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changes in muscle performance and functional outcomes 
was retained at the follow-up.
Conclusions Preliminary evidence showed that 3  weeks 
of high-intensity resistance training induces consistent and 
meaningful improvements in muscle performance of the 
ankle dorsiflexors in PwMS. These findings may have prac-
tical dose–response and cost-effectiveness implications in 
the management of MS-induced muscle weakness, poten-
tially enhancing the understanding of the response to train-
ing exhibited by PwMS.
Trial registration number: ClinicalTrials.gov identifier 
NCT02010398; December 2013.

Keywords Resistance training · Muscle strength · Muscle 
endurance · Ankle · Multiple sclerosis · Reproducibility of 
results

Abbreviations
10mTW  10-m timed walk
2MWT  2-min walking test
6MWT  6-min walking test
ANOVA  Analysis of variance
CI  Confidence interval
EDSS  Expanded Disability Status Scale
FU  Follow-up
ICC  Intraclass correlation coefficient
IQR  Interquartile range
MS  Multiple sclerosis
MW  Maximal work
PM  Peak moment
PwMS  People with multiple sclerosis
RT  Resistance training
SD  Standard deviation
SEM  Standard error of measurement

Abstract 
Purpose No evidence exists regarding the time course 
and clinical relevance of muscle strength improvements fol-
lowing resistance training in people with multiple sclero-
sis (PwMS). The purpose of this study was to investigate 
the temporal course and the clinical meaningfulness of 
the changes in strength induced by high-intensity resist-
ance training and whether these changes impact on muscle 
endurance to fatigue and functional outcomes.
Methods PwMS with predominantly unilateral hyposthe-
nia of the ankle dorsiflexors underwent a 6-week isokinetic 
training of the more affected ankle dorsiflexion muscles. 
Maximal strength was measured at baseline, during the 
training on a weekly basis, at the end of the intervention 
(POST) and at the 12-week follow-up. Muscle endurance 
to fatigue, mobility and walking outcomes were assessed at 
baseline, POST and follow-up. Reproducibility and respon-
siveness analyses were performed.
Results Significant gains in muscle strength were already 
detected after 3 weeks of training with no further improve-
ments in the following weeks. These improvements 
exceeded the cutoff values for relevant changes and were 
also positively correlated to improved muscle endurance 
to fatigue and mobility measures. None of the observed 
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SRDi  Individual smallest real difference
TUG  Timed Up and Go Test

Introduction

High-intensity resistance training is employed to deter-
mine consistent strength gains in a short time (Bird et  al. 
2005), but while this is routinely scheduled for healthy 
individuals and athletes, the temporal pattern of responses 
to such exercise protocol is not clear in those conditions in 
which muscle performance is impaired by muscle weak-
ness and fatigue. In these cases, strength deficit is com-
monly addressed with strengthening interventions, which 
are however often challenged by the onset of fatigue. A 
typical condition where muscle weakness and fatigue are 
to be addressed jointly is multiple sclerosis. Muscle weak-
ness is a hallmark symptom reported by people with mul-
tiple sclerosis (PwMS) and is associated with reduced 
functional capacity and increased disability (Schwid et al. 
1999; White et al. 2004). Along with fatigue, it is the most 
common and disabling symptom in MS (Dalgas et al. 2009, 
2013). Resistance training (RT) has proven to be well toler-
ated by PwMS and capable of improving muscle weakness 
and self-reported fatigue (White et al. 2004). The beneficial 
effects of RT have been shown to translate into increased 
levels of daily living activities and of the overall quality of 
life (Dalgas et al. 2009, 2013; Hayes et al. 2011).

Different RT protocols are currently employed for 
improving strength and fatigue in PwMS, but no regimen 
has been portrayed as superior to the others (Rietberg et al. 
2011). In the most recent systematic reviews of clinical tri-
als which focused on RT in PwMS (Kjølhede et al. 2012; 
Cruickshank et al. 2015), the average duration of the train-
ing protocols was 9 weeks (range 3–104) with a mean fre-
quency of 2.5 sessions per week (range 2–5) and a total 
mean of 25 sessions (range 15–208). Most of the studies 
that investigated the effects of RT in PwMS reported sig-
nificant strength improvements in those muscle groups that 
were specifically targeted during training (Kjølhede et  al. 
2012; Cruickshank et al. 2015). The magnitude of improve-
ment observed ranged from 7 to 50%, depending on the 
type, duration and course of the disease, testing and exer-
cise conditions and the trained muscle group.

However, despite the evidence supporting the beneficial 
effects of RT on function, mobility and fatigue, the heter-
ogeneity of protocols employed in PwMS raises questions 
regarding the optimal duration of training and the number 
of sessions required to elicit significant and meaningful 
improvements in muscle performance. In this perspective, 
the assessment of muscle strength along the training spec-
trum rather than only at the beginning and conclusion of 
training is a significant issue from the perspectives of both 

the patient and the clinician. Therefore, the primary objec-
tive of this exploratory single-group study was to investigate 
the time course and clinical relevance of strength adapta-
tions following a 6-week isokinetic concentric high-inten-
sity resistance training (HIRT) of the more affected ankle 
dorsiflexion muscles in PwMS with a predominantly unilat-
eral hyposthenia. Ankle dorsiflexors were chosen consider-
ing that they are one of the most common sites of weakness 
in neurological conditions (Sackley et al. 2015), particularly, 
in MS (Byrne et al. 2007; Zackowski et al. 2009). Secondly, 
we tested whether the strength training protocol delivered 
translates into changes of muscle endurance to fatigue and 
mobility measures, which is an open question in the MS lit-
erature dealing with the understanding and management of 
fatigue-induced disability (Lee et al. 2008).

Methods

Participants

Twenty PwMS referred to our academic hospital participated 
in this study, after signing a written informed consent. Inclu-
sion criteria were: diagnosis of relapsing–remitting MS (Pol-
man et al. 2011); self-reported evidence of strength asymme-
try between the lower limbs (verified afterward by isokinetic 
testing of ankle dorsiflexors); age ≥18  years; independent 
walking with or without unilateral aid; Expanded Disabil-
ity Status Scale (EDSS) score ≤6 and Pyramidal Functional 
System score ≥3. Criteria for exclusion or discontinuation 
were: any contraindication for strength testing exercises; par-
ticipation in rehabilitative or training programs, occurrence 
of relapses, treatment with corticosteroid and/or botulinum 
toxin, variations in disease-modifying drugs or symptomatic 
treatment within 6 months prior to recruitment; severe ataxia 
and postural instability (Berg Balance Scale, cut-off value for 
exclusion: ≤35), major depression (Beck Depression Inven-
tory, cutoff for exclusion: ≥28) and cognitive deficits (Fron-
tal Assessment Battery, cutoff for exclusion: ≥14; Trail Mak-
ing Test A and B, cutoffs for exclusion: A ≥78 s; B ≥273 s). 
A team of neurologists performed all clinical examinations 
to assess eligibility. Regarding the clinical status of our 
cohort, participants exhibited a mild to moderate disability 
(median EDSS 3.0 ± 1.0) and mild to moderate pyramidal 
function impairment (median Pyramidal Function System 
score 3.0 ± 0.3). All subjects were able to dorsiflex the ankle 
against gravity and were fully ambulant. Demographic and 
clinical features of the participants at the study entry are 
summarized in Table 1. Participants deemed eligible under-
went clinical, functional and dynamometric assessments 
within a 2-week period and were asked to refrain from any 
other exercise activity for the entire duration of this study. 
The study was conducted in accordance with the Declaration 
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of Helsinki and approved by the Local Bioethics Commit-
tee of the University of Sassari, Italy (ASL n.1-Sassari, Italy; 
Prot. number 1160/L/2013). Details of data management, 
monitoring procedures and consent documentation are fully 
available at the Department of Biomedical Sciences, Univer-
sity of Sassari, Sassari, Italy.

Intervention

Participants underwent a 6-week isokinetic concentric 
HIRT of the weaker dorsiflexors, with a frequency of three 
sessions per week on non-consecutive days. After a light 
warm-up (one set of 2–4 submaximal repetitions at angu-
lar velocities of 10 and 45°/s with a 3-min rest in between), 
participants performed three sets of four maximal efforts at 
45°/s and three sets of four maximal efforts at 10°/s with a 
3-min rest given between sets. Each session lasted approxi-
mately 25 min. During the training, a visual feedback dis-
playing the real-time level of exertion was continuously 
provided by a monitor. If a session was missed, participants 
were allowed to recover it at the end of the cycle to ensure 
that the minimum target number of 16 sessions was reached. 
A maximal rather than a submaximal exercise protocol 
was chosen to optimize the training-induced neural adapta-
tions, which are acknowledged to underpin early increases 
in muscle performance in healthy individuals (Moritani and 
deVries 1979; Enoka 1997) as well as in PwMS (Fimland 
et al. 2010). Maximal-intensity resistance training is consid-
ered in exercise physiology to be the best strategy to rapidly 
improve strength and work economy (Bird et al. 2005). This 
goal is achieved using heavy loads (>85% of 1 maximum 
repetition, RM), few repetitions (less than 5) progressively 
growing over time, maximal mobilization of force during 

the movement and long recovery intervals (≥3 min) and is 
opposed to conventional submaximal resistance protocols 
employing moderate loads (about 60–70% of 1 RM) for 
8–12 repetitions with shorter rests (Bird et al. 2005).

High-intensity progressive protocols, convention-
ally used in healthy people and sports training, were here 
adapted to individuals with MS. To this aim the low num-
ber of repetitions was kept constant over the 6-week inter-
vention period to prevent excessive depletion of energetic 
substrates, which may contribute to the onset of fatigue, a 
crucial issue in MS rehabilitation.

Muscle strength assessment

The strength of the ankle dorsiflexors was measured uni-
laterally on both limbs by isokinetic dynamometry (Biodex 
System 3, Biodex Medical Systems, Shirley, NY, USA). 
All the assessments and retest procedures were performed 
by the same examiner at a consistent time of the day. The 
test was conducted in the sitting position with the trunk 
inclined at 85°, the knee flexed at 30° and the ankle in 
full plantarflexion taken as starting position, according to 
Bäckman and Oberg (1989). Participants were firmly sta-
bilized using straps. The active ankle range of motion was 
measured with an electronic goniometer (Biometrics Ltd., 
Newport, UK). As all participants were able to dorsiflex 
the ankle 42–44° from full plantarflexion, the range of 
motion for both the tests and training was adjusted to 40°. 
Participants were naïve to strength testing with isokinetic 
dynamometers. In the 2 weeks preceding the criterion test, 
all participants attended a familiarization session with the 
isokinetic testing protocol to minimize the potential effects 
of practice-based improvement associated with this proce-
dure (Carroll et  al. 2006). Participants were instructed to 
perform a single repetition of maximal concentric dorsiflex-
ion, followed by a passive return to plantarflexion (operated 
by the dynamometer at the same isokinetic angular veloc-
ity). The stronger leg was tested first. A 6-min rest elapsed 
between the testing of the stronger and the weaker limb. 
All participants underwent a 5-min warm-up (as described 
above). Following a 5-min rest, the criterion test consisted 
of four maximal efforts at 10°/s and four maximal efforts 
at 45°/s, aimed at detecting the highest value for each out-
come parameter: the peak moment (PM) and maximal work 
(MW). Low angular velocities were chosen in view of the 
difficulties experienced by neurological patients in reach-
ing high angular velocities and maintaining maximal effort 
throughout the entire range of motion (Tiffreau et al. 2007).

During the test, neither visual feedbacks nor verbal 
encouragements were provided to the participant during 
the testing procedure, as indicated for research purposes 
by Gandevia (2001). However, prior to the maximal test, 

Table 1  Demographic and clinical characteristics of the participants 
at the study entry

Data are presented as mean ± SD
Significant for p < 0.05
95% CI confidence interval, F females, M males, EDSS Expanded 
Disability Status Scale (median score ± standard error), IQR inter-
quartile range, FS function system (median score ± standard error), 
MSQoL-54 Multiple Sclerosis Quality of Life-54 instrument (median 
score ± standard error)

Gender (%) F: 15 (75); M: 5 (25)

Age (years) (95% CI) 45 ± 10.3 (37.9–51.9)
Weight (kg) (95% CI) 60.8 ± 13.2 (54.4–67.6)
Body mass index (IQR) 22.7 ± 4.2 (20.7–24.7)
Disease duration in years (95% CI) 14.9 ± 8.5 (10.9–18.9)
EDSS (IQR) 3.0 ± 1.0 (2.5–3.6)
Pyramidal FS (IQR) 3.0 ± 0.3 (2.0–4.0)
MSQoL-54 Physical (IQR) 60.4 ± 4.5 (45.9–69.1)
MSQoL-54 Mental (IQR) 82.1 ± 5.8 (64.1–87.3)
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the participant was instructed to pull as hard and fast as 
possible.

To verify the reproducibility of the strength measure-
ments in these individuals who are generally considered 
to have high day-to-day variability in muscle performance 
(Lambert et  al. 2001; Sandroff et  al. 2013), the testing 
procedure was repeated in three different sessions before 
the commencement of the HIRT as follows: criterion test, 
1-day retest and 1-week retest. The highest value for each 
parameter was retained as the baseline level of strength. 
The assessment of the dorsiflexors strength was assessed 
at 8 time points: baseline (PRE), after the beginning of the 
HIRT on a weekly basis (WEEK 1–5), at the end of the 
6-week training (POST) and after a follow-up of 12 weeks 
(FU). The study timeline is summarized in Fig. 1.

Muscle endurance to fatigue and mobility assessment

Muscle endurance to fatigue and mobility assessments 
were performed at three time points: PRE, POST and 
FU. Subject’s positioning and stabilization were consist-
ent with the maximal strength assessment. As for the test-
ing at low angular velocities, the participant’s effort was 
made concentrically only in dorsiflexion, while the return 
motion into full plantarflexion was performed passively 
by the dynamometer at the same speed of 180°/s. Muscle 
endurance of the ankle dorsiflexors was assessed through 
an exhausting 30-repetition bout performed at an angu-
lar velocity of 180°/s to obtain the fatigue index, which 
describes the decline in performance in terms of muscle 
work accomplished during the first third vs. the last third 
of the test (Thorstensson and Karlsson 1976). The mean 
moment and total work accomplished during the endurance 
test were also recorded.

Walking ability was assessed using the 2-min walking 
test (2MWT), 6-min walking test (6MWT), the 10-m timed 
walk (10mTW) and the Timed Up and Go (TUG), which 
have been proved highly reliable walking and mobility tests 
in individuals with MS (Paltamaa et  al. 2005; Nilsagard 
et al. 2007; Goldman et al. 2008).

Data analysis

Data analyst was blinded to data collection. Statistical anal-
ysis was performed using the SPSS software for Windows, 
version 18.0 (SPSS Inc, Chicago, IL, USA). For all out-
come parameters, significance was set at p < 0.05. Means, 
standard deviations (SD) and 95% confidence intervals (CI) 
were calculated for PM and MW at the two velocities (10°/s 
and 45°/s) and for the clinical and functional outcomes at 
the scheduled time points of assessment.

Equality of variances was assessed by Levene’s test, 
while sphericity of data for each variable was verified 
with the Mauchly’s test. When sphericity was violated, the 
Greenhouse–Geisser correction was applied. Since no sig-
nificant gender differences in baseline strength emerged, 
data from males and females were pooled for the first anal-
yses. However, considering that the majority of the cohort 
under study consisted of females (15 out of 20), a separate 
subgroup analysis was also conducted for the subgroup of 
females.

Reproducibility of strength measurements at baseline 
was estimated by relative (intraclass correlation coefficient 
analysis, ICC) (Shrout and Fleiss 1979) and absolute indi-
ces of reproducibility (coefficient of variation, CV; stand-
ard error of measurement, SEM) (Lexell and Downham 
2005). The smallest real difference for the individual sub-
ject (SRDi), which is a measure of responsiveness, was cal-
culated according to the equation by Lexell and Downham 

Fig. 1  Timeline of the study. TEST–RETEST: baseline assessment 
of maximal strength in the more affected ankle dorsiflexion muscles 
with test–retest procedures consisting of three isokinetic measure-
ments (day 1, day 2 and 1 week), at 10 and 45°/s of angular veloc-
ity. WEEK 1–6: 6-week period in which the training was delivered; 
FOLLOW-UP: 12-week period in which the subjects did not perform 

any training exercise. Vertical dashes indicate each training session 
(3 per week); arrows indicate the time of the assessments. PM peak 
moment, MW maximal work, MM mean moment, TW total work, 
2MWT 2-min walking test, 6MWT 6-min walking test, 10mTW 10-m 
timed walk, TUG Timed Up and Go Test
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(2005) to determine a cutoff value for detecting clinically 
meaningful changes over time (Lexell and Downham 2005; 
Guyatt et  al. 1987). A difference score was calculated as 
the difference between the value in PM or MW recorded 
at week 3 vs. PRE as well as that recorded at the POST vs. 
PRE. Each difference score was calculated individually and 
then compared to the absolute SRDi and the SRDi% score. 
The rate of responders to the intervention was calculated 
at week 3 and POST by counting the number of subjects 
exceeding the SRD thresholds.

To compare measurements among the scheduled time 
points (8 for the primary outcomes and 3 for the second-
ary outcomes) and highlight any training-induced change 
in strength (PM and MW), muscle endurance to fatigue 
(fatigue index, mean moment, total work) and mobility 
outcomes (2MWT, 6MWT, 10mTW, TUG), a repeated-
measures analysis of variance (ANOVA) was conducted 
along with Bonferroni-adjusted pairwise comparisons to 
locate the differences. Linear correlation coefficients (Pear-
son’s r) were used to evaluate the degree of linear relation-
ship between PRE-to-POST changes in maximal strength, 
endurance to fatigue and mobility outcomes.

Results

All PwMS completed the scheduled testing and train-
ing sessions with an adherence rate of 16.8 ± 1.1 sessions 
(93.3%) out of the 18 scheduled. The training regimen 
was well tolerated by all participants. No harms, relapses 
or changes in medications occurred during the study. 
Regarding the medications taken, the following drugs were 

continued, as prescribed, for the entire duration of the 
study: glatiramer acetate (6 out of 20 participants), inter-
feron beta-1 (6 out of 20), natalizumab (4 out of 20), fin-
golimod (3 out of 20) and azathioprine (1 out of 20).

Participants exhibited a significant (all p ≤ 0.0005) 
lower limb asymmetry of strength in terms of PM (at 45°/s, 
weaker: 23.0 ± 6.5  Nm; stronger: 26.6 ± 6.5  Nm; at 10°/s, 
weaker: 28.5 ± 6.8 Nm; stronger: 32.9 ± 8.6 Nm) and MW 
(at 45°/s, weaker: 8.9 ± 3.8 J; stronger: 11.1 ± 4.4 J; at 10°/s, 
weaker: 10.3 ± 3.8  J; stronger: 12.7 ± 4.1  J). Compared to 
normative PM values obtained from the dorsiflexors under 
similar isokinetic conditions in healthy subjects of compa-
rable gender and age (Harbo et al. 2012), the most affected 
ankle dorsiflexors of our participants exhibited lower levels 
of muscle strength (women: 14.6 ± 4 vs. 20 ± 3 Nm; men: 
30.2 ± 6 vs. 35.0 ± 9 Nm).

Reproducibility and responsiveness of maximal 
strength measurements

Absolute and relative reproducibility and responsiveness of 
the strength measurements obtained from the dorsiflexors 
of the weaker limb are presented in Table 2. The ICCs of 
PM and MW are outlined with respect to the velocity (10°/s 
and 45°/s) and type of comparison (Session 1 vs. 2; Session 
1 vs. 3; Session 1 vs. 2 vs. 3). Overall, at both velocities, all 
ICCs were ≥0.84, while the CV ranged from 3.4 to 15.5%, 
with a median value of 8.9%. All SEM values, irrespective 
of the unit of measurement (Nm or J), ranged from 0.30 
to 0.89. Absolute SRDi values ranged from 1.16 to 3.09, 
while SRDi% scores ranged from 10.9 to 17.7%.

Table 2  Reproducibility and responsiveness of maximal strength measurements from the more affected ankle dorsiflexion muscles in people 
with multiple sclerosis

SEM and SRDi absolute values follow the same unit of measurement of the relative outcome measure
PM peak moment, MW maximal work, 10°/s and 45°/s 10 and 45 degrees of isokinetic angular velocity, Nm Newton meter, J Joule, ICC intra-
class correlation coefficient, CI confidence interval, CV coefficient of variation, SEM standard error of measurement, SRDi individual smallest 
real difference, SRDi% individual smallest real difference in percentage

Strength 
measures

Relative reproducibility Absolute reproducibility Responsiveness

ICC2,1 CV (%) SEM SRD

Session 1 vs. 
2 (95% C.I.)

Session 1 vs. 
3 (95% C.I.)

Session 1 vs. 
2 vs. 3 (95% 
C.I.)

Session 1 
vs. 2

Session 1 
vs. 3

Session 1 
vs. 2

Session 1 
vs. 3

SRDi 
(range)

SRDi (%)

PM 10°/s 
(Nm)

0.98 (0.96–
0.99)

0.92 (0.79–
0.97)

0.95 (0.89–
0.98)

3.4 7.3 ±0.71 ±0.69 2.70–3.09 10.9

MW 10°/s 
(J)

0.92 (0.82–
0.97)

0.84 (0.64–
0.94)

0.85 (0.72–
0.93)

9.5 13.7 ±0.33 ±0.30 1.16–1.36 15.3

PM 45°/s 
(Nm)

0.95 (0.87–
0.98)

0.90 (0.77–
0.96)

0.92 (0.84–
0.96)

6.4 8.3 ±0.63 ±0.89 2.27–2.55 11.6

MW 45°/s 
(J)

0.92 (0.81–
0.97)

0.84 (0.65–
0.93)

0.88 (0.76–
0.95)

11.2 15.5 ±0.31 ±0.32 1.23–1.49 17.7
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Time course and relevance of training-induced changes 
in maximal strength

The repeated-measures ANOVA conducted on pooled data 
from females and males (n = 20) revealed a main effect of 
time for PM and MW at both angular velocities (Table 3). 
Data from the subgroup analysis conducted separately on 
females (n = 15 out of 20) of our cohort are detailed in 
Table 4.

The percent changes in strength observed at the eight 
assessment points (PRE, Week 1–5, POST and FU) are 
displayed in Fig.  2. Bonferroni-adjusted pairwise com-
parisons showed that, with respect to baseline, strength 
measures improved significantly at both velocities 
after 3  weeks of training (PM 10°/s: +12.3%, p = 0.04; 
MW 10°/s: +16.5%, p = 0.02; PM 45°/s: +13.5%, 
p = 0.03; MW 45°/s: +24.7% p = 0.03). These improve-
ments were preceded by a trend to decrease within the 
first 2  weeks of intervention, which however reached 

Table 3  Changes in maximal strength before and after a 6-week high-intensity resistance training of the more affected ankle dorsiflexion mus-
cles in people with multiple sclerosis (pooled data: n = 20)

Pairwise comparisons were conducted between any time points, but only those yielding significant differences (p < 0.05) are indicated by sym-
bols as follows: *WEEK vs. PRE, †POST vs. PRE; #FU vs. POST
PM peak moment, MW maximal work, 10°/s and 45°/s 10 and 45 degrees of isokinetic angular velocity, Nm Newton meter, J Joule, PRE assess-
ment at baseline, WEEK 1–5 assessment after 1–5 weeks of resistance training, POST assessment at the end of the 6-week intervention period, 
FU assessment after 12 weeks from the end of intervention (follow-up), CI confidence interval; main effect of time calculated by repeated-meas-
ures ANOVA

Strength 
measures

PRE
Mean ± SD 
(95% CI)

WEEK 1
Mean ± SD
(95% CI)

WEEK 2
Mean ± SD
(95% CI)

WEEK 3
Mean ± SD
(95% CI)

WEEK 4
Mean ± SD
(95% CI)

WEEK 5
Mean ± SD
(95% CI)

POST
Mean ± SD
(95% CI)

FU
Mean ± SD
(95% CI)

Main effect of 
time (p value)

PM 10°/s 
(Nm)

28.5 ± 6.8 
(25.2–
31.7)

25.8 ± 6.9* 
(22.1–
29.6)

29.1 ± 6.5 
(25.7–
32.6)

32.0 ± 7.4* 
(28.4–
35.5)

30.2 ± 7.7 
(26.1–
34.3)

30.7 ± 7.2 
(26.8–
34.5)

32.1 ± 7.5† 
(28.5–
35.8)

30.2 ± 7.5# 
(26.6–
33.8)

F = 17.83 
(p = 0.001)

MW 10°/s 
(J)

10.3 ± 3.8 
(8.5–12.1)

8.9 ± 3.1 
(7.3–10.6)

10.0 ± 2.6 
(8.7–11.4)

12.0 ± 3.2* 
(10.5–
13.6)

10.6 ± 3.8 
(8.5–12.6)

11.0 ± 3.5 
(9.1–12.9)

12.5 ± 3.8† 
(10.6–
14.2)

11.1 ± 3.3# 
(9.5–12.7)

F = 12.51 
(p = 0.003)

PM 45°/s 
(Nm)

23.0 ± 6.5 
(20.0–
26.0)

20.9 ± 4.3 
(18.5–
23.3)

23.6 ± 4.8 
(20.9–
26.3)

26.1 ± 5.8* 
(23.4–
28.8)

24.5 ± 5.3 
(21.6–
27.5)

24.1 ± 5.5 
(21.0-
27.2)

26.4 ± 6.6† 
(23.4–
29.5)

24.5 ± 6.5 
(21.5–
27.5)

F = 22.80 
(p < 0.0005)

MW 45°/s 
(J)

8.9 ± 3.8 
(7.1–10.7)

9.3 ± 2.4 
(7.9–10.6)

11.0 ± 2.0 
(9.9–12.1)

10.7 ± 4.0 
(8.8–12.6)

11.1 ± 3.2* 
(9.3–12.8)

10.2 ± 2.5 
(8.8–11.6)

10.8 ± 3.4 
(9.2–12.4)

9.7 ± 3.3# 
(8.1–11.2)

F = 26.16 
(p < 0.0005)

Table 4  Changes in maximal strength before and after a 6-week high-intensity resistance training of the more affected ankle dorsiflexion mus-
cles in people with multiple sclerosis (female subgroup: n = 15)

Pairwise comparisons were conducted between any time points, but only those yielding significant differences (p < 0.05) are indicated by sym-
bols as follows: *WEEK vs. PRE, †POST vs. PRE; #FU vs. POST
PM peak moment, MW maximal work, 10°/s and 45°/s 10 and 45 degrees of isokinetic angular velocity, Nm Newton meter, J Joule, PRE assess-
ment at baseline, WEEK 1–5 assessment after 1–5 weeks of resistance training, POST assessment at the end of 6-week intervention period, FU 
assessment after 12 weeks from the end of intervention (follow-up), CI confidence interval; main effect of time calculated by repeated-measures 
ANOVA

Strength 
measures

PRE
Mean ± SD
(95% CI)

WEEK 1
Mean ± SD
(95% CI)

WEEK 2
Mean ± SD
(95% CI)

WEEK 3
Mean ± SD
(95% CI)

WEEK 4
Mean ± SD
(95% CI)

WEEK 5
Mean ± SD
(95% CI)

POST
Mean ± SD
(95% CI)

FU
Mean ± SD
(95% CI)

Main effect 
of time
(p value)

PM 10°/s 
(Nm)

24.8 ± 4.2 
(22.1–
27.5)

22.6 ± 4.4 
(19.8–
25.4)

26.1 ± 3.9 
(23.6–
28.6)

28.4 ± 5.5* 
(24.9–
31.9)

27.0 ± 5.7 
(23.3–
30.6)

27.5 ± 5.1 
(24.2–
30.8)

28.5 ± 5.4† 
(25.0-
31.9)

26.3 ± 4.8# 
(23.2–
29.4)

F = 11.214
(p < 0.0005)

MW 10°/s 
(J)

9.4 ± 3.7 
(7.1–11.8)

7.9 ± 2.6 
(6.2–9.5)

9.8 ± 2.4 
(8.2–11.4)

11.3 ± 2.9 
(9.5–13.2)

10.0 ± 3.1 
(8.1–11.9)

10.5 ± 2.3 
(9.0-11.9)

11.3 ± 3.3 
(9.2–13.4)

9.9 ± 2.8 
(8.1–11.7)

F = 6.335
(p < 0.0005)

PM 45°/s 
(Nm)

16.6 ± 4.2 
(13.9–
19.3)

16.3 ± 2.7 
(14.6–
18.1)

19.0 ± 3.9 
(16.5–
21.5)

20.6 ± 4.8* 
(17.5–
23.7)

20.0 ± 4.8* 
(17.0-
23.1)

19.4 ± 4.7* 
(16.4–
22.4)

20.2 ± 5.2† 
(17.0-
23.5)

18.5 ± 5.2# 
(15.2–
21.2)

F = 7.976
(p < 0.0005)

MW 45°/s 
(J)

7.8 ± 2.9 
(5.9–9.7)

8.7 ± 2.3 
(7.2–10.1)

10.5 ± 3.6* 
(8.1–11.9)

10.1 ± 3.6 
(7.8–12.3)

10.3 ± 3.0* 
(8.4–12.4)

9.7 ± 2.4 
(8.0-11.8)

10.0 ± 3.0 
(8.0-11.8)

8.6 ± 2.4 
(7.1–10.2)

F = 5.410
(p < 0.0005)
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statistical significance only for PM 10°/s (−9.5%, 
p = 0.03). Although from mid-intervention to POST no 
further improvements or a trend to decline were observed, 
at this time point three out of four strength measures were 
found to be significantly higher than baseline (PM 10°/s: 
+12.6%, p = 0.04; MW 10°/s: +21.3%, p = 0.02; PM 
45°/s: +14.8%, p = 0.01; MW 45°/s: +21.3%, p = 0.23). 
Significant decreases in strength were then observed from 
POST to FU at both velocities (PM 10°/s: p = 0.02; MW 
10°/s: p = 0.01; MW 45°/s: p < 0.04) with a return to pre-
training values. Individual responses to the intervention 
exhibited by the participants are shown in Fig.  3. After 
the first 3  weeks of HIRT, all the outcome parameters 
already exceeded both the SRDi and SRDi% scores, with 
60–70% of the subjects responding to the intervention; the 
rate of responders increased to 70–85% at the end of the 
intervention (Table 5).

Muscle endurance to fatigue and mobility 
following strength training

The results of the endurance to fatigue and mobility tests 
are summarized in Table 6.

Muscle endurance to fatigue

The repeated-measures ANOVA revealed a main effect of 
time for the total work (F2,32 = 7.995; p = 0.002) and mean 
moment parameters (F2,30  =  3.426; p = 0.04) recorded 
during the endurance test. Pairwise comparisons revealed 
significant PRE to POST improvements in total work 
(+72.3%; p = 0.01) and mean moment (+43.2%; p = 0.02). 
Changes in mean moment were significantly correlated 
with the observed improvement of PM at 10°/s (r = 0.55; 
p = 0.03). From PRE to FU a trend toward improvement 
was observed for the total work (p = 0.09), but not for the 
mean moment (p = 0.51). The calculations of the fatigue 
index resulted in an undiscriminating 100% decline in all 
participants, due to the onset of fatigue, which prevented 
the accomplishment of any muscle work in the last third of 
the 30-repetition endurance test. For this reason, this index 
was discarded.

Mobility

ANOVA revealed a main effect of time for the 10MTW 
(F2,30 = 7.237; p = 0.003) and the TUG test (F2,30 = 14.751; 

Fig. 2  Time course of the changes in strength induced by a 6-week 
high-intensity resistance training of the ankle dorsiflexors in individu-
als with multiple sclerosis. Maximal strength was assessed at baseline 
(PRE), during the intervention phase on a weekly basis and 12 weeks 
after the completion of the training protocol (FU, follow-up). Percent 

changes were calculated with respect to the baseline value, taken as 
100% and indicated by the horizontal dashed line. PM, peak moment; 
MW, maximal work; 10°/s and 45°/s, degrees of isokinetic angular 
velocity
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Fig. 3  Time course of the 
individual responses to high-
intensity resistance training of 
the ankle dorsiflexors exhibited 
by the participants in the study. 
The values of maximal strength 
measured at baseline (PRE), at 
mid-intervention (WEEK 3), 
at the end of the intervention 
(WEEK 6) and after a 12-week 
follow-up (FU) are shown for 
each subject in terms of peak 
moment and maximal work at 
10 and 45°/s angular velocities

Table 5  Clinical relevance 
of the changes in strength 
and rate of responders after 3 
and 6 weeks of high-intensity 
resistance training

Number of subjects/20 refers to those participants, who in our cohort (n = 20) exceeded the SRDi
PM peak moment, MW maximal work, 10°/s and 45°/s 10 and 45 degrees of isokinetic angular velocity, 
Nm Newton meter, J Joule, SRDi individual smallest real difference, WEEK 3 assessment after 3 weeks of 
resistance training, POST assessment at the end of the 6-week intervention period

Strength measures SRDi (SRDi%) Change

WEEK 3 POST

SRDi (%) Number of sub-
jects/20 (%)

SRDi (%) Number of 
subjects/20 
(%)

PM 10°/s (Nm) 2.70–3.09 (10.9) +3.3 (11.6) 14/20 (70) +3.5 (12.3) 17/20 (85)
MW 10°/s (J) 1.16–1.36 (15.3) +1.7 (16.5) 13/20 (65) +2.1 (20.4) 16/20 (80)
PM 45°/s (Nm) 2.27–2.55 (11.6) +3.1 (13.5) 12/20 (60) +3.4 (14.8) 15/20 (75)
MW 45°/s (J) 1.23–1.49 (17.7) +1.8 (20.2) 12/20 (60) +1.9 (21.4) 14/20 (70)
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p < 0.0005), while no significant effect of time was detected 
for the 6MWT (F2,30  =  0.742; p = 0.48). The data were 
confirmed by the pairwise comparisons revealing signifi-
cant PRE to POST improvements in 10MTW (p = 0.02) 
and TUG test (−11.3%; p = 0.002) and no variation in 
the 6MWT (p = 0.22). The observed improvements were 
not maintained at the 12-week FU. A significant correla-
tion was found between PRE to POST improvements in 
10MTW and in PM at 10°/s (r = 0.52; p = 0.04).

Discussion

This is possibly the first study describing muscle condition-
ing in individuals with MS where the intervention effect 
has been assessed both in terms of statistical significance 
and functional importance. Furthermore, the temporal effi-
ciency of the intervention was evaluated by means of multi-
ple assessments during the intervention, at its end and after 
12 weeks from its termination, to render a comprehensive 
picture of a process intended to strengthen the dorsiflexors 
of the more affected lower extremity in PwMS using isoki-
netic dynamometry.

The present study demonstrated that in individuals with 
relapsing–remitting MS and mild to moderate disabil-
ity, who trained their weaker dorsiflexors intensively for a 
period of 6 weeks, a considerable part of the total gain in 
maximal strength was already apparent after 3 weeks. Fol-
lowing the 6-week intervention, such improvements were 
associated with increased endurance to fatigue, mobil-
ity and walking ability. Overall, such findings are in line 
with previous reports conducted in MS populations of the 

same type and comparable degree of disability (White et al. 
2004; Dalgas et  al. 2009, 2013; Hayes et  al. 2011; Kjøl-
hede et al. 2012; Fimland et al. 2010; DeBolt and McCub-
bin 2004; Medina-Perez et al. 2014). However, it should be 
considered that these studies were conducted in lower limb 
muscle groups other than ankle dorsiflexors, which exhib-
its peculiar biomechanical and neurophysiological features 
(Tallent et al. 2013).

Reproducibility and responsiveness of maximal 
strength measurements

Regarding the issue of reproducibility, it is widely accepted 
as a prerequisite for better tracking of changes in measure-
ments in research or clinical practice (Dodd et  al. 2011). 
Establishing the reproducibility of strength measurements 
in MS is a worthy endeavor in the light of the high day-
to-day variability exhibited by these individuals (Lambert 
et  al. 2001). In the present study, the analyses of relative 
and absolute reproducibility performed at baseline through 
a test–retest procedure over three time points revealed high 
consistency and precision of PM and MW measurements 
obtained from the ankle dorsiflexors of PwMS. These find-
ings, while further confirming the established reliability 
of isokinetic dynamometry (Gleeson and Mercer 1996), 
suggest that the strength changes observed in our cohort 
following training are to be viewed as genuine and not a 
reflection of day-to-day variability of muscle performance 
typical of PwMS (Lambert et al. 2001). Although the sam-
ple size was relatively small, it is in line with the numbers 
indicated by Shrout and Fleiss (1989) to be sufficient for 
providing an estimate of reliability.

Table 6  Changes in muscle endurance and mobility outcomes following training as determined by repeated measures ANOVA

Outcome values are reported as mean ± standard deviation (SD). Changes in outcome values are reported as percent difference (+, increase; −, 
decrease) and these changes were considered significant when p values <0.05 (calculated by repeated measures ANOVA pairwise comparisons)
PRE assessment at baseline, POST assessment immediately after the 6-week intervention period, FU follow-up: assessment performed after 
12 weeks from the end of intervention, 95% CI 95% confidence interval, J Joule, Nm Newton meter, 10-MTW (s) 10-m timed walk (seconds), 
TUG (s) Timed Up and Go (seconds), 6MWT (m) 6-min walking test (meters)

OUTCOMES PRE
Mean ± SD (95% CI)

POST
Mean ± SD (95% CI)

FU
Mean ± SD (95% CI)

PRE vs. POST
Difference (%)

PRE vs. FU
Difference (%)

Endurance
 Total work (J) 71.9 ± 47.1 (47.7–96.1) 123.9 ± 85.8 (79.9–168.1) 101.3 ± 31.2 (65.5–137.1) +72.3%

p = 0.01
+40.8%
p = 0.08

 Mean moment (Nm) 8.1 ± 5.4 (5.2–10.9) 11.6 ± 6.8 (8.0–15.2) 10.3 ± 4.6 (7.9–12.8) +43.2%
p = 0.02

+27.2%
p = 0.08

Mobility
 10-MTW (s) 9.2 ± 2.1 (8.1–10.4) 8.3 ± 1.7 (7.4–9.2) 9.1 ± 2.0 (7.9–10.2) −9.8%

p = 0.021
−1.1%
p = 0.60

 TUG (s) 10.0 ± 2.1 (8.9–11.1) 8.7 ± 1.5 (7.9–9.5) 10.1 ± 1.9 (8.9–11.0) −13%
p = 0.002

+1%
p = 0.91

 6-MWT (m) 364.7 ± 96.7 (313.0–416.3) 384.4 ± 82.2 (340.6–428.2) 372.4 ± 76.6 (332.6–414.3) +5.4%
p = 0.22

+2.1%
p = 0.90
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Time course and relevance of training-induced changes 
in maximal strength

First, with respect to the time course of changes in maxi-
mal strength following training, previous studies focusing 
on the effectiveness of RT on muscle weakness in PwMS 
evaluated muscle performance or physical outcomes only at 
the beginning and the end of the intervention (White et al. 
2004; Dalgas et  al. 2009, 2013; Hayes et  al. 2011; Kjøl-
hede et al. 2012; Fimland et al. 2010; DeBolt and McCub-
bin 2004; Medina-Perez et al. 2014). However, no in-depth 
analysis has hitherto been undertaken with respect to the 
time course of these changes. The weekly dynamometric 
assessments performed in the present study have revealed 
that, after an initial trend to decrease, HIRT induced a sig-
nificant increase in maximal strength already after the first 
3  weeks of training. However, the extension of the inter-
vention by another 3 weeks did not result in further gains 
from this time point to POST assessment. A possible expla-
nation for this trend to stabilization may reside in the eti-
ology of the strength deficits in MS, where the neuromus-
cular system may not have the adaptive capacity to fully 
respond to long-term high-intensity exercise (Hayes et  al. 
2011). To this regard, it has been suggested that PwMS 
may reach a training plateau due to the overall decondition-
ing that can interfere with muscle function (Petajan and 
White 1999; Ng and Kent-Braun 1997; Broekmans et  al. 
2011). Moreover, an MS-specific mechanism related to the 
greater atrophy experienced by fast than slow fibers has 
been accounted for the inability of PwMS to achieve higher 
peaks of strength despite the extension of the training 
period (Kent-Braun et al. 1997; Garner et al. 2003). Finally, 
the trend to stabilization observed after the first 3  weeks 
of HIRT may be partially attributed to the occurrence of 
fatigue-induced exercise intolerance or overtraining effect, 
which occurs when the volume or intensity of an exercise 
program exceeds the recovery capacity (Fry and Kraemer 
1997). Since the strength levels assessed at the end of the 
intervention were still significantly larger than baseline, the 
role played by overtraining may be negligible; thus, MS-
related exercise intolerance can reasonably account for the 
pattern exhibited, confirming to some extent that an MS-
specific mechanism may interfere with the physiological 
responses to training stimuli (Kent-Braun et al. 1997; Gar-
ner et al. 2003).

Consistent gains in strength in the early phases of exer-
cise training in PwMS were previously highlighted only 
by Fimland et al. (2010) who assessed strength changes in 
the ankle plantarflexors after 3  weeks of HIRT. It should 
be emphasized that both Fimland’s and this study employed 
maximal-intensity training in PwMS with mild to moderate 
clinical disability, which may help explain the achievement 
of significant strength gains early in the training process. 

Consequently, these findings may not generalize to individ-
uals with more pronounced clinical disability. These current 
findings are supported by a number of studies carried out in 
healthy subjects which evidenced early strength improve-
ments in the absence of muscle hypertrophy (Moritani 
and deVries 1979; Enoka 1997). Maximal strength train-
ing, beside inducing early adaptations in strength, has been 
shown to be superior to conventional submaximal strength 
training at an intensity of 60–70% of 1 RM (Heggelund 
et  al. 2013). Accordingly, Coburn et  al. (2006) reported 
that only three sessions of maximal isokinetic training were 
sufficient to achieve significant enhancements of muscle 
performance. Initial gains in strength are generally attrib-
uted to neural factors such as increased excitability and dis-
charge rates of motor neurons as well as enhanced neural 
drive to the trained muscles in healthy participants (Enoka 
1997) as well as in PwMS (Fimland et al. 2010).

In this study, early improvements in maximal strength 
were evidenced both in terms of the PM, which refers to 
a single point over the range of motion, and MW which 
portrays the capability of muscles to maintain an adequate 
level of strength throughout the entire range of motion 
(Morrissey 1987). These findings are in agreement with a 
previous study performed in healthy subjects where dor-
siflexors were tested and trained with similar isokinetic 
protocols (Manca et al. 2015a) and with several reports in 
PwMS proving HIRT as effective in significantly reducing 
muscle weakness (White et  al. 2004; Dalgas et  al. 2009, 
2013; Hayes et  al. 2011; Kjølhede et  al. 2012; Fimland 
et  al. 2010; DeBolt and McCubbin 2004; Medina-Perez 
et  al. 2014). The finding of an increase in MW besides 
PM, which is the gold standard in strength testing (Morris-
sey 1987), may have practical relevance for PwMS, since 
it may positively impact on their physical functioning dur-
ing the daily living activities. In this perspective, MW can 
usefully complement PM in the interpretation of isokinetic 
findings, adding valuable information for a comprehensive 
assessment of muscle performance (Manca et al. 2015a, b, 
c).

Judging by the quite stringent standards of SRDi cutoff 
scores (both absolute and relative), 60–70% of the par-
ticipants demonstrated an improvement that exceeded the 
minimal clinically meaningful change at mid-intervention 
already, eventually rising to 70–85% at the end of the train-
ing. Noteworthy, as this study was based on a relatively 
small sample size, the cutoffs were both higher than those 
potentially derived from a larger population. This could 
result in an even higher proportion of meaningful change, 
as by increasing the sample size the SRDs (both SRDi and 
SRDi%) could potentially be lower and therefore more 
participants could cross the cutoff. These findings which 
corroborate the use of HIRT in PwMS may have practical 
dose–response and cost-effectiveness implications when 
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defining the training amount to be prescribed to achieve 
meaningful improvements in muscle performance.

Muscle endurance to fatigue and mobility 
following strength training

Interestingly, the observed strength increases were associ-
ated with significant improvements in the mean moment 
and total work accomplished by the ankle dorsiflexors dur-
ing the muscle endurance test. Unexpectedly, the employ-
ment of the fatigue index was not viable in our participants, 
due to their inability to reach the target angular velocity 
of 180°/s early in the test. If the target angular velocity is 
not reached, the isokinetic dynamometer does not provide 
the fully accommodating amount of resistance and thus 
the measurement cannot be realized since the data of the 
first third of the test bout cannot be compared to the sec-
ond or third third. In this regard, this study highlights the 
fact that the use of 180°/s as a test velocity may prove inap-
propriate for assessing muscular fatigue in PwMS due to 
their inability to generate the required muscular moment 
to conclude the test. We propose that the neuromuscular 
impairment experienced by PwMS along with the greater 
atrophy involving fast rather than slow muscle fibers may 
have jointly contributed to their inability to reach the target 
angular velocity of 180°/s (Kent-Braun et al. 1997; Garner 
et al. 2003; Hayes et al. 2011). This finding is in line with 
the general opinion that patients with neurological condi-
tions, in whom muscle weakness is a main symptom, expe-
rience difficulties in reaching high angular velocities and 
maintaining maximal effort throughout the entire range of 
motion.

The observed gains in muscle performance at follow 
up also translated into improved mobility and walking 
outcomes, suggesting that the intervention had a positive 
impact also on mobility and walking performance. This 
is in line with the current opinion that resistance training 
leads to improvement of muscular strength as well as func-
tional outcomes (Kjølhede et  al. 2012; Broekmans et  al. 
2011). The finding of no change in the 6MWT needs to 
be appraised with respect to the nature of this test which 
is generally considered a cardiovascular fitness test and 
may therefore be unresponsive to an intervention such as 
resistance training which is not aimed at improving aerobic 
endurance.

The positive correlations between gains in the peak of 
strength and increases of both mean moment and 10MTW 
suggest that the improvements in endurance to fatigue and 
walking ability may be attributed to the intervention rather 
than to learning/practice effects, which are common with 
these types of measures.

Noteworthy, a significant retention of strength gains 
emerged at the follow-up. First, it should be noted that 

significant gains were still apparent in terms of PM, 
12  weeks after the completion of the HIRT program. On 
the other hand, the MW values at 10 and 45°/s, although 
still higher than those measured at baseline, did not reach 
statistical significance. Thus, whereas PM remains high, 
MW is likely to deteriorate faster. This might indicate that 
the mechanisms responsible for maintaining the overall 
capacity (reflected by MW) are not related to those regard-
ing the peak performance (reflected by PM). Furthermore, 
a comparison of the present findings with those derived 
from previous studies is hampered due to the application 
of different training protocols, outcomes and muscle groups 
studied (White et  al. 2004; Gutierrez et  al. 2005; Dodd 
et  al. 2006, 2011; Taylor et  al. 2006; Dalgas et  al. 2009, 
2013; de Souza-Teixeira et  al. 2009; Fimland et  al. 2010; 
Filipi et al. 2011; Hayes et al. 2011; Sabapathy et al. 2011; 
Broekmans et al. 2011; Kjølhede et al. 2012; Medina-Perez 
et al. 2014). Regardless of such heterogeneity, our data on 
the retention of muscle performance at the 12-week evalua-
tion are in line with a previous study in PwMS which found 
a retention of maximal isometric strength (Dalgas et  al. 
2009, 2013), but in disagreement with more recent reports, 
which observed no significant differences between base-
line and follow-up (Dalgas et al. 2013; Medina-Perez et al. 
2014). Although in our PwMS the retention of force capac-
ity was observed for only two out of the four considered 
strength outcomes, this result is still functionally relevant 
since in healthy subjects a significant decay in muscle per-
formance has been shown to take place already from the 
third week of inactivity (Bosquet et al. 2013). Whether or 
not this finding points out to a different retention mecha-
nism between healthy subjects and PwMS is an interest-
ing topic that begs some fresh research. Moreover, since 
no follow-up data collected at time intervals shorter than 
12 weeks are available in MS, further studies investigating 
the time course of the detraining process in MS over nar-
rower temporal windows are necessary.

Conclusions

A 6-week maximal-intensity RT of the ankle dorsiflex-
ors induced in PwMS significant and clinically relevant 
increases in maximal strength, which also translated into 
muscle endurance and mobility improvements. Interest-
ingly, 3  weeks of training proved sufficient to achieve 
consistent and meaningful improvements in muscle per-
formance. However, the time course pattern observed, 
which resembles a “sawtooth” wave with peaks and drops 
in performance, seems to suggest that while high-intensity 
resistance training is viable in MS, it should be delivered 
with adequate recovery between sessions to avoid the 
onset of acute exercise intolerance. These findings may 
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have dose–response as well as practical implications in 
the management of muscle weakness of ankle dorsiflexors 
in PwMS undergoing resistance training protocols. How-
ever, considering the neurophysiological and biomechani-
cal peculiarities of this muscle group, the present findings 
should be carefully generalized to other body regions. 
Finally, this study was conducted in individuals with 
relapsing–remitting MS and mild to moderate disability in 
whom disparity in DF performance impacted only moder-
ately on walking ability. Similarly, it should be taken into 
account that the effects of our exercise protocol may prove 
different in PwMS with different clinical features in terms 
of type, severity and variability of symptoms of the disease.
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