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HRQOLhealth-related quality of life
MFISmodified fatigue impact scale
MMTmanual muscle test
MSmultiple sclerosis
MSIS-29Multiple Sclerosis Impact Scale
NNewtons
PEDrophysiotherapy evidence database
RCTrandomized control trial
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A B S T R A C T

Introduction: There is evidence for the benefits of exercise training in persons with multiple sclerosis (MS).
However, these benefits have primarily been established in individuals with mild-to-moderate disability (i.e.,
Expanded Disability Status Scale [EDSS] scores 1.0–5.5), rather than among those with significant mobility
impairment. Further, the approaches to exercise training that have been effective in persons with mild-to-
moderate MS disability may not be physically accessible for individuals with mobility limitations. Therefore,
there is a demand for an evidence-base on the benefits of physically accessible exercise training approaches for
managing disability in people with MS with mobility impairment.
Objective: To conduct a systematic review of the current literature pertaining to exercise training in individuals
with multiple sclerosis (MS) with severe mobility disability.
Methods: Four electronic databases (PubMed, EMBASE, OvidMEDLINE, and PsychINFO) were searched for re-
levant articles published up until October 2016. The review focused on English-language studies that examined
the effect of exercise training in people with MS with severe mobility disability, characterized as the need for
assistance in ambulation or EDSS score ≥ 6.0. The inclusion criteria involved full-text articles that: (i) included
participants with a diagnosis of MS; (ii) included primarily participants with a reported EDSS score≥ 6.0 and/or
definitively described disability consistent with this level of neurological impairment; and (iii) implemented a
prospective, structured exercise intervention. Data were analyzed using a descriptive approach and summarized
by exercise training modality (conventional or adapted exercise training), and by outcome (disability, physical
fitness, physical function, and symptoms and participation).
Results: Initially, 1164 articles were identified and after removal of duplicates, 530 articles remained. In total,
512 articles did not meet the inclusion criteria. 19 articles were included in the final review. Five studies ex-
amined conventional exercise training (aerobic and resistance training), and thirteen studies examined adapted
exercise modalities including body-weight support treadmill training (BWSTT), total-body recumbent stepper
training (TBRST), and electrical stimulation cycling (ESAC). Outcomes related to mobility, fatigue, and quality of
life (QOL) were most frequently reported. Two of five studies examining conventional resistance exercise
training reported significant improvements in physical fitness, physical function, and/or symptomatic and
participatory outcomes. Nine of 13 studies examining adapted exercise training reported significant improve-
ments in disability, physical fitness, physical function, and/or symptomatic and participatory outcomes.
Conclusions: There is limited, but promising evidence for the benefits of exercise training in persons with MS
with severe mobility disability. Considering the lack of effective therapeutic strategies for managing long-term
disability accumulation, exercise training could be considered as an alternative approach. Further research is
necessary to optimize the prescription and efficacy of exercise training for adults with MS with severe mobility
disability.

1. Introduction

Multiple sclerosis (MS) is a chronic, neurological disease that affects
1 in 1000 people in the United States making it the most common non-

traumatic cause of neurological disability in young adults (Freeman,
2001). The disease is characterized by inflammation, demyelination
and neurodegeneration within the central nervous system (CNS), and
this damage results in functional impairments and symptomatic
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experiences. Unfortunately, these impairments and symptoms worsen
as neurological disability increases (Motl and Learmonth, 2014).

An EDSS score of 6.0 (i.e., use of assistive device for ambulation)
(Kurtzke, 1983) is a commonly reported benchmark of disease pro-
gression and disability (Confavreux et al., 2000, 2003). It is well
documented that individuals with MS with an EDSS score of≥ 6.0 have
greater impairments in muscular fitness, aerobic fitness, mobility, and
balance compared to individuals with lower disability scores (Motl and
Learmonth, 2014; Pilutti et al., 2015; Sandroff et al., 2013; Motl et al.,
2010; Sosnoff and Sung, 2015; Bakshi et al., 2000). Additionally,
symptoms of fatigue, spasticity, depression and cognitive impairment
become more severe with increasing disability (Amato et al., 2001;
Bakshi et al., 2000; Benito-León et al., 2003; Flachenecker et al., 2014;
Motl and McAuley, 2010; Sandroff et al., 2015). Physiological decon-
ditioning induced by lower levels of physical activity likely contributes
to these impairments with disability progression (Motl, 2010). Indeed,
lower levels of physical activity have also been reported in individuals
with MS with higher disability scores (Klaren et al., 2013).

Current disease-modifying agents have limited efficacy in pre-
venting the accumulation of long-term disability in MS (Confavreux
et al., 2003). Consequently, alternative strategies for disease manage-
ment in persons with MS with severe mobility disability should be
considered. One potential strategy is exercise training. There is evi-
dence for the benefits of exercise training for improving walking per-
formance, fitness, cognition, fatigue, anxiety, and depressive symptoms
in persons with MS (Ensari et al., 2014; Pilutti et al., 2013; Platta et al.,
2016; Sandroff et al., 2015; Snook and Motl, 2009). Despite these
benefits, much of the current literature pertaining to exercise training
in people with MS has focused on individuals with mild-to-moderate
disability (i.e., EDSS scores 1.0–5.5) (Latimer-Cheung et al., 2013). This
is problematic as individuals with MS with severe mobility disability
are often excluded from studies of exercise training, limiting the evi-
dence to those with mild-to-moderate MS disability. Furthermore, the
exercise approaches that have been effective in persons with mild-to-
moderate disability may not be physically accessible for individuals
with MS with severe mobility limitations. Therefore, there is a demand
for a comprehensive review of exercise training strategies that have
been implemented for managing disability for people with MS with
severe mobility disability.

Herein, we conducted a systematic review of exercise training in-
terventions in persons with MS with severe mobility disability (EDSS ≥
6.0) to: (i) evaluate and summarize the current evidence for the effects
of exercise training on disability, physical fitness, physical function,
symptoms, and participatory outcomes; (ii) evaluate the exercise
training modalities and approaches applied; and (iii) identify current
limitations and future research directions for exercise training in per-
sons with MS with severe mobility disability. This review will provide a
summary of the potential benefits of exercise training in persons with
MS with severe mobility disability, and a future research agenda for
developing effective strategies for managing disability through exercise
training.

2. Methods

2.1. Article inclusion criteria and search strategy

This review focused on English-language studies that examined the
effect of exercise training on disability, physical fitness, physical func-
tion, symptoms, and participatory outcomes in individuals with MS
with severe mobility disability. Exercise training is defined as “planned,
structured and repetitive bodily movement done to improve or main-
tain one or more components of physical fitness” (Bouchard et al.,
1994). We conducted a search of four electronic databases (PubMed,
EMBASE, OvidMEDLINE, and PsychINFO) using the search terms
“multiple sclerosis” AND “exercise” OR “physical activity” OR “fitness”
AND “advanced disability” OR “severe mobility disability” OR

“progressive” OR “robot”. This search was supplemented by an addi-
tional hand-search of the authors’ personal databases and relevant re-
views and meta-analyses involving exercise training in persons with
MS.

The inclusion criteria involved full-text articles that: (i) included
participants with a diagnosis of MS; (ii) included primarily participants
with a reported EDSS score ≥ 6.0 and/or definitively described dis-
ability consistent with this level of neurological impairment (e.g., use of
an assistive device for ambulation); and (iii) implemented a pro-
spective, structured exercise intervention per the definition of exercise
previously described. For the purpose of this review, we selected an
EDSS score of ≥ 6.0 as this is considered a robust disability landmark
characterized by the need for assistance in ambulation (e.g., cane,
walker) (Confavreux et al., 2000, 2003; Kurtzke, 1983). We included
randomized and nonrandomized controlled trials, and pre-post inter-
vention designs.

2.2. Article quality assessment

The quality of each article was determined using the Physiotherapy
Evidence Database (PEDro)(Verhagen et al., 1998) scale for randomized
control trials (RCTs) and the Downs and Black scale for non-RCTs
(Downs and Black, 1998). The PEDro scale has a maximum possible
score of 11 points, while the Downs and Black scale has a maximum
possible score of 28 points. For both scales, a higher score is indicative
of better methodological quality. Articles were independently evaluated
by each of the authors. Scoring discrepancies between the authors were
resolved by re-examining the articles and through discussion. The level
of evidence of each article was categorized using the Spinal Cord Injury
Rehabilitation Evidence (SCIRE) system (Eng et al., n.d.), a 5-level
system that distinguishes between studies of differing quality and in-
corporates the types of research designs commonly used in rehabilita-
tion research (Table 1). These scales have been used in several pub-
lished systematic reviews and meta-analyses of exercise training in
persons with MS (Ensari et al., 2014; Platta et al., 2016; Pilutti et al.,
2013; Latimer-Cheung et al., 2013).

2.3. Descriptive approach and data summary

Considering the limited number of studies that were retrieved and
the variability in the outcomes included across studies, we did not at-
tempt a meta-analytic approach. After review of the articles for inclu-
sion, relevant data was extracted from each manuscript. Data were
extracted by one member of the research team (TAE), and verified by a

Table 1
Level of evidence and criteria applied to studies included in the review based on the
Spinal Cord Injury Rehabilitation Evidence (SCIRE) system.

Level of
evidence

Criteria

Level 1 (n = 5) • RCT: PEDro Score> 6. Includes cross over design with
randomized experimental conditions and within-subjects
comparison.

Level 2 (n = 0) • RCT: PEDro Score ≤ 6.
• Prospective controlled trial: non-randomized.
• Cohort: longitudinal study using two (minimally) similar
groups with one group being exposed to a condition.

Level 3 (n = 0) • Case-control studies: retrospective study comparing controls
conditions.

Level 4 (n = 13) • Pre-post: trial with a baseline measure, intervention and a
post-test using a single group of subjects.
• Post-test: post-test with 2 or more groups using a single group
(intervention followed by a post-test with no retest or baseline
assessment).

Level 5 (n = 0) • Observational: study using cross sectional analysis to
interpret relations.
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second researcher (LAP). Data were first extracted relative to study
(e.g., number of participants), participant (e.g., disability status), and
exercise training (e.g., duration) characteristics. Information was then
extracted relative to the efficacy of the intervention on study outcomes
including the magnitude and significance of reported changes. Data
were categorized and summarized by the type of exercise training
modality, as either conventional or adapted exercise training, and the
type of outcome measure grouped as disability, physical fitness, phy-
sical function, and symptoms and participation outcomes. We tabulated
the number of studies that included each exercise training modality,
and the number of studies reporting on each type of outcome to provide
a summary of the literature. We then tabulated the number of studies
per training modality showing statistically significant changes in re-
ported outcomes. Nonsignificant improvements in outcomes that may
have clinical importance were also noted based on the limited number
of studies and small samples.

3. Results

Fig. 1 illustrates the literature search and screening process. The
electronic database search retrieved 1157 articles and eight additional
articles were retrieved from other sources. After removal of duplicate
articles, 531 articles remained. In total, 512 articles did not meet the
specific inclusion criteria, leaving 19 articles from 18 studies in the
review. Specific reasons for article exclusion are presented in Fig. 1.

Table 2 summarizes the study, participant, and exercise training
characteristics for each of the 18 studies reviewed, grouped by exercise
training modality. Five articles examined conventional exercise training
(aerobic and resistance exercise), eight articles from seven studies ex-
amined body-weight support treadmill training (BWSTT), one article
examined total-body recumbent stepper training (TBRST), and five ar-
ticles examined electrical stimulation assisted cycling (ESAC). Table 3
summarizes the effect of exercise training for each study grouped by
type of outcome. Overall, there was considerable variability in the
number and type of outcomes reported in the studies. Six studies

reported disability assessed using the EDSS or the MSFC. Ten studies
reported physical fitness using a variety of aerobic and muscular fitness
outcomes. There were 16 studies that included measures of physical
function captured by tests of walking, gait, agility, balance, spasticity,
and upper extremity function. Finally, 12 studies reported symptoms
and participatory outcomes assessed most commonly as fatigue and
QOL.

3.1. Conventional exercise training

The characteristics and results from the five studies involving con-
ventional exercise training are presented in Tables 2 and 3, respec-
tively. Three studies involved conventional aerobic exercise training,
one was an RCT with level 1 evidence and the other two were level four
evidence (Jackson et al., 2012a, 2012b; Skjerbæk et al., 2014). There
were no statistically significant improvements in any of the outcomes.
Nonsignificant improvements were reported for cardiorespiratory fit-
ness (VO2peak), some physical function tasks (balance, gait, agility,
walking speed, and upper extremity function), depression, and QOL.

Two level four evidence studies examined conventional resistance
exercise training (Coote et al., 2015; Filipi et al., 2011). Significant
improvements in muscular strength were reported in both studies. One
of the studies also reported significant improvements in muscle en-
durance, balance, fatigue symptoms, and QOL in response to pro-
gressive resistance training combined with neuromuscular electrical
stimulation (Coote et al., 2015).

3.2. Adapted exercise training

For this review, we considered adapted exercise training as the use
of specialized exercise training equipment that is designed to accom-
modate individuals with mobility disability. The adapted exercise
modalities reviewed were BWSTT, TBRST, and ESAC. A detailed sum-
mary of these adapted exercise modalities has been published else-
where (Pilutti and Hicks, 2013).

Fig. 1. PRISMA (the preferred reporting items for systematic reviews and meta-analyses) flow diagram of the literature review process.
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Table 2
Study, participant and exercise training characteristics of the 19 articles reviewed, grouped by modality as conventional or adapted exercise training.

Study characteristics Participant characteristics Exercise training characteristics

Ref. (quality) n Exercise
modality

EDSS range Disease Duration (y)
Mean±SD

Age (y)
Mean±SD

Duration
(weeks)

Frequency
(x/week)

Time
(min)

Intensity

CONVENTIONAL EXERCISE TRAINING
Aerobic exercise training (n = 3)
Jackson et al.

(2012a)
2 KICK 6.0–6.5 NR 58±4.2 8 2 30–40 ≤ 75% HRR or

≤ 5 RPE
D& B = 16
Jackson et al.

(2012b)
5 KICK 6.0–6.5 10.6± 4.9 55.6± 5.4 5 3 60 ≤ 75% HRR or

≤ 5 RPE
D& B = 17
Skjerbæk et al.

(2014)
6 ARM/LEG

CON
6.5–8.0 NR 62.0± 5.9 4 10 sessions 23 65–75% VO2peak

PEDro = 7 5 6.5–8.0 NR 55.2± 8.2

Resistance exercise training (n = 2)
Coote et al. (2015) 10 PRT NRa 12.2± 4.0 51.8± 12.1 12 2–3 NR 1–3 sets of 12

repetitions
D & B = 20 15 PRT +

NMES
NRa 11.8± 5.5 51.8± 12.6 12 2–3 NR 1–3 sets of 12

repetitions
Filipi et al. (2011) 23 PRT 5.0–7.0 NR NR 24 2 50 2–3 sets of 10

repetitions
D & B = 17 17 PRT 7.0–8.0 NR NR 24 2 50 2–3 sets of 10

repetitions

ADAPTED EXERCISE TRAINING
Body Weight Support Treadmill Training (BWSTT) (n = 8)
Beer et al. (2008) 19 RBWS 6.0–7.5 15.0± 8.0 49.7± 11.0 3 5 30 1–2.8 km/h
PEDro = 8 16 CON 6.0–7.5 15.0± 9.0 51.0± 15.5
Giesser et al.

(2007)
4 TBWS 7.0–7.5 NR 47.0± 5.3 ~ 20 2 60 .85–1.03 m/s

D & B = 14
Lo and Triche

(2008)/Wier
et al. (2011)

6 RBWS 3.5–7.0 NR 50.2± 11.4 3 2 40 30–40% BWS

D& B = 16/15 7 TBWS 3.5–7.0 NR 49.6± 11.8 2.2–2.5 km/h
Pilutti et al. (2011) 6 TBWS 6.0–8.0 11.5± 6.6 48.2± 9.3 12 3 30 1.1–1.6 km/h
D& B = 19 77.9–51.7% BWS
Schwartz et al.

(2012)
15 RBWS 5.0–7.0 11.3± 6.7 46.8± 11.5 4 2–3 30 40–20% BWS

PEDro = 8 17 CON 5.5–7.0 14.9± 8.1 50.5± 11.5
Straudi et al.

(2013)
8 RBWS 4.5–6.5 17.1± 12.0 49.6± 12.0 6 2 30 3 km/h, 100–0%

BWS
PEDro = 7 8 CON 4.5–6.5 18.6± 10.8 61.0± 8.8
Vaney et al. (2012) 26 RBWS 3.0–6.5 NR 58.2± 9.4 3 NR 30 50% BWS

(gradually
decreased)

PEDro = 7 23 CON 3.0–6.5 NR 54.2± 11.3

Total Body Recumbent Stepper Training (TBRST) (n = 1)
Pilutti et al. (2016) 5 TBRST 7.0(mdn) 15.2± 8.9 58.8± 3.0 12 3 30 3.8–4.6 RPE
D& B = 18 5 BWSTT 7.0(mdn) 12.7± 11.2 48.2± 4.3 12 3 30 2.8–4.5 RPE

Electrical Stimulation Assisted Cycling (ESAC) (n = 5)
Backus et al.

(2016)
14 FES NRb 15.3± 7.4 55.4± 11.0 4 2–3 30 35–50 rpm

D& B = 20
Fornusek and

Hoang (2014)
7 NMES 6.5–8.5 NR 48.0± 9.0 10 ~1.8 40 35–50 rpm

D& B = 18
Ratchford et al.

(2010)
5 FES 6.0–6.5 13 50 (mdn) 24 3 60 NR

D& B = 18
Reynolds et al.

(2015)
8 FES > 6.0 16.8± 6.9 54.5± 13.9 4 3 30 50 rpm

D& B = 20
Szecsi et al. (2009) 8 FES 4.0–8.0 13.3± 8.0 52.1± 7.5 2 3 20–30 NR
D& B = 20

Abbreviations: PEDro, physiotherapy evidence database scale; D & B, Downs and Black scale; KICK, kickboxing training; ARM, arm ergometry; LEG, leg ergometry; CON, control group;
BWS, body weight support; RBWS, Robot-assisted body weight support; TBWS; therapist-assisted body weight support; FES, functional electrical stimulation; NMES, neuromuscular
electrical stimulation; NR, Not reported; AT, aerobic threshold; rpm, revolution per minute.
NRa = EDSS score not-reported. Participants used assistive devices for ambulation.
NRb = EDSS score not-reported. Participants were described as non-ambulatory; unable to ambulate outside the home without assistance.
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3.2.1. Bodyweight support treadmill training (BWSTT)
The characteristics and results from the eight studies involving

BWSTT are summarized in Tables 2 and 3, respectively. Four of the
studies were level one evidence RCTs and four were level four evidence.
Two studies reported a significant decrease (i.e., improvement) in EDSS
score; however, two other studies reported no change in disability
status. A significant improvement in knee extensor strength was re-
ported in one study. Several studies reported significant improvements
in physical function including walking endurance (n = 3), walking
speed (n = 3), gait kinematics (n = 2), balance (n = 1), and agility (n
= 1), although nonsignificant improvements and no change in the same
outcomes were also noted in other trials. Several studies reported sig-
nificant improvements in fatigue (n = 1), QOL (n = 2), and in-
dependence in daily activities (n = 1); non-significant improvements in
symptomatic and participatory outcomes were also noted.

3.2.2. Total body recumbent stepper training
We retrieved one level four study involving TBRST in persons with

MS with severe mobility disability (Pilutti et al., 2016). There was no
change in disability or physical function reported. Symptoms of fatigue
were significantly reduced after the intervention, and non-significant,
small-to-moderate effects of exercise training on QOL were reported.
The characteristics and results of this study is summarized in Tables 2
and 3, respectively.

3.2.3. Electrical stimulation assisted cycling
The characteristics and results of the five studies involving ESAC are

summarized in Tables 2 and 3, respectively. Two forms of ESAC were
used in the studies reviewed: functional electrical stimulation (FES) and
neuromuscular electrical stimulation (NMES) cycling. All five studies
involving ESAC included level four evidence. Only one study reported
disability status and did not observe a change in response to ESAC. Two
studies reported significant improvements in physical fitness assessed as
thigh circumference and muscle oxygen consumption (mVO2). None of
the studies reported significant improvements in physical function. One
study reported a significant reduction in fatigue and pain symptoms
following ESAC. There was mixed evidence for the effects of ESAC on
spasticity, walking speed, and other participatory outcomes.

4. Discussion

The purpose of this review was to evaluate and summarize the
current body of literature involving exercise training in persons with
MS with severe mobility disability. Eighteen studies with 290 partici-
pants were retrieved and reviewed. Overall, there may be benefits of
conventional resistance exercise training on muscular fitness, balance,
fatigue and QOL. There are potential benefits of adapted exercise
training on disability, physical fitness, physical function, fatigue, and
QOL, and the evidence was most consistent for BWSTT. Herein, we
evaluate each method of exercise training and provide specific direction
to advance the body of literature pertaining to exercise training in in-
dividuals with MS with severe mobility disability.

4.1. Conventional exercise training

4.1.1. Aerobic exercise training
Considering the limited number of studies and lack of significant

findings, we unable to make definitive conclusions on the potential
benefits of conventional aerobic exercise training at this time. There
may be benefits of aerobic exercise training on aerobic fitness, physical
function, depression, and QOL, although these preliminary findings
require confirmation. Importantly, these studies reported that aerobic
exercise training was feasible and safe for individuals with MS with
severe mobility disability based on low dropout rates, few adverse
events, and high exercise compliance, and this is promising for future
work in this area (Jackson et al., 2012a, 2012b; Skjerbæk et al., 2014).

There is evidence for the benefits of aerobic exercise training for im-
proving physical fitness, physical function, symptoms and participatory
outcomes in persons with mild-moderate MS which supports the need
for additional research (Briken et al., 2013; Latimer-Cheung et al.,
2013; Platta et al., 2016). There are several advantages of conventional
aerobic exercise modalities such as ease of use and availability. Con-
ventional aerobic exercise modalities are also inexpensive compared to
adapted exercise equipment, and in many cases, can be used in the
home-setting. There are limitations, however, in the physical accessi-
bility of some types of conventional aerobic exercise (e.g., treadmill
walking).

4.1.2. Resistance exercise training
Conventional resistance exercise training might have benefits for

muscular fitness, balance, fatigue, and QOL in people with MS with
severe mobility disability (Coote et al., 2015; Filipi et al., 2011). This is
consistent with current literature involving progressive resistance ex-
ercise training in persons with mild-moderate MS, as improvements in
strength, fatigue, balance, and mood have all been reported (Kjølhede
et al., 2012; Platta et al., 2016). Improvements in physical fitness would
be particularly beneficial for those with severe mobility disability as
these individuals have particularly low fitness levels (Pilutti et al.,
2015), and improvements in physical fitness might further translate
into improvements in physical function (e.g., walking performance).
There are several advantages of conventional resistance training. Re-
sistance training can be performed with free-weights, weight-machines,
resistance bands or an individual's body weight. This allows for varia-
tion in exercise prescription and adaptability for all individuals. Re-
sistance exercises can be performed in a seated position, reducing the
risk for falls and increasing accessibility for those who are wheelchair-
dependent. Despite these advantages, instruction in appropriate ex-
ercise techniques and adaptations may be required and may not be
readily available in all settings.

4.2. Adapted exercise training

4.2.1. Bodyweight support treadmill training
The effects of exercise training were most consistent for BWSTT,

likely due to the number of studies involving this modality. Significant
improvements were noted for disability scores, muscular strength,
several mobility tests, fatigue, independence in daily activities, and
QOL. Similar improvements have been reported in other clinical po-
pulations after BWSTT (e.g., stroke, spinal cord injury) (Adams et al.,
2006; Giangregorio et al., 2005; Hassid et al., 1997; Hesse et al., 2001;
Mao et al., 2015). The main advantage of BWSTT is the task-specific
nature of this training modality as a tool for walking and gait re-
habilitation (Pilutti and Hicks, 2013). The potential to improve walking
performance is particularly relevant for individuals with MS, as im-
paired walking is one of the most prevalent and debilitating symptom
experienced (Confavreux et al., 2000; Freeman, 2001; Kornblith et al.,
1986). BWSTT is also safe for individuals of all disability levels as the
harness minimizes risk of falling and is accessible for all individuals
regardless of disability level. Despite the benefits of BWSTT, there are
still important drawbacks such as high costs, and subsequently low
availability of this equipment, limiting use to specialized rehabilitation
centers. Further, it has been suggested that restricting gait kinematics
(via therapist or robotic assistance) may limit opportunities to self-
correct gait, which may hinder walking and gait recovery (Dobkin and
Duncan, 2012). The contribution from therapists or robotic assistance
may result in less active contribution from the individual, further lim-
iting potential adaptations in physical fitness (Pilutti and Hicks, 2013).

4.2.2. Total body recumbent stepper training
One study evaluated TBRST and reported a reduction in symptoms

of fatigue and improved QOL (Pilutti et al., 2016). Improvements in
VO2peak and walking performance has been observed in individuals
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with stroke after TBRST (Billinger et al., 2012). One distinct advantage
of TBRST is the full-body training stimulus involving both upper and
lower extremity exercise. This full-body exercise can result in im-
provements in aerobic and muscular fitness, and this could translate
into improvements in physical function (Dobkin and Duncan, 2012;
Hassid et al., 1997; Pilutti and Hicks, 2013). Furthermore, the self-
driven nature of TBRST allows for all work to be done by the exerciser,
rather than assistance from therapists or a robotic orthosis. TBRST does
not require extensive setup or preparation and it is a viable modality for
community and/or home setting. Unfortunately, the efficacy of TBRST
is currently unknown as only one study has examined this modality in
those with MS.

4.2.3. Electrical stimulation assisted cycling
The evidence supporting ESAC was mixed, likely owing to the low

quality of the studies reviewed (i.e., no RCTs, all level 4). There was
some evidence for the benefits of ESAC on physical fitness, fatigue, and
pain, although there was mixed evidence for the effect of ESAC on
physical function. There are potential advantages of combined elec-
trical stimulation and volitional exercise such that the added stimula-
tion allows for greater recruitment and activation of weakened muscles,
increasing the potential for adaptations in physical fitness. This is
particularly advantageous for those with MS with severe mobility dis-
ability due to physiological deconditioning of the lower extremity
musculature (Kent-Braun et al., 1997; Pilutti et al., 2015). ESAC is an
easily accessible modality as many protocols allow individuals to ex-
ercise while remaining seated in their own personal wheelchair. There
are inherent limitations of ESAC. First, the set-up may be challenging
(e.g., electrode placement, tablet interface) for individuals with motor
and/or cognitive impairment. Further, the electrical stimulation excites
both motor and sensory nerves which may cause pain for individuals
with spared sensation, potentially discouraging individuals from using
this modality.

5. Limitations

5.1. Limitations of the literature

When reviewing the literature, it became apparent that there were
many limitations. First, many of the studies had small samples, with the
largest sample including 49 participants. Many of the studies included
did not involve appropriate control conditions. Furthermore, the stu-
dies included heterogeneous MS samples with respect to demographic
and other clinical characteristics. Another limitation of the literature is
the lack of a consistent cut-point or grouping for participants with MS
with severe mobility disability. This makes it difficult to apply the
findings to all people with MS with severe mobility impairment.
Another limitation is inconsistency in exercise prescriptions as there
was considerable variability in frequency, duration, intensity, and/or
modality of exercise training. Another important limitation is the lack
of clearly defined primary outcomes; only six of the 19 articles stated
the primary outcome(s) of the trial. This is important as most partici-
pants were likely not recruited based on a specific primary outcome.
Additionally, there was variability in the types of measures used to
assess similar outcomes, making it difficult to draw meaningful con-
clusions considering the limited evidence. Lastly, outcomes were mea-
sured and reported immediately after exercise training, and few studies
reported follow-up assessments; therefore, the long-term or lasting ef-
fect of exercise training is unknown.

5.2. Limitations of the review

In addition to the limitations of the literature, there are also lim-
itations of the review itself. We used a descriptive systematic approach
for study selection and review. Due to the limited evidence and diverse
outcomes included in the studies reviewed, we chose not to perform a

meta-analysis, but rather summarized the potential benefits of each
exercise approach. We were further unable to report changes with ex-
ercise training relative to primary and secondary outcomes, as few
studies identified these outcomes. The studies reviewed were selected
by two members of the research team and were therefore subject to
selection bias. Additionally, we only included articles that were pub-
lished in English academic journals, subjecting our review to publica-
tion bias. We chose to only include studies that implemented a struc-
tured exercise training program and excluded studies that involved
various types of rehabilitation (e.g., physiotherapy, occupational
therapy, etc.). Lastly, our classification of severe mobility disability
(EDSS score ≥ 6.0 and/or disability consistent with this level of im-
pairment) may have resulted in the exclusion of studies with other
pertinent information.

6. Future research directions

Considering the limitations of the current literature, we provide
direction for future researchers regarding exercise training interven-
tions in people with MS with severe mobility disability. We recommend
comprehensive and systematic investigations to determine the most
efficacious prescription of exercise training with respect to duration,
intensity, frequency, and modality on important outcomes such those
summarized within this review (i.e., disability, physical fitness, physical
function, symptoms and participation). This should be accomplishing
using high-quality, randomized controlled trial designs, with appro-
priate control conditions. Specifically, different exercise modalities that
have received minimal attention (e.g., recumbent stepper) or have not
been evaluated at all in persons with MS with mobility disability (e.g.,
combined arm and leg ergometer) should be examined in future trials.
Future research should also consider developing and evaluating dif-
ferent prescriptions of exercise training based on ambulatory ability
(e.g., unilateral and bilateral support vs. wheelchair-dependent). In
particular, exercise training approaches for persons with MS who are
non-ambulatory are needed to improve the health of all individuals
living with MS. Another consideration should be to determine the op-
timal mechanisms of delivery of exercise training, particularly given
limitations in transportation and accessibility for those with severe
mobility disability. The efficacy of home-based or telerehabilitation
approaches (e.g., Internet-delivered) should be evaluated and compared
with supervised exercise training in future investigations. Finally, the
section, refinement, and evaluation of appropriate and comprehensive
outcomes of exercise training interventions in persons with MS with
severe mobility disability should be considered and reported, including
detailed metrics of safety, feasibility, and patient-reported experiences
of exercise training.

7. Conclusions

There is limited evidence on the role of exercise training in persons
with MS with severe mobility disability, and we summarize this lit-
erature based on conventional and adapted exercise training ap-
proaches. Preliminary data suggest that conventional resistance ex-
ercise training might improve physical fitness, physical function, and/
or symptomatic and participatory outcomes. Adapted exercise training
may have benefits on disability, physical fitness, physical function,
and/or symptomatic and participatory outcomes. There are potential
advantages of adapted exercise training modalities in physical acces-
sibility and task-specificity. However, adapted exercise modalities are
often expensive and only available in specialized settings. Considering
the limited evidence, further research is necessary to determine the
most efficacious and effective exercise approaches for individuals with
MS with severe mobility disability.
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