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A B S T R A C T   

Background: Persons with Multiple Sclerosis (pwMS) frequently experience walking difficulties, often expressed 
as a slower walking speed during the 6 Minute Walking Test (6MWT). In addition, slower walking speeds are also 
related to higher levels of perceived exertion. PwMS are also known to have a higher energetic Cost of walking 
(Cw) and may experience muscle fatigue during prolonged walking. In this study, we aimed to explore changes in 
Rate of Perceived Exertion (RPE) and the Cw within participants during the 6MWT in pwMS. Additionally, 
concomitant changes in the mean and variability of gait characteristics and changes in muscle activation 
describing muscle fatigue were assessed. 
Methods: The 6MWT was performed on an instrumented treadmill while three-dimensional motion capture and 
gas exchange were measured continuously. RPE on the 6–20 borg-scale was questioned directly before and after 
the 6MWT. Cost of walking was expressed in Joules/kg/m. Muscle fatigue was assessed by increases in Root 
Median Square (RMdS) and decreases in Median Frequency (MF) of the recorded EMGs. Wilcoxon-Signed Rank 
test was used to assess a difference in RPE before and after the 6MWT. Linear mixed models, while controlling for 
walking speed, were used to assess changes in Cw, mean and variability of gait characteristics and RMdS and MF 
of muscle activation. 
Results: 28 pwMS (23 females, mean ± standard deviation age 46 ± 10 years, height 1.69 ± 0.08 meter, weight 
76 ± 18 kilogram, EDSS 2.7 ± 1.3) were included. Although the RPE increased from 8 to 12, no changes in Cw 
were found. Walking speed was the only spatiotemporal parameter which increased during the 6MWT and RMdS 
of the gastrocnemius and tibialis anterior muscles increased. The soleus muscle decreased in MF over time. 
Conclusion: The increases in RPE and walking speed was not accompanied by a change in Cw during the 6MWT 
which indicates that the perceived exertion was not accompanied by an increased physical exertion. Changes in 
muscle activation might give an indication for muscle fatigue but were inconclusive. Although the 6MWT reflects 
daily life walking challenges for pwMS, this test did not show the expected changes in gait parameters in our 
sample.   

1. Introduction 

Multiple Sclerosis (MS) is a neurodegenerative autoimmune disease 
which causes demyelination of the CNS and axonal damage, leading to 
physical impairments. The most important physical activity, reported by 
persons with MS (pwMS) is walking and is affected from an early stage of 

MS. (Heesen et al., 2018) Limitations in walking ability have been 
repeatedly associated with (self-reported) perceived fatigue and 
decreased daily physical activity. (Kalron, 2015) On the longer term, 
decreased physical fitness is associated with increased risk for 
co-morbidities such as cardiovascular impairments and depression. 
(Dalgas et al., 2019) Maintaining walking ability is therefore an 
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important goal in rehabilitation for pwMS. 
In clinical settings, walking ability is generally evaluated by the 6 

Min Walking Test (6MWT). (Stella et al., 2020; Comber et al., 2017) 
Impaired walking ability has been characterized in several studies by 
slower walking speeds during the 6MWT in pwMS. (Comber et al., 2017; 
Savci et al., 2005; Goldman et al., 2008) In addition, slower walking 
speeds are related to increased levels of both perceived psychological 
and physical fatigue assessed with the Modified Fatigue Impact Scale 
(MFIS). (Goldman et al., 2008) In our study, perceived exertion is 
referred to as a self-reported subjective sensation of perceived exertion 
by the Rating of Perceived Exertion (RPE) on the 6–20 point borg-scale. 
Physical exertion is referred to as an objective decline in performance 
during a specific task. Recent studies have observed a decline of 
≥10–15% in walking speed between the first and last minute of the 
6MWT in about half of pwMS with moderate-to-severe disability, 
referred to as walking fatigability. (Van Geel et al., 2020; Leone et al., 
2016) It is unknown whether changes in walking speed are also 
accompanied by a change in the metabolic energy demand during the 
6MWT. Physical exertion might be addressed more comprehensive by 
simultaneously assessing the change in walking speed and the metabolic 
energy demand during the 6MWT. 

Metabolic energy demand during walking is typically expressed as 
the energetic Cost of walking (Cw) which indicates the amount of energy 
consumed per distance walked and is expressed in Joules per kilogram 
bodyweight per meter (J⋅kg− 1⋅m− 1). Persons with MS walk at a greater 
Cw compared to healthy persons (Stella et al., 2020) but with a similar 
optimal speed, as described by the U-shaped relationship between 
walking speed and the Cw. (Theunissen et al., 2021) Since walking is 
energetically more demanding in pwMS, an increased Cw might be 
accompanied by changes in gait parameters. Evaluating this simulta-
neously will contribute to the understanding of both physical and 
perceived fatigue. PwMS are known to walk at a lower cadence, shorter 
step length and wider step width, compared to healthy persons. 
(Comber et al., 2017) Furthermore, within-subject variability of these 
gait characteristics is also increased in pwMS. (Arpan et al., 2020) 
Considering that these are all predictors for the Cw, an increased 
metabolic effort could be accompanied by alterations in these parame-
ters. (Donelan et al., 2001; Donelan et al., 2002) In addition, Eken et al. 
(Eken et al., 2020) pointed to the relevance of measuring muscle fatigue 
during walking in pwMS and showed a worsening of muscle fatigue 
irrespective of walking speed. Considering muscle activation as the 
primary source of metabolic energy demand during walking, altered 
activation strategies and muscle fatigue can be related to an increased 
Cw. (Rudroff et al., 2014; Ng et al., 2004) 

In this study, we aimed to explore changes in RPE and the Cw within 
participants during the 6MWT in pwMS. Additionally, concomitant 
changes in the mean and variability of gait characteristics and changes 
in muscle activation reflecting muscle fatigue were assessed. 

2. Materials and methods 

This study employed an observational experimental design among 
pwMS. Participants were recruited from the MS Rehabilitation Center 
(Overpelt, Belgium) and Zuyderland Hospital (Sittard-Geleen, the 
Netherlands) between 24/04/2019 and 01/02/2021. All participants 
received verbal instructions and gave written informed consent. The 
study was approved by Medical Ethics Committee of Maastricht Uni-
versity Medical Center NL67805.068.18 and conducted in compliance 
with the Declaration of Helsinki. A detailed experimental set-up and 
sample size calculation is provided in Supplementary File 1. 

2.1. Participants 

PwMS were eligible for inclusion if they were between 18 and 65 
years old, able to walk for 6 min without walking aid, expressed as an 
Expanded Disability Status Scale (EDSS) ≤5.5. Exclusion criteria were: 

relapse < 3 months- and botulinum toxin treatment in lower limb < 6 
months prior to measurements, contraindication for physical activity, 
fractures or other comorbidities that could influence gait or energy 
metabolism. 

2.2. Experimental set-up 

All participants were instructed to avoid vigorous physical activity 
<24 h and eating and drinking (with the exception of water) <3 h prior 
to the measurement. First, Resting Metabolic Rate (RMR) was measured 
via indirect calorimetry by collecting consumed oxygen (O2) and pro-
duced Carbon Dioxide (CO2) (Omnical, Maastricht Instruments, Maas-
tricht The Netherlands). (Schoffelen and Plasqui, 2018) Participants 
were positioned under a ventilated hood in a supine position for 35 min 
while watching a calming nature documentary. 

Bi-lateral electromyography (EMG) of 3 main lower limb muscles 
(gastrocnemius medialis (GM), soleus (SOL), tibialis anterior (TA)) 
susceptible to fatigue during walking (van der Krogt et al., 2012) and 
known to affect gait in pwMS (Kempen et al., 2016) were measured via 6 
surface electrodes (1000 Hz, Trigno Wireless, DelSys Inc, USA). The skin 
was shaved and rinsed with pure alcohol before electrodes were 
attached following the SENIAM guidelines [17]. Consequently, subjects 
laid down and relaxed for several minutes to identify baseline noise in 
muscle activity. 

The 6MWT was performed at the Computer Assisted Rehabilitation 
Environment (CAREN) system (Motek Medical B.V., Amsterdam, The 
Netherlands) consisting of a six degrees-of-freedom motion base with a 
dual belt treadmill and integrated force plates. The 180◦ cylindrical 
screen projected a static virtual environment. Motion capture system 
consisted of 12 real-time infrared cameras (Vicon Motion Systems, Ox-
ford, United Kingdom) enabling the tracking of reflective markers. To 
guarantee reliability of marker placement, a single researcher attached 
the markers to the participants’ skin with adhesive tape according to the 
Human Body Model v2 Lower Limb. (van den Bogert et al., 2013) All 
participants wore similar gym shoes of appropriate size to avoid influ-
ence from insoles and an upper body safety harness attached to an 
overhead suspension system to prevent injury in case the subject would 
lose balance. 

To familiarize with treadmill walking prior to the 6MWT, all par-
ticipants completed 2 walking bouts of 3 min at a leisurely self-paced 
mode. This self-paced algorithm adjusts the treadmill speed in accor-
dance with the position of the subject on the treadmill. (Sloot et al., 
2014) After resting time to limit fatigue due the familiarization bouts, 
the subjects were instructed to walk as fast as possible during the 6MWT 
(ATS Statement 2002) and data collection started after participants 
indicated to have reached their starting pace to avoid delay of treadmill 
acceleration. During the 6MWT, participants wore a face mask contin-
uously collecting respiratory gasses. RPE on a 6–20 point borg-scale 
(Borg, 1970) before and directly after the 6MWT and physical exer-
tion was assessed by continuously monitoring heart rate via a chest strap 
(Polar H9). 

Before the 6MWT, the following questionnaires were completed to 
characterize the population: Modified Fatigue Impact Scale (MFIS;range 
0–84) for assessing the impact of fatigue on daily life in which a score 
>38 indicates MS-related fatigue, (Flachenecker et al., 2002) Fatigue 
Severity Scale (FSS;range 1 – 7) with a score ≥4.6 indicating MS-related 
fatigue, (Flachenecker et al., 2002) MS Walking Scale-12 (MSWS-12; 
range 0–100) with a score between 25 and 49 indicating moderate 
disability and ≥50 a substantial loss of functional independence. 
(Goldman et al., 2017) 

After the experiment, participants’ body composition was measured 
by assessing total body water via deuterium labeled water. (Westerterp 
et al., 1995) Fat Free Mass (FFM) was calculated from total body water. 
(Van Marken Lichtenbelt et al., 1994) 
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2.3. Data processing 

Determination of initial contact was based on vertical ground reac-
tion forces and marker data. (Zeni et al., 2008) Gait characteristics 
contributing to the Cw (Donelan et al., 2001; Donelan et al., 2002) and 
included in the analysis were: walking speed, cadence, step length and 
step width. Within-subject variability was described by the coefficient of 
variation as the ratio of the standard deviation to the mean and 
expressed in percentage. 

Resting metabolism was expressed in Joules/kilograms body mass/ 
minute (J•kg− 1•min− 1). Steady state net Cw was derived by subtracting 
resting metabolism from steady state energy expenditure (minute 3,4,5 
and 6) expressed in Joules/kilograms body mass/distance walked per 
minute in meters (J•kg− 1•m− 1). 

All recorded EMG signals were visually inspected and included for 
further analysis in case clear bursts were visible. Signals were excluded 
in case the Signal to Noise Ratio (SNR) was <5. All above mentioned 
parameters were processed via a custom made Matlab script (Math-
Works, USA). 

2.4. Statistical analysis 

All statistical analyses were performed using SPSS Version 25 (IBM, 
Chicago, IL). Demographic and clinical characteristics were reported in 
means±standard deviations. Normal distribution was assessed with the 
Shapiro-Wilk test. The RPE before and after the 6MWT was statistically 
compared by the Wilcoxon Signed-Rank Test. 

Linear mixed models were used to assess whether the Cw, gait 
characteristics (walking speed, cadence, step length, step width) and 
muscle activation changed between minutes of the 6MWT. Main effects 
were assessed as fixed effects with time as a factor. Walking speed was 
included as a covariate in case of either a linear or polynomial rela-
tionship. Consequently, model accuracy was determined for every 
outcome measure independently, assessing the Schwarz’s Bayesian 
Criterion (BIC) for selecting the covariance type. Multiple comparisons 
over time were adjusted with Least Significant Difference (LSD). Muscle 
fatigue was defined as a concomitant increase over time in the signal 
amplitude as Root Median Square (RMdS) and a decrease in the spectral 
frequencies as Median Frequency (MF). (De Luca, 1984) 

3. Results 

Thirty-two participants were measured of which data of four persons 
were not included due to technical errors (n = 2) and belated notifica-
tion of comorbidities affecting gait as an exclusion criteria (n = 2). The 
population mean was mildly disabled with a mean EDSS of 2.67 (range 
1–5.5). Forty-four percent (%) of the pwMS reported an impact of fa-
tigue on daily life, 59% reported fatigue, 37% moderate walking 
impairment and 26% substantial loss of functional independence, on the 
MFIS, FSS and MSWS-12, respectively. All mean±SD descriptive subject 
parameters are reported in Table 1. 

3.1. Changes in rpe and cw 

After the 6MWT the average RPE significantly increased from 8 ± 2 
to 12±3 (z=− 4.475,p=<0.001). The mean Cw per minute is presented 
in Fig. 1 and all gait parameters interest are reported in Table 2. Linear 
mixed models with walking speed as polynomial covariate revealed no 
change in Cw over time (F = 2.365,p=.097). Heart rate increased from 
the 1st to the last minute of the 6MWT with 15% from 101 to 118 beats 
per minute. 

3.2. Changes in gait characteristics 

Fig. 1 presents the walking speed per minute during the 6MWT. This 
was the only gait characteristic that changed over time during the 

6MWT (F = 7.331,p<.001) and increased gradually from 1.33 to 1.44 
m/s. Post-hoc comparison mainly showed differences between the first 
and second half of the 6MWT with an increase between minute 1 and all 
the following minutes as well as between minute 2 and minutes 4,5,6. 
Finally minute 3 showed a slower walking speed, compared to minutes 5 
and 6. Cadence, step length and step width (adjusted for walking speed 
as polynomial covariate) did not change over time (F = 0.464,p=.799;F 
= 1.949,p=.094;F = 0.471,p=.797, respectively). Within-subject vari-
ability in walking speed, cadence, step length and step width did not 
change over time (F = 23.446,p=.082;F = 26.211,p=.518;F = 25.991, 
p=.084;F = 24.642,p=.766, respectively). 

3.3. Changes in muscle activation 

In total five participants were excluded from EMG analyses due to 
technical errors. The GM, SOL and TIB from three participants were 
excluded due to no clear bursts visible. Additionally, one minute of the 
GM was excluded due to a SNR<5. The mean±sd SNR of the GM, SOL 
and TIB were 67±76, 39±50 and 31±16, respectively. Fig. 2 

The GM showed an increase in RMdS over time (F = 3.012,p=.017) 
with a significant linear effect of walking speed (F = 37.250,p=<0.001). 
Post-hoc comparison showed differences between minute 1 and minutes 
2 and 3 and between minute 5 and 6. However, MF of the GM did not 
change over time (F = 1.144,p=.346). The SOL showed no increase in 
RMdS over time (F = 1.587,p=.175). There was a significant decrease 
over time in MF (F = 3.956,p=.003) between minutes 1 and 2 and mi-
nutes 3,4,5,6. The TA muscle showed a significant increase in RMdS over 
time (F = 2.482,p=.038) with a main effect of walking speed (F =
23.432,p=<0.001). Post-hoc comparison showed a difference between 
minutes 3 and 4, compared to minute 5. However, the TA showed no 
change in MF over time (F = 2.270,p=.057). 

4. Discussion 

This is the first study that explored changes in RPE and the Cw within 
participants during the 6MWT in pwMS. Additionally, concomitant 
changes in the mean and variability of gait characteristics and changes 
in muscle activation describing muscle fatigue were assessed. We 
observed no significant changes in Cw during the 6MWT while a 4 point 
increase in RPE was found. This indicates that the increased perceived 
exertion was not accompanied by an increase in physical exertion. 

The increased RPE during the 6MWT is in line with other studies 

Table 1 
Descriptive parameters for all pwMS.   

(n = 28) 
Parameter Mean ± SD 

Gender (male/female) 5/23 
Age (years) 46 ± 10 
Height (meters) 1.69 ± 0.08 
Weight (kilograms) 76 ± 18 
Fat Free Mass (%) 32 ± 10 
Resting Metabolic Rate (ml O2⋅kg− 1⋅min− 1) 2.92 ± 0.39 
EDSS 2.67 ± 1.29 
Time since diagnosis (years) 11 ± 6 
Type of MS (rr/pp/sp/ns) 20/3/1/4 
Modified Fatigue Impact Score 42 ± 22 
▒score >38:% (n) 44% (12) 
Fatigue Severity Scale 4.67 ± 1.17 
▒score >4.6:% (n) 59% (16) 
MS Walking Scale-12 34 ± 27 
▒score 25–49:% (n) 37% (10) 
▒score ≥50:% (n) 26% (7) 
Total 6MWD (meters) 486 ± 129 

Abbreviations: PwMS= persons with Multiple Sclerosis; RMR= resting meta-
bolic rate in ml O2⋅kg− 1⋅min− 1; EDSS= Expanded Disease Disability Scale; 
rr=relapsing remitting; pp= primary progressive; sp= secondary progressive, 
ns= not specified; 6MWD= six minute walking distance. 
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including pwMS. (Hadouiri et al., 2021; Broscheid et al., 2022) This 
increment is suggested to be clinically significant when compared to 
other patient populations. (Ries, 2005) Therefore, it can be concluded 
that the 6MWT induced perceived exertion. However, the increased 
perceived exertion was not accompanied by changes in objective phys-
ical measures of exertion. It was expected that the increase in walking 

speed was accompanied by either an increase or decrease in Cw, refer-
ring to the U-shaped relationship between Cw and walking speed. 
However, the difference of 7% in Cw between minutes 3 and 6 is slightly 
beyond the measurement error of 5% and did not change significantly. 
(Schoffelen and Plasqui, 2018) 

Walking speed showed a small increase over time and was not 
accompanied by changes in other gait parameters of step length, 
cadence and step width. In contrast to previous literature referring to 
walking fatigability when decreasing walking speed over the course of 
the 6MWT, the subjects in our study increased walking speed. These 
findings are in line with previous studies describing that a decrease in 
walking speed is not adequate for describing walking fatigability in 
mildly disabled pwMS (EDSS 0–3.5). (Broscheid et al., 2022; Escuder-
o-Uribe et al., 2019) Although increased gait variability is related to gait 
deterioration and self-reported fatigue in pwMS with mild disability, 
(Shema-Shiratzky et al., 2019; Zanotto et al., 2022) the increased RPE in 
our study was not accompanied by an increased gait variability. This is 
in line with the results from Crenshaw et al. reporting no change in ki-
netic and kinematic variability before and after fatigue assessed with an 
increase in RPE. (Crenshaw et al., 2006) In addition, the positive rela-
tionship between gait variability and Cw as described in healthy per-
sons, supports our findings indicating no changes in both variability and 
Cw over time. (Rock et al., 2018) Although Sebastiao et al. (Sebastião 
et al., 2018) reported a correlation between gait variability and Cw in 
pwMS, both outcome measures were not measured simultaneously and 
even reported a difference in walking speed between both conditions. 
(Crenshaw et al., 2006; Rock et al., 2018) These findings indicate that 
the increased RPE - as an indicator for perceived exertion, is not 
accompanied by an increased variability - as an indicator for physical 
exertion. 

Finally, muscle activation parameters showed significant increases in 
RMdS of the GM and TA and a decrease in MF of the SOL, indicating no 
conclusive muscle fatigue. In contrast to previous literature, the 
increased RPE was not accompanied by muscle fatigue. (Steens et al., 
2012) The increased RMdS of the GM and TA could be explained by 
increased motor unit activation for constant force production due to less 
force production as the muscle fatigues. In our analysis, walking speed 
was found to have a main effect and could be an explanatory factor. The 
increase in RMdS of the GM is in line with previous research assessing 
muscle fatigue in pwMS. (Eken et al., 2020) The decrease in MF of the 
SOL could be attributed to a shift towards slower muscle fiber types due 
to fatigue of fast fiber types and to decreases in conduction velocity. 
However, our study did not measure lactate levels which could be 
responsible for a shift in the slower MF spectrum. (Cifrek et al., 2009) 

Recent literature indicated that the test-retest reliability of RPE in 
pwMS following the 6MWT is at most fair (Hadouiri et al., 2021) and 
suggested the use of objective measurement outcome for fatigue on 

Fig. 1. Left= Walking speed per minute during the six minute walking test (6MWT), Right= Cost of walking (Cw). The shaded area represents the 95% confidence 
interval (CI). Note that only steady state net Cw of minute 3,4,5,6 are included in the analysis. 

Table 2 
Gait parameters of interest.  

a. Average ± sd per 
minute 

1 2 3 4 5 6 

Cost of walking 
(J•kg− 1•m− 1) 

/ / 2.94 
± 0.49 

2.96 
± 0.59 

3.07 
± 0.66 

3.14 
± 0.73 

Walking speed (m/ 
s)* 

1.33 
± 0.34 

1.39 
± 0.34 

1.39 
± 0.36 

1.42 
± 0.38 

1.43 
± 0.40 

1.44 
± 0.42 

Cadence (steps/ 
min) 

123 ±
11 

124 ±
10 

124 ±
11 

125 ±
11 

126 ±
12 

126 ±
12 

Step length (m) 0.65 
± 0.13 

0.67 
± 0.13 

0.66 
± 0.14 

0.67 
± 0.15 

0.67 
± 0.16 

0.68 
± 0.17 

Step width (m) 0.20 
± 0.06 

0.19 
± 0.06 

0.20 
± 0.06 

0.19 
± 0.06 

0.19 
± 0.06 

0.19 
± 0.06 

b. Variability per 
minute 

1 2 3 4 5 6 

Walking speed (%) 6 ± 4 4 ± 3 4 ± 2 5 ± 4 4 ± 2 5 ± 4 
Cadence (%) 4 ± 2 3 ± 2 3 ± 2 3 ± 2 3 ± 2 3 ± 2 
Step length (%) 4 ± 2 4 ± 2 4 ± 2 4 ± 2 4 ± 3 4 ± 3 
Step width (%) 13 ± 7 12 ± 8 12 ± 6 13 ± 6 13 ± 6 14 ± 7 
c. Muscle activity 

per minute 
1 2 3 4 5 6 

Root Median 
Square(RMdS)       

Gastrocnemius 
Medius* 

0.14 
± 0.07 

0.14 
± 0.08 

0.14 
± 0.08 

0.15 
± 0.08 

0.15 
± 0.08 

0.15 
± 0.08 

Soleus 0.16 
± 0.05 

0.16 
± 0.06 

0.16 
± 0.05 

0.17 
± 0.05 

0.17 
± 0.05 

0.18 
± 0.05 

Tibialis Anterior* 0.19 
± 0.05 

0.20 
± 0.05 

0.19 
± 0.05 

0.20 
± 0.05 

0.21 
± 0.05 

0.20 
± 0.05 

Median 
Frequency (MF)       

Gastrocnemius 
Medius 

75 ±
24 

77 ±
27 

74 ±
25 

74 ±
27 

76 ±
30 

76 ±
30 

Soleus* 78 ±
28 

76 ±
28 

71 ±
29 

70 ±
28 

69 ±
28 

69 ±
29 

Tibialis Anterior 84 ±
17 

81 ±
18 

82 ±
15 

81 ±
16 

79 ±
18 

78 ±
17 

Cost of walking is expressed as J•kg− 1•m− 1=Joules/kilogram bodyweight/dis-
tance walked in meters. m/s= meters per seconds. min= minute. m= meter. 
Variability is expressed as within subject coefficient of variation expressed as 
percentage ratio of standard deviation to the mean. RMdS= Root Median Square 
in mV, MF= Median Frequency in Hz. 

* An asterisk represents a significant difference between minutes assessed with 
linear mixed models. 
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exertion. Our attempt to describe more physical measures for fatigue 
with the absence of changes in the Cw could partly be explained by the 
delays in metabolic response during changing walking speeds. Aside 
from a delay caused by the oxygen exchange between the lungs and 
blood, the consumed oxygen measured from respiratory gasses is used to 
replace the stored energy which is used for instantaneous force gener-
ation. As suggested by Selinger and Donelan, (Selinger and Donelan, 
2014) the instantaneous metabolic cost shows a delay of two minutes. It 
could be suggested that the 6MWT is not an optimal test for assessing 
changes in Cw due to the variability in walking speed. In comparison to a 
study by Visch et al., (Visch et al., 2022) our subjects walked with a 
slightly higher Cw. However, the corresponding walking speed in our 
study was higher. In contrast, another study reported a higher Cw 
compared to our results in which, among pwMS, also persons with other 
neurological disabilities were included. Aside from the differences be-
tween the above mentioned studies, both reported a lower Cw with 
increasing walking speeds. In support of the U-shaped relationship be-
tween Cw and walking speed, the decreasing Cw indicates that the 
subjects did not walk at their energetically optimal speed. Accepting 
previous evidence on the energetically optimal speed, it can be sug-
gested that the subjects in our study also walked below their energeti-
cally optimal speed. (Theunissen et al., 2021) While walking speed 
increased during the 6MWT, the Cw was expected to decrease. It should 
however be noted that the individual Cw curves are not the scope of this 
study and that our subjects were asked to walk at a maximal speed. 
Finally, decreases in MF of the SOL could be a plausible indication for 
muscle fatigue since pwMS are known to show decreased ankle plan-
tarflexion. (Almuklass et al., 2018; Wagner et al., 2014) In addition the 
SOL is primarily responsible for plantarflexion which could explain the 
absence of decreased MF of the GM since this muscle also induces ankle 
plantarflexion and knee flexion. (Lenhart et al., 2014) Although the 
changes in muscle activation are in line with previous literature, there 
was only an indication for muscle fatigue found. The lack of muscle 
fatigue could be explained due to the heterogeneity of muscle activation, 
not leading to an accompanied increase in RMdS and a decrease in MF. 
However, with muscle activation as the primary source for metabolic 
energy demand, this might provide the most objective instantaneous 

indication for physical exertion. 

5. Conclusion 

The observed increased RPE and walking speed without changes in 
Cw, indicates that the perceived exertion was not accompanied by an 
increased physical exertion. Changes in muscle activation of the SOL 
muscle indicates muscle fatigue we are cautious for definite conclusions. 
Although the 6MWT reflects daily life walking challenges for pwMS, this 
test did not show the expected changes in gait parameters in our pop-
ulation. This could be attributed to the mild disease severity of our 
population. Including a more disabled population or elongated walking 
protocols could provide a better insight into changes in keeping in mind 
the daily life walking behavior of pwMS. Future research including the 
energetically optimal and comfortable walking speed might improve 
understanding of changing gait parameters related to perceived or 
physical exertion. 
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