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Multiple sclerosis (MS) is an autoimmune dis-
ease that causes demyelination of axons in 
the central nervous system. Multiple sclerosis 

is associated with various cognitive and physical impair-
ments, with declines in mobility being reported as one of 

the most common symptoms of the disease.1,2 Moreover, 
reduced mobility is accompanied by decreases in physi-
cal activity and physiological deconditioning. which may 
contribute to the progression of physical disability in 
people with MS.3-5

Physiological deconditioning in MS is characterized 
by declines in exercise capacity, alterations in muscle 
phenotype, and reduced muscle function.6-10 Indeed, 
previous studies have shown that moderate-to-severe 
levels of disability are associated with a 15% to 30% 
reduction in aerobic capacity (VO2peak) and a 30% to 
50% decrease in muscle strength compared with mild 

Effects of Treadmill Training on Muscle 
Oxidative Capacity and Endurance in 
People with Multiple Sclerosis with 

Significant Walking Limitations 
T. Bradley Willingham, PhD; Jonathan Melbourn, DPT; Marina Moldavskiy, BS;  

Kevin K. McCully, PhD; Deborah Backus, PhD

Background: Exercise can improve muscle function and mobility in people with multiple sclerosis (MS). 
However, the effects of exercise training on skeletal muscle oxidative capacity and endurance in people 
with MS remain unclear, and few studies have evaluated muscle plasticity in people with MS who have 
moderate-to-severe disability. The present study evaluated the effects of treadmill training on muscle oxi-
dative capacity and muscle endurance and examined the relationship to walking function in people with 
MS who have moderate-to-severe disability. 

Methods: Six adults (mean ± SD age, 50 ± 4.9 years) with MS (Expanded Disability Status Scale score, 
6.0-6.5) performed treadmill training for 24 minutes approximately twice per week for approximately 8 
weeks (16 sessions total) using an antigravity treadmill system. The following measures were taken before 
and after the intervention phase: muscle oxidative capacity in the medial gastrocnemius using near-infra-
red spectroscopy after 15 to 20 seconds of electrical stimulation; muscle endurance in the medial gastroc-
nemius using accelerometer-based mechanomyography during 9 minutes of twitch electrical stimulation 
in three stages (3 minutes per stage) of increasing frequency (2, 4, and 6 Hz); and walking function using 
the 2-Minute Walk Test.

Results: Mean ± SD muscle oxidative capacity increased from 0.64 ± 0.19 min–1 to 1.08 ± 0.52 min–1 
(68.2%). Mean ± SD muscle endurance increased from 80.9% ± 15.2% to 91.5% ± 4.8% at 2 Hz, from 
56.3% ± 20.1% to 76.6% ± 15.8% at 4 Hz, and from 29.2% ± 13.1% to 53.9% ± 19.4% at 6 Hz of stim-
ulation in the gastrocnemius. There were no significant improvements in walking function.

Conclusions: Treadmill training can improve muscle oxidative capacity and endurance in people with MS 
who have moderate-to-severe levels of disability. Int J MS Care. 2019;21:166-172.

CORRECTION 
In the article “Benefi ts of Adhering to the Canadian Physical Activity Guidelines for Adults with Multiple Sclerosis Beyond Aerobic 
Fitness and Strength” (Karissa L. Canning and Audrey L. Hicks; Volume 22, Number 1, pages 15-21; DOI: 10.7224/1537-2073.2018-
061), the color labels in Figure 1B were presented incorrectly. Instead of orange for adherers and blue for nonadherers, it should have 
been blue for adherers and orange for nonadherers. Also, although Figure 2A makes sense as originally published, for consistency blue 
should have been used for adherers and orange for nonadherers. These fi gures will be updated in the online versions of the article.   
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P eople with multiple sclerosis (MS) who cannot 
safely ambulate more than household distances 
(ie, 25-100 feet) generally require a wheelchair 

or scooter for community mobility. Requiring a wheel-
chair leads to reduced physical activity, often to a point 
where it is detrimental to health.1-5 Thus, people with 
MS who are nonambulatory can benefit from a means 
for increasing their physical activity. One way to increase 
physical activity is to exercise.6,7 Evidence suggests that 
exercise is safe for people with MS and that participation 
in exercise may improve their health.6,7 The preponder-
ance of studies in people with MS focus on those who 
retain some ability to ambulate in the community. 
However, emerging evidence suggests that people with 
greater levels of disability, including those who use a 
wheelchair as their primary means of mobility, can safely 
exercise and, furthermore, may also benefit from increas-
ing their activity.8-21

A major challenge for people who use wheelchairs is 
the barrier to exercise options.22,23 Weakness, paralysis, 
spasticity, and fatigue often make it difficult to exercise 
at an intensity or duration that provides a sufficient exer-

cise stimulus. Often it is difficult to access equipment 
for exercise due to the limitations of a wheelchair.23 One 
intervention that shows promise for helping people with 
MS with severe mobility challenges achieve exercise is 
functional electrical stimulation (FES) cycling. This 
intervention combines the use of surface electrical stimu-
lation with a motor-powered ergometer and is a poten-
tial exercise option for people with MS who are nonam-
bulatory (Expanded Disability Status Scale [EDSS] score 
>6.5).9,11,13,15,19,21

Two recent reviews report the potential of FES 
cycling for reducing symptoms and improving the 
quality of life (QOL) for people with MS who have 
substantial mobility impairment.19,20 However, both 
reports highlight the heterogeneity of participants in 
earlier studies (ie, including both those with MS who 
are ambulatory and nonambulatory), making it diffi-
cult to determine the specific effect on people with MS 
who are nonambulatory. Backus et al13,15 reported that 
14 people with MS, all of whom could not ambulate 
in the community and used a wheelchair for mobility, 
who took part in FES cycle training two to three times 
a week for 4 to 5 weeks (12 sessions total) not only 
did so without adverse events but also improved their 
cycling performance. Participants also demonstrated a 
significant decrease in the physical (P = .02) and psycho-
social (P < .01) subscales of the Modified Fatigue Impact 
Scale (MFIS)15 and showed improved muscle oxidative 

Background: Functional electrical stimulation (FES) cycling provides an exercise opportunity for 
people with multiple sclerosis (MS) who are nonambulatory. This study evaluated the efficacy of FES 
cycling for reducing fatigue and improving quality of life in people with MS who are nonambulatory 
and compared outcomes with those in a control group that did not take part in FES cycling. 

Methods: Adults with MS with self-reported Expanded Disability Status Scale scores of 7.0 to 8.5 were 
randomized into a training group (n = 12) or a control group (n = 9). The training group performed 
FES cycling for 30 minutes, two to three times a week for 12 weeks. The primary outcome was safety, 
measured as the number and type of adverse events and any increase in symptoms. Other outcomes 
collected before and after the intervention were scores on the modified Ashworth Scale, manual muscle 
test, 5-item Modified Fatigue Impact Scale (MFIS-5), Fatigue Scale for Motor and Cognitive Functions 
(FSMC), Medical Outcomes Study Pain Effects Scale, Patient Health Questionnaire-9 (PHQ-9), Mul-
tiple Sclerosis Quality of Life–54 (MSQOL-54), and Exercise Self-Efficacy Scale.

Results: Twelve participants completed the study and were analyzed. Six participants completed train-
ing with no adverse events. The MFIS-5 (Cohen’s d = 0.60), FSMC (Cohen’s d = 0.37), and PHQ-9 
(Cohen’s d = 0.67) scores and the physical health composite of the MSQOL-54 (Cohen’s d = 1.48) 
improved for the training group compared with the control group (n = 6).

Conclusions: Functional electrical stimulation cycling is safe for people with MS who are nonambu-
latory and may reduce fatigue and improve measurements of quality of life. Int J MS Care. 2020;22: 
193-200.
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us, PT, PhD, Crawford Research Institute, Shepherd Center, 2020 
Peachtree Rd NW, Atlanta, GA 30309, USA; e-mail: Deborah.
backus@shepherd.org.
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MS-related events (eg, National MS Society walks or sup-
port group activities). Eligible individuals were at least 18 
years of age, physician diagnosed as having MS, nonambula-
tory (ie, used a wheelchair for indoor and outdoor mobility 
[EDSS score >6.5]), and experiencing fatigue as indicated on 
the Fatigue Severity Scale (ie, mean score >2.3, the mean in 
healthy adults).24 Participants were excluded if they had any 
neuromuscular, musculoskeletal, or cardiovascular injury or 
disease or any condition that prevented them from safely 
exercising on the FES cycle, such as an existing pacemaker, 
defibrillator, or other implanted electronic or metallic device 
(other than a Baclofen pump); had unstable long bone frac-
tures of the lower limb or trunk; had allergy to surface elec-
trodes or conductive gel; or could not tolerate sitting for at 
least 1 hour. Individuals were also excluded if they had experi-
enced a diagnosed relapse in the past 6 months or if electrical 
stimulation could not elicit a muscle contraction.

Procedures
Once enrolled in the study, each participant was randomly 

assigned to either the training group or the control group 
(Figure S1, which is published in the online version of this 
article at ijmsc.org). Those in the training group took part 
in a 12-week FES cycle training intervention as described 
later herein. Those in the control group completed a 12-week 
wait period during which they were encouraged to keep their 
activities and medications constant and completed the same 
data collection procedures as the training group.

FES Cycle Training Intervention
The training group trained on the RT300 FES cycle 

(Restorative Therapies Inc, Baltimore, MD) while seated in 
their wheelchair. Trained exercise staff assisted each participant 
in applying the surface electrodes over the muscle bellies of 
the gluteus maximus, hamstrings, and quadriceps bilater-
ally and safely positioning the participant’s lower limbs on the 
pedals of the RT300 device. Participants cycled volitionally 
with assistance from the electrical stimulation as needed and 
with oversight for safety by the exercise staff. The goal was for 
participants to train three times a week for approximately 12 
weeks (36 sessions).

The FES cycling protocol was based on previous research 
demonstrating that participants can perform cycling with 
the parameters established, and in some cases demonstrated 
improvements in FES cycling performance.13,15 Each session 
comprised three phases: a 2-minute passive warm-up phase 
(no volitional cycling or electrical stimulation), followed by 
a 30-minute active phase (volitional cycling or assisted with 
electrical stimulation), and ending with a 2-minute passive 
cycling cool-down phase. During the passive phases, the 
ergometer propelled the pedals at 35 rpm, and during the 
active phase, the goal was for the participant to achieve a tar-
get cycling speed of 35 to 50 rpm. The stimulation parameters 
for this study were also predetermined based on an earlier pilot 
study13,15: pulse width of 200 microseconds and frequency 
of 50 Hz. The stimulation intensity varied based on the par-

capacity.13 Including exclusively nonambulatory people 
with MS helps us better understand the impact of FES 
cycling, and exercise in general, for people with MS who 
use a wheelchair for mobility. What remains unknown 
from the earlier studies is whether the exercise stimu-
lus was sufficient or whether extended training would 
facilitate more meaningful effects related to symptoms, 
function, or QOL. A study with a greater dosage of FES 
cycling would provide important information related to 
the potential for FES cycling to induce significant effects 
in people with MS who are nonambulatory. Fornusek 
et al11 reported that people with MS and severe disabil-
ity could safely perform FES cycling one to two times a 
week for 10 weeks, suggesting that they can exercise in 
this way for a longer duration.

Scally et al19 and Edwards and Pilutti20 also high-
lighted the need for randomized controlled trials evalu-
ating the efficacy of FES cycling in people with severe 
disability. Given that MS is a chronic and progressive 
condition, a lack of decline in function or no increase 
in symptoms can be meaningful. For example, being 
able to exercise without an increase in fatigue is mean-
ingful. An improvement in a symptom such as fatigue, 
spasticity, or pain after an intervention can be clinically 
significant if those who do not take part in the interven-
tion either remain unchanged or experience worsening 
of symptoms. Comparing outcomes between people 
with MS who are nonambulatory and participate in an 
FES cycling intervention and those who do not receive 
the intervention is warranted. The purpose of this study 
was to evaluate and compare the safety and potential 
efficacy of 12 weeks of FES cycling for reducing fatigue 
and improving QOL in people with MS who are non-
ambulatory (self-reported EDSS scores of 7.0-8.5) and 
those who did not take part in FES cycle training.

Methods
This was a pilot randomized controlled trial with a pre-post 

design conducted in the clinical space of a not-for-profit long-
term acute care facility. All the procedures were approved by 
the research review committee of the Shepherd Center (Atlan-
ta, Georgia) before the start of study activities. The principal 
investigator (D.B.), a licensed physical therapist, oversaw all 
aspects of the study. A trained and blinded (to group assign-
ment) physical therapist performed all assessments, and two 
trained exercise staff (M.M. and one other) oversaw all FES 
cycle training sessions.

Participants
All the participants provided written informed consent 

before starting study activities. Participants were recruited via 
flyers, referrals from providers in the MS clinic, and at local 



International Journal of MS Care
196

Backus et al.

The MSQOL-54 is an MS-specific health-related QOL 
instrument comprising the 36-item Short Form Health Survey 
supplemented by 18 MS-specific symptom measures, includ-
ing fatigue, pain, bladder function, bowel function, emotional 
status, perceived cognitive function, visual function, sexual 
satisfaction, and social relationships. Confidence related to 
exercise was measured using the Exercise Self-Efficacy Scale.32

Data Analysis
Statistical analysis was performed using Microsoft Excel 

(Microsoft Inc. Redmond, WA) and IBM SPSS Statistics for 
Windows, Version 22.0 (IBM Corp, Armonk, NY). Descrip-
tive analyses were performed to determine means, change 
scores, and percentage change for each outcome measure.

Given the size of the sample, inferential statistics were not 
used. Instead, effect size was determined using Cohen’s d for-
mula for dependent, single-group, and pre-post change.33,34 
An effect size of 0.2 is considered small; 0.5, medium; 
and 0.8, large. An effect size below 0.2 is considered not 
meaningful.

Results
Participants

Of 84 people with MS screened for eligibility, 21 met 
the inclusion criteria and were enrolled in the study; 12 
were randomized to the training group and nine to the 
control group (Figure S1). Twelve of 21 participants 
completed the study, six participants each in the training 
group and control group. All the participants indicated 
some level of fatigue on the Fatigue Severity Scale (mean 
± SD score, 4.44 ± 1.34). See Table 1 for demographic 
characteristics of participants who completed the trial.

FES Cycling Performance
Table S1 presents a summary of the FES cycling per-

formance outcomes. Two of the six participants started 
the training able to actively cycle 30 minutes, either 
volitionally or with assistance from FES. One participant 
could cycle only approximately 21 minutes at the begin-
ning of the intervention, and another could cycle only 
approximately 8 minutes, but both increased their time 
to 30 minutes of active cycling by the end of the inter-
vention. The other two participants remained the same 
in their cycling time (<3 minutes). Those who could 
cycle for 30 minutes by the end of training increased 
their average resistance by approximately 116% and dis-
tance cycled by approximately 108%. Those who could 
not cycle 30 minutes did not receive resistance and did 
not increase their distance cycled.

All but one participant completed 36 (100%) of the 
required training sessions. There was one protocol devia-
tion for a participant who completed 37 training sessions 
because of an error in scheduling.

ticipant’s tolerance and the amount of stimulation required to 
achieve the target cycling speed.

Once a participant could pedal actively, either volitionally 
or assisted with stimulation, for 30 minutes at 35 to 50 rpm 
for three consecutive sessions without defaulting to the pas-
sive mode, resistance was added in 0.14-Nm increments. Each 
participant progressed at their own rate. The exercise staff 
monitored the participant during and immediately after each 
session for reports of fatigue, pain, and spasticity, or any other 
changes in MS symptoms. Data on FES cycling performance, 
including active time, amount of stimulation, resistance, and 
distance, were collected throughout the session and analyzed 
offline.

Outcome Measures
The primary outcome measure was safety, measured by 

the number and type of adverse events and any increase in 
symptoms that remained or worsened between sessions. The 
exercise staff overseeing each FES cycling session documented 
participant self-report of fatigue, pain, and spasticity at the 
beginning and end of each session using the visual analog 
scales for fatigue, pain, and spasticity. Each used a Likert scale 
to rate the symptom, with 0 meaning absence of the symptom 
and 10 meaning severe perception of the symptom.

One concern related to the safety of FES cycling for people 
with MS is that exercise, and specifically using FES in the 
lower limbs, might lead to an increase in spasticity or a wors-
ening in lower limb muscle function or weakness. Thus, the 
secondary outcome was detriment in lower extremity func-
tion during the study, measured as an increase in spasticity or 
a decrease in strength in the lower limbs. Within 1 week of 
the start of and 1 week after the intervention phase, a trained 
physical therapist performed the modified Ashworth Scale25 to 
assess spasticity and a manual muscle test26 to assess strength 
in the lower limbs. The physical therapist scored bilateral 
hip flexors, adductors, and extensors; knee flexors and exten-
sors; and ankle dorsiflexors and plantarflexors each separately 
(scores from 0 = no increase in resistance to movement to 
4 = limb is rigid) and calculated a total modified Ashworth 
Scale score for each limb. Similarly, the physical therapist 
assessed the bilateral iliopsoas, gluteus maximus, quadriceps, 
hamstring, gastrocnemius/soleus, and anterior tibialis anterior 
muscles for strength; assigned a grade of 0, 1, 2, 3, 4, or 5 to 
each; and calculated a total for each limb.

Tertiary exploratory outcomes comprised the efficacy of 
FES cycle training for improving fatigue and QOL, measured 
using participant-reported outcome measures before training 
(pretest) and within 1 week after completion of all training 
sessions (posttest). All participant-reported outcome measures 
are used with and validated for people with MS.27,28 Par-
ticipants completed the five-item MFIS (MFIS-5)27,28 and the 
Fatigue Scale for Motor and Cognitive functions (FSMC)29 
to assess fatigue; the Medical Outcomes Study Pain Effects 
Scale27,28 to assess pain; the Patient Health Questionnaire-9 
(PHQ-9)30 objectifying depression severity; and the 54-item 
MS Quality of Life measure (MSQOL-54)31 to assess QOL. 
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subsequently dropped from the study. The study team as 
well as the medical team concluded that the wound did 
not result from the study protocol because it was sus-
tained before the study, the support straps for the FES 
cycle pedals were neither on top of nor near the wound 
site, and the wound was not undergoing stress with the 
cycling motion.

The other three adverse events in the training group 
included a small wound on the bottom of a participant’s 
foot, a knee injury sustained at home while playing 
with a child, and pseudo-relapse that occurred when 
the participant was not training over the holidays and 
that seemed to be related to a urinary tract infection and 
other medical issues. The adverse event in the control 
group was a relapse. All adverse events resulted in the 
participants being withdrawn from the study (Figure 
S1).

For participants who completed the intervention (n = 
6), there was minimal change in mean ± SD visual ana-
log scale scores for fatigue (–0.01 ± 1.10), pain (0.40 ± 
0.68), or spasticity (0.51 ± 0.84) over the 12 weeks.

Secondary Outcome: Lower Limb Function
There was minimal change in mean ± SD modified 

Ashworth Scale scores (left = –0.50 ± 5.06; right = –0.80 
± 5.83) and mean ± SD manual muscle test scores (left = 
–0.10 ± 1.20; right = 1.10 ± 1.85) after the intervention 
phase.

Tertiary and Exploratory Outcomes: Participant-
Reported Outcomes

Table 2 presents fatigue, pain, and depression scores. 
Four of the six training group participants and three of 
the six control group participants experienced a decrease 
in fatigue on the MFIS-5. One participant in each group 

Primary Outcome: Safety
Six adverse events occurred during the study, five in 

the training group and one in the control group; none 
of these adverse events were related to the intervention. 
Two adverse events in the training group occurred in 
the same participant and were due to a preexisting leg 
decubitus that reopened during the intervention phase 
of the study. Shortly after her first enrollment the par-
ticipant attended her FES cycle session after a weekend 
without training and the exercise staff noted the opening 
of the wound when setting the participant up on the 
FES cycle. Training was ceased and the participant was 
referred to the wound care specialist. This participant 
was re-enrolled during the second year of the trial after 
receiving clearance from the wound specialist and the 
physician. The wound reopened and the participant was 

Table 1. Participant demographic characteristics

Characteristic
Total 

(N = 12)

Training 
group
(n = 6)

Control 
group
(n = 6)

Sex, No. (%)
  Male
  Female

5 (42)
7 (58)

3 (50)
3 (50)

2 (33)
4 (67)

Age, y
  Mean ± SD
  Range

55.42 ± 10.33
39-70

56.17 ± 10.01
46-70

54.67 ± 11.55
39-65

Race, No.
  White
  Black

5
7

2
4

3
3

Type of MS, No.
  Relapsing-remitting
  Secondary 
  progressive
  Not specified

3
4

5

2
3

1

1
1

4
Fatigue Severity Scale 
score
  Mean ± SD
  Range

4.44 ± 1.34
2.4-6.6

3.90 ± 0.98
2.9-5.6

4.98 ± 1.51
2.4-6.6

ESES score
  Mean ± SD
  Range

28.92 ± 6.01
17-37

29.00 ± 5.02
21-35

28.83 ± 7.36
17-37

MOS Pain Effects 
Scale score
  Mean ± SD
  Range

13.42 ± 6.50
6-25

12.17 ± 8.23
6-25

14.67 ± 4.63
6-18

EDSS score, No.
  7.0
  7.5
  8.0
  8.5
EDSS score median

6
3
1
2

7.2

3
2
1
0
7

3
1
0
2

7.5

Abbreviations: EDSS, Expanded Disability Status Scale; ESES, 
Exercise Self-Efficacy Scale; MOS, Medical Outcomes Study; MS, 
multiple sclerosis.

Table 2. Participant-reported outcomes: change 
scores for training and control groups

Outcome measure

Change score, mean ± SD

Effect 
size

Training group 
(n = 6)

Control group 
(n = 6)

5-Item MFIS score –2.50 ± 4.55 0.17 ± 4.36 0.60
FSMC
  Total score –4.67 ± 4.13 –2.17 ± 8.54 0.37
  Cognitive score –2.50 ± 3.39 –1.50 ± 3.39 0.29
  Motor score –2.17 ± 3.54 –0.67 ± 5.82 0.31
MOS Pain Effects Scale 
score

–0.50 ± 6.28 –1.00 ± 2.53 0.10

PHQ-9 score 0.33 ± 2.42 –2.50 ± 5.47 0.67

Abbreviations: FSMC, Fatigue Scale of Motor and Cognitive 
Functions; MFIS, Modified Fatigue Impact Scale; MOS, Medical 
Outcomes Study; PHQ-9, Patient Health Questionnaire-9.
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Efficacy Scale scores for the training group (1.67 ± 1.94) 
than the control group (0.33 ± 2.94).

Discussion
To our knowledge, this is the first randomized 

controlled trial evaluating the impact of FES cycling 
exclusively in people with MS who are nonambulatory. 
This is important because previous FES cycle trials have 
included people who can walk community distances, 
and the findings for people with severe weakness or 
paralysis are likely to be entirely different. Understand-
ing the unique needs of people with MS who are non-
ambulatory will more likely lead to developing and 
implementing interventions and exercise options to meet 
their specific needs. For example, people who can walk 
typically can access exercise interventions and do not 
require specialized equipment to meet the minimum 
suggested guidelines for physical activity.35 Notably, 
similar to earlier studies, there were no adverse events 
associated with FES cycle training in this study, and no 
increase in MS-related spasticity, fatigue, or pain.18,19 
Similar to earlier studies of FES cycling in people with 
MS who primarily use a wheelchair for mobility,10,13,15 
most participants in the training group (four of six) 
improved in their FES cycling performance, suggesting 
that they have the capacity for change in neuromuscular 
conditioning and control.

Participants in the training group did not have an 
increase in fatigue during or after a training session, sug-
gesting that the intervention is tolerable as delivered for 
these participants. That they also experienced a decrease 
in fatigue at the end of the intervention phase is similar 
to our earlier findings that participants who completed 
FES cycle training experienced a reduction in fatigue.13,15 
Participants in the control group experienced an increase 
in fatigue on the MFIS-5 at the end of the 12-week wait 
period and only a slight reduction on the FSMC score. 
These findings suggest that FES cycling may reduce 
fatigue in people with MS who are nonambulatory and, 
therefore, might be a beneficial intervention for those 
who are experiencing fatigue. This requires further study 
to understand the extent of the benefit and the potential 
mechanism of this fatigue in people with MS who are 
nonambulatory.

The large difference in the QOL scores between the 
groups, with the training group having an increase in 
physical composite scores on both the MSQOL-54 and 
the PHQ-9 and the control group having a decrease, 
is meaningful but in contrast to earlier FES cycling 

experienced an increase, and the others had no change. 
Overall, there was a moderate effect size between the 
two groups for change in fatigue as measured using the 
MFIS-5 (Cohen’s d = 0.60). There was no meaning-
ful difference between the groups on the FSMC total 
(Cohen’s d = 0.37) or cognitive (Cohen’s d = 0.29) and 
motor (Cohen’s d = 0.31) subscores. Five of the six par-
ticipants in the training group had a decrease in FMSC 
total scores, and one had no change. Four of the six par-
ticipants in the control group had a decrease in FMSC 
total scores, and two an increase.

There also was no meaningful difference between the 
groups on the Pain Effects Scale (Cohen’s d = 0.10); on 
average, the scores for both groups decreased.

Higher scores on the PHQ-9 indicate greater depres-
sion. Nine of the 12 participants reported depression at 
the start of the study. Four had scores in the minimal 
range (≤5) and three in the mild range (5-9) that did 
not change outside of this range after the intervention. 
Two participants, one in each group, indicated moderate 
depression, with a PHQ-9 score of 13 before the inter-
vention. Both reported a decrease after the intervention; 
the one in the training group decreased to the moderate 
range (score, 9), and the participant in the control group 
decreased to no depression. Overall, there was a moder-
ate effect size (Cohen’s d = 0.67) between groups, with 
the control group decreasing by an average of 2.5 points, 
changing from mild to minimum depression. This 
change in the control group seemed to be largely driven 
by the one control participant who had a 13-point 
change in the PHQ-9 score after the intervention. When 
calculated without that participant, there was no effect 
of group (Cohen’s d = 0.03).

The MSQOL-54 subscores and physical and health 
composite scores are shown in Table S2. There was a 
large effect on the physical health (Cohen’s d = 0.85), 
health perception (Cohen’s d = 1.12), health distress 
(Cohen’s d = 1.22), and physical health composite 
(Cohen’s d = 1.48), with the training group improving 
and the control group declining. Similarly, there was a 
large effect of training on the physical composite of the 
PHQ-9 (Cohen’s d = 0.76), with the training group 
increasing a mean ± SD of 2.57 ± 5.71 and the control 
group decreasing 1.07 ± 3.72. There was no effect on 
the mental composite scores of the PHQ-9.

There was a medium effect (Cohen’s d = 0.46) of 
training on participants’ reports of exercise self-efficacy, 
with a greater increase in mean ± SD Exercise Self-
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participants did not drop out of the study because of a 
lack of desire to train. The reasons for dropout are those 
common to people with chronic disabling conditions 
such as MS, eg, comorbidities and medication changes 
and requiring special transportation because of using a 
wheelchair for mobility. This highlights the importance 
of finding accessible exercise interventions for people 
with MS who are nonambulatory.36 Furthermore, these 
exercise options need to be available in settings closer to, 
or even in, the person’s home to overcome the barrier 
of transportation. Also notable is that the participants 
who stayed in the trial attended all the sessions. Thus, 
retention was high in participants who did not experi-
ence the complications of MS and disability. This also 
suggests that participation in this trial was meaningful to 
participants.

In conclusion, FES cycling is a safe and potentially 
beneficial intervention for exercise and increasing physi-
cal activity, as well as reducing fatigue and improving 
some measures of QOL, in people with MS who are 
nonambulatory. Further research will provide insights 
into how to best use this intervention to optimize out-
comes in people who otherwise are limited in their abil-
ity to access interventions to improve function, health, 
and overall QOL. o
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Multiple sclerosis (MS) is an autoimmune dis-
ease that causes demyelination of axons in 
the central nervous system. Multiple sclerosis 

is associated with various cognitive and physical impair-
ments, with declines in mobility being reported as one of 

the most common symptoms of the disease.1,2 Moreover, 
reduced mobility is accompanied by decreases in physi-
cal activity and physiological deconditioning. which may 
contribute to the progression of physical disability in 
people with MS.3-5

Physiological deconditioning in MS is characterized 
by declines in exercise capacity, alterations in muscle 
phenotype, and reduced muscle function.6-10 Indeed, 
previous studies have shown that moderate-to-severe 
levels of disability are associated with a 15% to 30% 
reduction in aerobic capacity (VO2peak) and a 30% to 
50% decrease in muscle strength compared with mild 

Effects of Treadmill Training on Muscle 
Oxidative Capacity and Endurance in 
People with Multiple Sclerosis with 

Significant Walking Limitations 
T. Bradley Willingham, PhD; Jonathan Melbourn, DPT; Marina Moldavskiy, BS;  

Kevin K. McCully, PhD; Deborah Backus, PhD

Background: Exercise can improve muscle function and mobility in people with multiple sclerosis (MS). 
However, the effects of exercise training on skeletal muscle oxidative capacity and endurance in people 
with MS remain unclear, and few studies have evaluated muscle plasticity in people with MS who have 
moderate-to-severe disability. The present study evaluated the effects of treadmill training on muscle oxi-
dative capacity and muscle endurance and examined the relationship to walking function in people with 
MS who have moderate-to-severe disability. 

Methods: Six adults (mean ± SD age, 50 ± 4.9 years) with MS (Expanded Disability Status Scale score, 
6.0-6.5) performed treadmill training for 24 minutes approximately twice per week for approximately 8 
weeks (16 sessions total) using an antigravity treadmill system. The following measures were taken before 
and after the intervention phase: muscle oxidative capacity in the medial gastrocnemius using near-infra-
red spectroscopy after 15 to 20 seconds of electrical stimulation; muscle endurance in the medial gastroc-
nemius using accelerometer-based mechanomyography during 9 minutes of twitch electrical stimulation 
in three stages (3 minutes per stage) of increasing frequency (2, 4, and 6 Hz); and walking function using 
the 2-Minute Walk Test.

Results: Mean ± SD muscle oxidative capacity increased from 0.64 ± 0.19 min–1 to 1.08 ± 0.52 min–1 
(68.2%). Mean ± SD muscle endurance increased from 80.9% ± 15.2% to 91.5% ± 4.8% at 2 Hz, from 
56.3% ± 20.1% to 76.6% ± 15.8% at 4 Hz, and from 29.2% ± 13.1% to 53.9% ± 19.4% at 6 Hz of stim-
ulation in the gastrocnemius. There were no significant improvements in walking function.

Conclusions: Treadmill training can improve muscle oxidative capacity and endurance in people with MS 
who have moderate-to-severe levels of disability. Int J MS Care. 2019;21:166-172.

CORRECTION 
In the article “Benefi ts of Adhering to the Canadian Physical Activity Guidelines for Adults with Multiple Sclerosis Beyond Aerobic 
Fitness and Strength” (Karissa L. Canning and Audrey L. Hicks; Volume 22, Number 1, pages 15-21; DOI: 10.7224/1537-2073.2018-
061), the color labels in Figure 1B were presented incorrectly. Instead of orange for adherers and blue for nonadherers, it should have 
been blue for adherers and orange for nonadherers. Also, although Figure 2A makes sense as originally published, for consistency blue 
should have been used for adherers and orange for nonadherers. These fi gures will be updated in the online versions of the article.   




