."? Importantly, the
TT augmented by VR (VR+TT) used in our previous investigation
was originally conceived to target both gait and cognitive issues,”
which are both implicated in the etiology of frailty,”'*> and to
reduce the risk of falling, a significant corollary measure of frailty.”’
However, it is currently unknown whether multimodal cognitive-
motor rehabilitation can reduce frailty levels in pwMS.

The purpose of this study was to address the critical knowledge
gap concerning whether frailty is modifiable in pwMS and
whether cognitive-motor rehabilitation produces a stronger effect
on frailty than motor rehabilitation alone. Specifically, our objec-
tive was to examine the effects of VR-based augmentation of TT
on frailty in pwMS. We hypothesized that participants randomized
to TT+VR would exhibit a greater reduction in frailty compared
with participants randomized to TT only.

Methods

Study design and setting

The current study is a secondary analysis of the Virtual Reality for
MS (VR4MS) study, a multicenter RCT with a 2-arm, single-blind
design that took place at 4 clinical sites in Israel (Tel Aviv Soura-
sky Medical Center), in the United States (University of Kansas
Medical Center and University of Illinois at Urbana-Champaign),
and Germany (NeuroCure Clinical Research Center, Charité-Uni-
versitatsmedizin in Berlin). This RCT was conducted between
August 2016 and June 2021, and the main study findings were pub-
lished.'” Here, we set out to examine the effects of the VR4MS
intervention on frailty data that were collected as part of the trial.

Study participants

Participants were pwMS who completed the baseline and post-
training assessments of the VR4MS trial. Briefly, the inclusion
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criteria were as follows: (1) between 20 and 65 years of age;
(2) diagnosis of relapsing-remitting MS confirmed by a physi-
cian; (3) score between 2.0 and 6.0 on the Expanded Disability
Status Scale; (4) MS-related gait limitations (based on a score
>2 in the first question of the MS Walking Scale™). Partici-
pants who met any of the following criteria were excluded:
(1) unable to walk unassisted for 5 minutes; (2) diagnosis of
another neurologic disorder; (3) a score <24 on the Mini-Men-
tal Status Examination; (4) diagnosis of an active psychiatric
condition (eg, severe depression); (5) any orthopedic, cardio-
vascular, or other problems that may interfere with the ability
to walk. All participants provided written informed consent
prior to taking part in the study. The study conformed to the
ethical standards for medical research involving human sub-
jects, as laid out in the Declaration of Helsinki. All procedures
were reviewed and approved by the local institutional review
boards of the participating centers.

Procedures

All study procedures pertaining to the intervention have been
detailed in the study protocol®* and the main manuscript.'” Here,
we provide a summary of the main aspects. Briefly, participants
were randomized to either 6 weeks of TT alone (ie, the active-con-
trol group) or 6 weeks of TT+VR (ie, the experimental group),
after the baseline assessment. The randomization sequence was
generated in MATLAB® and exclusively shared with the trainers
on a rolling, as-needed basis to conceal the allocation. All study
assessors were blinded to group allocation. Participants in both
groups received at least 15 and up to 18 training sessions (thrice
weekly for 6wk). Participants in both groups wore a safety harness
during training. As part of TT+VR, participants walked on the
treadmill while navigating a virtual environment projected on a
television screen by means of a VR system (GaitBetter®). The VR
system provided additional motor and cognitive challenges,
including obstacle crossing, planning, and divided attention tasks
individualized to the participant’s level of performance. The TT
speed for both groups was selected based on the participant’s
over-ground walking speed, measured during the baseline assess-
ment, and progressed throughout the 6-week training period
according to the protocol.”* After the 6-week intervention, all par-
ticipants returned to the local study center (within 10d) to com-
plete the posttraining assessment procedures, which were identical
to the baseline assessment.

Outcome measures

For this secondary analysis, the main study outcome was
frailty, evaluated through a frailty index (FI) based on the def-
icit accumulation model.”>*® The FI was calculated from 40
deficits in a wide range of health domains (ie, global health;
physical, cognitive, and psychosocial function; comorbidities).
The individual health-related deficits were identified through a
combination of objective and self-reported measures, collected
as part of the baseline and posttraining assessments, and in
agreement with the guiding principles of the deficit accumula-
tion model.”® Specifically, the objective/self-reported measures
were extracted from the following: (1) the 6-minute walk test;
(2) the 25-foot walk test; (3) the 54-item MS quality of life
questionnaire27; (4) the modified fatigue impact scale; (5) the
international physical activity questionnaire®®; (6) the Symbol
Digit Modalities Test; (7) the California Verbal Learning Test;
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(8) the Trail Making Test?’; (9) the Brief Visuospatial Learn-
ing Test’”; (10) a standardized health survey. The full opera-
tionalization of the FI is summarized in Supplemental table S1
(available online only at http://www.archives-pmr.org/). FI
scores <0.24 were used to indicate a nonfrail state, while FI
scores between 0.24 and 0.36 (ie, >0.24; <0.36) and >0.36
were used to indicate moderate and severe frailty, respec-
tively.>! The number of frailty transitions (eg, severe to mod-
erate frailty or vice versa) after the 6-week intervention was
recorded. In addition, we classified participants as nonrespond-
ers if they had a AFI score (reduction) <0.028%? and as moder-
ate or large responders if they had a AFI score (reduction)
between 0.028 and 0.076 or >0.076, respectively.’>

For exploratory analysis purposes, we then computed two addi-
tional frailty indices to examine the potentially distinct effects of
the experimental intervention on the physical and cognitive
aspects of frailty in the study population. In the first index, we
removed all health-related deficits pertaining to the cognitive
domain from the operational definition, and we named this mea-
sure “Fl-physical” (ie, a FI emphasizing the physical aspects of
frailty). Conversely, in the second index, we removed all health-
related deficits pertaining to the physical domain from the opera-
tional definition, and we named this measure “FI-cognitive” (ie, a
FI emphasizing the cognitive aspects of frailty). The exact opera-
tionalizations of FI-physical and FI-cognitive are fully described
in Supplemental tables S2 and S3 (available online only at http://
www.archives-pmr.org/).

Statistical analysis

Statistical analyses were performed in SPSS, version 29.0.°
The Kolmogorov-Smirnov test was used to determine whether
the data were normally distributed. Differences in baseline
demographic  characteristics and clinical characteristics
between participants randomized to TT and participants ran-
domized to TT+VR were explored through independent ¢ tests
or Mann-Whitney U tests, as appropriate (continuous varia-
bles), or by means of Chi-square tests (categorical variables).
To examine the differences in FI before and after the interven-
tion in the 2 groups (TT and TT+VR), mixed (2 x 2 design)
analysis of variance (ANOVA) tests were conducted. The Lev-
ene’s test was used to check the homogeneity of variance
assumption. For the purposes of this secondary analysis, we
used a “per protocol” analysis (ie, complete case analysis
method) to report the main findings. However, a modified
intention-to-treat analysis was also conducted as a sensitivity
analysis to examine the confounding effect of dropouts. To
this end, we utilized an imputation approach consisting of
replacing missing posttraining FI values with a participant’s
baseline FI values. Analogously, 2 additional mixed-design
ANOVA tests were performed, as exploratory analyses, to ana-
lyze the effects of TT and TT+VR on Fl-physical and FI-cog-
nitive. In addition, we examined the concurrent validity of the
exploratory outcomes, FI-physical and FI-cognitive, with
respect to overall frailty (ie, FI) through Pearson’s correla-
tions. Furthermore, to evaluate the criterion validity of the 2
sensitivity FI measures, we explored the association between
FI-physical/FI-cognitive and the number of falls reported by
participants in the previous 12 months (at baseline) by means
of negative binomial regression analyses. Statistical limits for
interpretation of the analyses were set at P<.05.
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Results

Study participants

Overall, 139 participants were enrolled in the parent trial, of whom
124 completed the baseline assessment and were randomly allo-
cated to TT (n=64) or TT+VR (n=60). While 108 participants
completed the training program, 25 were excluded from this

analysis because they had more than 10 missing items on the FI
(either at the baseline or posttraining assessment), as recom-
mended by best-practice guidelines.”® Therefore, 83 participants
(39 and 44 in the TT and TT+VR groups, respectively) were
included in this analysis. The participant flow, including reasons
for exclusion at different study stages, is fully summarized in the
modified Consolidated Standards of Reporting Trials diagram
(fig 1). The baseline demographic and clinical characteristics of

=2 CONSORT

TRANSPARENT REPORTING of TRIALS

CONSORT Flow Diagram

Assessed for eligibility (n=322)

[ Enrollment 139 ]

Excluded (n= 190)
+ Not meeting inclusion criteria (n=88)
+ Declined to participate (n=86)

\4

Excluded after signing the consent (n=15)
+ Other reasons* (n=2)
*lost contact

Randomized (n=124)

}

Y

)

Allocation }

\4

Allocated to intervention TT (n= 64)

+ Received allocated intervention (n= 62)

+ Did not receive allocated intervention (wasn't
happy with the allocation) (n= 2)

Allocated to intervention TT+VR (n=60)

+ Received allocated intervention (n= 60)

«+ Did not receive allocated intervention (give
reasons) (n= 0)

U

[ Finished training ]

J

Underwent post-training assessment (n= 52)

Discontinued intervention (Drop out during
training due to pain, illness, personal issues,
injury, Covid-19 isolation)(n=10):

Underwent post-training assessment (n= 56)

Discontinued intervention (medication side
effect, deconditioning, Covid-19 isolation, leg
pain) (n=4)

<
<
)

Analysis } A 4

Analyzed (n= 39)

+ Excluded from analysis (incomplete data to
generate the frailty index at baseline or during
the post-training assessment) (n=13)

Analyzed (n= 44)

+ Excluded from analysis (incomplete data to
generate the frailty index at baseline or during the
post-training assessment) (n=12)

Fig1 Modified Consolidated Standards of Reporting Trials (CONSORT) flowchart.
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Table 1 Baseline participant characteristics

Variables All Participants (N=83) TT (n=39) TT + VR (n=44) P Value
Female sex (%) 61 (73.5) 28 (71.8) 33 (75.0) 741
Age (v) 49.449.3 49.249.5 49.549.2 .896
Body mass (kg) 70.8 (25.1) 70.1 (24.0) 70.8 (28.5) .695
Height (cm) 168.249.5 166.5+9.1 169.8+9.7 111
BMI (kg/m?) 25.0 (8.3) 25.2 (9.8) 24.9 (8.7) .622
Education (y) 16.0 (3.0) 16.0 (2.0) 16.0 (5.0) .560
EDSS (score) 3.5 (2.0) 3.5 (3.5) 3.5 (1.5) .380
FI (score) 0.33£0.13 0.32+0.18 0.34£0.15 .386
FI-physical (score) 0.3540.15 0.3440.13 0.36+0.17 .535
FI-cognitive (score) 0.27£0.11 0.25+0.10 0.28+0.12 .194

Results are expressed as frequencies and percentages for categorical variables and mean =+ SD or median (interquartile range) for continuous variables.

Abbreviations: BMI: body mass index; EDSS: expanded disability status scale.

the study participants are summarized in table 1. No differences
between participants randomized to TT and TT+VR were found,
indicating that the 2 groups were well-matched in terms of demo-
graphic characteristics, frailty, and other clinical characteristics.

Training effects on frailty

Figure 2 shows the changes in frailty levels in both groups after 6
weeks of training. The per-protocol mixed-design ANOVA
revealed that FI scores became lower (indicating a reduction in
frailty) in both TT and TT+VR after the intervention (mean AFI,
0.024; 95% CI, 0.010-0.038; time effect: F=10.49; P=.002;

0.38
0.36
0.34

0.30

Frailty Index (FI)
(=]
S
1

0.28

-
~—ao
e
S~
S~
S~

np2=0.1 15). No significant group-by-time interactions were found
for this analysis (F=0.82; P=.367; np2=0.010). The mean AFI for
TT and TT+VR participants was 0.017 (95% CI, 0.005-0.038)
and 0.030 (95% CI, 0.010-0.050), respectively. The sensitivity-
modified intention-to-treat analysis yielded similar findings,
namely, a significant time effect (F=11.00; P=.001; np2=0.104)
but no group-by-time interactions (F=1.44; P=.233; np2=0.015).
Overall, 42 (50.6%) and 41 (49.4%) study participants were clas-
sified as responders and nonresponders, respectively, based on a
clinically meaningful change in FI >0.028.>* Figure 3 shows the
proportion of responders and nonresponders to the intervention
as a function of the intervention arm. Additionally, among the 42

-e- TT
-+ TT+VR

time effect: p=0.002

0.26 T
Baseline

Post-training

Fig2  Mean FI scores and SEM at baseline and after 6 weeks (after training).

p—
S
1

n=7 (18.0%)

3
()]
I

n=12 (27.3%)

3 Responders (large response)
3 Responders (moderate response)
Bl Non responders

n=11 (28.2%)

Cumulative %
n
T

[\°)
i

0_

TT (n=39)

n=12 (27.3%)

TT+VR (n=44)

Fig 3  Proportion of responders and nonresponders in the 2 study groups. Nonresponders: AFI score <0.028; responders (moderate response):

0.028<AFI score<0.076; responders (large response): AFI score >0.076.
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Fig4 Mean FI-physical and FI-cognitive scores and SEM at baseline and after 6 weeks (after training).

responders, 17 (20.5%) individuals also exhibited a change in
frailty status. Specifically, 11 (13.3%) participants transitioned
from severe frailty to moderate frailty, while 6 (7.2%) partici-
pants transitioned from moderate frailty to not frail. Among the
41 nonresponders, 5 (6.0%) participants had worsened frailty sta-
tus after the intervention.

The exploratory analyses confirmed a significant effect of time
on both Fl-physical (F=5.75; P=.019; np2=0.066) and FI-cognitive
(F=5.43; P=.022; np2=0.063). A significant group-by-time interac-
tion was found for Fl-cognitive (F=5.74; P=.019; r]p2=0.066) but
not for Fl-physical (F=0.52; P=.820; np2=0.001). Figure 4 depicts
changes in FlI-physical and Fl-cognitive as a function of the
intervention arm.

Both Fl-physical (=0.970; P<.001) and FI-cognitive (r=0.846;
P<.001) exhibited concurrent validity, as they were strongly corre-
lated with FI scores. In addition, the negative binomial regression
analyses revealed that both Fl-physical (incidence rate ratio, 2.73;
95% CI, 1.39-5.39; P=.004) and Fl-cognitive (incidence rate ratio,
2.25; 95% CI, 1.20-4.19; P=.011) were associated with a higher
number of falls reported at baseline by the study participants.

Discussion

In this study, we aimed to provide evidence that a rehabilitation
intervention can reduce frailty levels in pwMS. Both TT and TT
+VR resulted in reduced FI scores after 6 weeks of training in the
study participants. Our hypothesis that cognitive-motor rehabilita-
tion (ie, TT+VR) would reduce frailty to a greater extent than TT
alone was not confirmed. However, participants who were random-
ized to TT+VR exhibited a greater benefit on Fl-cognitive than
participants who underwent TT. This observation seems to suggest
that, compared with physical training alone, cognitive-motor reha-
bilitation interventions may represent a more appropriate approach
to counteracting the cognitive aspects of frailty in pwMS.
Minimizing frailty in the MS community is clinically impor-
tant, as frailty increases the vulnerability to adverse outcomes that
are very common among pwMS, such as falls,* and may aggravate
signs and symptoms of MS.* In addition, owing to the combined
effects of premature frailty and progressive aging of pwMS,
timely management of frailty will likely represent an increasing
challenge for the long-term care of MS populations. The current
investigation provides the first evidence that a rehabilitation inter-
vention consisting of treadmill walking, with or without VR, may
be a viable strategy to minimize frailty levels in ambulatory
pwMS. Interestingly, previous research conducted in community-
dwelling older adults concluded that changes in FI scores >0.028
and >0.030 (expressed as absolute values) represent clinically
meaningful changes in frailty.”>*® While some methodological

considerations limit direct comparisons with these investigations,
it is interesting to note that the change in FI score exhibited by TT
+VR participants in the current analysis is compatible with a clini-
cally meaningful change in frailty (fig 2).** In addition, analogous
to these observations, participants who were randomized to TT
+VR also had a slightly higher proportion of responders to the
intervention than those randomized to TT (fig 3), which was more
noticeable for the proportion of individuals who had a large
response (27.3% vs 18.0%). However, regardless of the training
modality, it should be highlighted that a relatively high proportion
of participants (20.5%) exhibited a transition (ie, improvement) in
frailty status. This underscores the critical importance of rehabili-
tation, not only to reduce but also to potentially reverse frailty in
MS. Relatedly, we also note that these frailty transitions were
observed after only 6 weeks of training. Because longer training
durations (eg, Smo) have been linked to greater improvements in
frailty outcomes in geriatric populations,® it is possible that pro-
longing TT and TT+VR beyond 6 weeks would have resulted in
greater benefits in terms of frailty reduction and the number of
observed transitions in frailty status.

Interestingly, the exploratory analyses (fig 4) revealed that TT
and TT+VR had a similar and beneficial effect on FI-physical, but
only TT+VR reduced Fl-cognitive. This seems to suggest that
both training modalities were effective in positively modifying
frailty aspects related to physical function. On the other hand,
only cognitive-motor rehabilitation (ie, TT+VR) led to improve-
ments in frailty aspects that were not related to physical function
and encompassing cognition. This finding may have important
rehabilitation implications, as cognitive dysfunction is one of the
most common symptoms in pwMS and could be one of the under-
lying factors of MS-related frailty.*® In this respect, a multimodal
rehabilitation intervention capable of targeting both physical and
cognitive aspects of frailty may be more advantageous than an
intervention focusing exclusively on physical rehabilitation.
Another advantage of cognitive-motor rehabilitation is that this
type of intervention modality is often perceived as more engaging
than physical rehabilitation alone.”” For instance, in their recent
study involving older adults living with dementia, Karssemeijer et
al'® reported a trend toward higher adherence in participants who
underwent stationary cycling enhanced by VR compared with par-
ticipants who performed stationary cycling only (87.3% vs 81.1%;
P=.05). These findings are mirrored by the lower dropout rate
observed in TT+VR participants, compared with TT participants,
in our study (6.7% vs 18.8%; fig 1).

Study limitations

Several strengths and limitations of the current investigation
should be acknowledged. First of all, this is the first study
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providing any evidence that frailty is modifiable in pwMS.
Second, by choosing the FI as the main study outcome, we
sought to address a common methodological limitation that
has plagued the field. Indeed, a recent review has highlighted
the critical need for studies that include a frailty outcome,
rather than exclusively relying on hallmarks of frailty, to bet-
ter gauge the potential of preventive and rehabilitative inter-
ventions on frailty.®®> On the other hand, the secondary
research nature of our investigation represents a study limita-
tion. For instance, the lack of a passive (or sham treatment)
control group should be acknowledged as a limitation. Relat-
edly, this secondary analysis included only a subset of partici-
pants from the parent trial, and the sample size calculation
was exclusively performed for the original study.'”** In addi-
tion, Fl-physical and FI-cognitive should be considered explor-
atory outcomes, and the effects of the intervention on these
measures of frailty warrant some caution. For instance,
although we used best practice guidelines in designing these
outcomes,26 the content validity of such measures has not
been established yet.

Conclusions

This study provides evidence that a 6-week rehabilitation
intervention consisting of TT, augmented or not by VR,
reduces frailty levels in pwMS. While both TT and TT+VR
had a positive effect on overall frailty, only TT+VR partici-
pants exhibited benefits in cognitive aspects of frailty at the
end of the intervention. While this study provided the first evi-
dence that frailty is modifiable in pwMS, further research is
needed. Future research efforts should also be directed toward
addressing the frailty rehabilitation needs of nonambulatory
individuals living with MS.
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