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Abstract
Background: People with MS (pwMS) present changes in gait speed and quality during a 6-min walking test (6MWT). It
is unknown whether these changes are clinically meaningful.
Objective: To examine the relationships between pwMS-perceived changes in gait speed and quality with walking fat-
igability indices.
Methods: Forty-five pwMS (EDSS: 4.0; 51± 11 years) performed the 6MWT. Sensor-based fatigability indices were cal-
culated by comparing gait quality and the distance walked between the first/last minute of the 6MWT. Perceived changes
in speed, smoothness, balance, ankle, knee and hip movement, attention, spasticity and pain were reported after the
6MWT using a questionnaire (Likert-type). The minimal important change (MIC) was calculated using an anchor-based
approach. Spearman’s rank correlations (pwMS-perceived changes x fatigability indices) were calculated.
Results: More than half of pwMS reported changes in speed, smoothness, balance, or ankle position after the 6MWT.
Significant MICs were found for most gait quality fatigability indices, as well as significant correlations with perceived
changes, particularly for distance, speed, cadence, stride length, double support, step duration variability, and toe-off
angle.
Conclusion: PwMS perceived changes in gait speed and quality. The MIC values complement existing cut-off scores,
facilitating the identification of walking fatigability and its use in clinical trials.
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Introduction
Walking is one of the most valuable body functions for peo-
ple with multiple sclerosis (pwMS).1,2 In a survey, self-
reported problems with walking involved excessive energy
expenditure, loss of balance, dragging the foot on the
ground (i.e., foot-drop), being unable to walk fast, and get-
ting rapidly fatigued.2 These self-reported features can be
captured by instrumented gait measurements. Lower gait
speed3 and impairments in several gait domains, such as
balance, variability, rhythm, pace, and kinematics,3–6 are
well-documented in the literature. These walking impair-
ments are associated with self-reported walking limitations,
as measured by instruments such as the 12-item Multiple
Sclerosis Walking Scale (MSWS-12), particularly in indivi-
duals with moderate-to-severe pwMS.7,8

In recent years, it is aware that walking (impairment) in
pwMS can transiently worsen following sustained effort, a
phenomenon known as walking fatigability (WF), affecting
more than 60% of pwMS.9–11 Walking fatigability mani-
fests as a decrease in walking distance (i.e., distance walk-
ing fatigability-DWF), a decrease in gait quality (i.e., gait
quality fatigability- GQF) or both.10 This was done by
investigating changes in distance walked or gait quality
(e.g., step duration variability or foot-drop by means of
foot-strike or toe-off angle), comparing the last and first
minute in a 6-min walking test (6MWT). Cut-off scores
of fatigability indices have been proposed to identify
pwMS presenting abnormal fatigability, based on discrim-
inative analysis with healthy subjects.11–13

Importantly, the concept of fatigability (i.e., state
fatigue: a decrease in performance given a task) is different
from the fatigue (i.e., trait fatigue: a feeling of lack of
energy) normally captured by self-report questionnaires.14

Considering that state and trait fatigue are poorly correlated
in the motor and cognitive domains,15–17 in this study, we
focus on fatigability and, more specifically, in the walking
domain.

A previous study showed that pwMS perceived that their
gait pattern, muscle strength, pain, and spasticity increased
after performing a 6MWT.18 However, it is unknown
whether the fatigability indices of gait parameters are mean-
ingful (i.e., correspondence to perceived changes in
pwMS). The importance of investigating this relationship
is twofold: it can provide further validation of objectively
measured changes (fatigability indices), and it might iden-
tify self-perceived fatigability issues not yet captured by
objective measurements.7 Also, it is unknown how large a
change in DWF or GQF must be to be minimally percep-
tible to pwMS (i.e., minimal important change-MIC).19

While traditionally, MICs are used to document clinically
important changes in walking in a longitudinal perspective
or after an intervention, in this study, the methodology is
applied to examine perceived changes in the walking dis-
tance and gait quality during a 6MWT. While one might

argue that the use of the MIC methodology in a cross-
sectional study is unusual, we consider it appropriate given
that we are looking for gait speed and quality changes
within a task (i.e., over time in a 6MWT) that are minimally
perceived and important for pwMS.19 Our results can
inform whether the cut-off value of walking fatigability
indices, reported elsewhere,12,13 corresponds to the minimal
threshold for a change to be perceived by pwMS, providing
a more fine-tuned and valid metric for uptake in clinical
practice and research.

Considering the lack of questionnaires in the literature
for investigating perceived changes in distance and gait
quality within a task, we developed a Likert-type question-
naire, called “perception of gait change (PGC)”, with ques-
tions on several gait domains (e.g., speed, balance,
attention) which are affected in pwMS during prolonged
walking,20 items from the MSWS-12,21 and recently
reported additional gait modules, focusing in gait quality.22

Therefore, the objective of this study is to determine the
relationship of perceived changes in walking speed and
gait quality with fatigability indices in pwMS after a
6MWT protocol. We also provide MIC values by applying
an anchor-based approach in relation to an external criterion
(i.e., a questionnaire asking about how much pwMS per-
ceived their changes comparing the end with the beginning
of the 6MWT).

Methods

Participants
PwMS were recruited through REVAL Rehabilitation
Research Centre and Belgian MS centres (Noorderhart-Pelt
and National MS Centre-Melsbroek), and social media.
Participants were informed about the study procedures and
signed an informed consent (#B1152024000007).
Participants were included if they (i) present a MS diagnosis
(McDonald criteria 2017),23 (ii) had an Expanded Disability
Status Scale (EDSS) score of 1–6.5 or a minimum score of
2 on at least one in the items 7, 10, 11 or 12 of the
MSWS-12, (iii) were between 18 and 65 years old, (iv) could
walk for 6 min without resting, (v) were not pregnant, (vi) did
not present cognitive impairment that could interfere with
understanding the instructions, (vii) and did not have muscu-
loskeletal conditions interfering with walking.

Experimental procedure
We report secondary analysis of a study investigating the
mechanisms of WF in pwMS (NCT06672484).
Participants completed questionnaires for general character-
isation and performed tests. The questionnaires included:
MSWS-1221 and an extended version of the MSWS-12
with 10 questions encompassing gait quality,22 Falls
Efficacy Scale International (FES-I), Pittsburgh
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Fatigability Scale (PFS),24 Modified Fatigue Impact Scale
(MFIS), Fatigue Scale for Motor and Cognitive Functions
(FSMC), the Brief Pain Inventory (BPI, short form),
Multiple Sclerosis Spasticity Scale 88 (MSWS-88, section
5 and 6) and Brief Self-Control Scale (BSCS).
Additionally, the Timed 25-Foot Walk (T25FW) and the
Symbol Digit Modalities Test (SDMT) were performed.

Six-Minute walking test
Participants were instructed to safely walk as fast as pos-
sible to cover a maximal individual distance for 6 min on
a 25-m walkway with turns at both ends. No verbal encour-
agement was provided to the participants; however, they
were informed every minute that lapsed during the test.25

PwMS were allowed to use their own assistive device.
The distance walked minute-by-minute and the total dis-
tance were recorded.

The participants were instructed to stop at the end of the
6MWT, where a researcher would then ask about their per-
ception of gait change. Before and after the 6MWT, the par-
ticipants were asked about their perceived effort with the
Borg scale (0–10).

Gait characteristics measurement
Gait characteristics were measured by eight inertial meas-
urement units (IMU’s- OPAL, APDM, 128 Hz, Clario®,
Portland, US) placed on standardised body positions: ster-
num, lumbar, two on the lateral side of the thigh, two on
the medial side of the tibia, and two on the foot. The
Moveo Explore software (Clario®) processed the data on
a gait-cycle-by-gait-cycle basis. The data were then split
and averaged at the minute level for each gait characteristic
(Matlab, V.2023a). To quantify changes in selected gait
characteristics and in the distance walked, a fatigability
index was calculated by comparing the average of the last
and first minutes of the 6MWT. More precisely, we calcu-
lated the distance walked index (DWI)11,12 and the fatig-
ability index for each of the gait characteristics.13 The
following variables, which were shown to be reliable during
the 6MWT for pwMS,13 were used: gait speed, cadence,
step duration and its variability, double support, and toe-off
and foot-strike angle.

Perception of gait change questionnaire (PGC)
Participants were asked to compare their gait at the end of
the 6MWT with the beginning by completing the PGC.
The participants were not informed about the content of
the questions beforehand to prevent their attention from
being focused on their gait during the test, rather than per-
forming the 6MWT as instructed.

The questionnaire included nine questions regarding gait
speed, smoothness, balance, the movement of the ankle, hip

and knee, attention, spasticity, and pain. The questions were
inspired considering different components, including (i)
specific questions of the MSWS-12, its recent ‘gait’ exten-
sion (i.e., gait speed, smoothness, attention and related to
lower limb kinematics),21,22 and (ii) MS-related symptoms
(i.e., spasticity and pain)18 and known abnormal gait quality
fatigability characteristics, at the end of the 6MWT (e.g.,
toe-off angle or step duration variability).10,13 A
Likert-type style as follows was adopted: −3 (very much
worse), −2 (worse), −1 (little worse), 0 (no change), 1 (little
improved), 2 (improved) and 3 (very much improved). The
PGC is in the appendix.

Reliable fatigability indices of gait quality10,13 were
retained and related to the following questions of the
PGC: speed (DWI, gait speed, cadence, step duration and
stride length), balance (double support and step duration
variability), ankle, knee, hip (toe-off and foot-strike angle)
and attention (step duration variability). The allocation of
questions and variables was based on reasoning and previ-
ous studies. For example, the DWI, gait speed, cadence,
step duration and stride length are strictly related to speed
modulation. Double support and step duration variability
were related to the balance aspect of walking,26 and toe-off
and foot-strike angle can reflect changes in the ankle, knee,
and hip position.27 Lastly, step duration variability related
to the attention question comes from insights that it is asso-
ciated with higher cortical activity in the prefrontal region
(i.e., use of more attentional resources).28,29 Questions on
spasticity and pain were not related to any gait characteris-
tics and came from a previous study that found an increase
in these clinical symptoms after the 6MWT,18 while
smoothness had an exploratory character, as no study has
demonstrated changes within a 6MWT setup in pwMS.
Therefore, we did not match these three questions to any
specific gait characteristic.

Statistical analysis
RStudio (2023.12.1) was adopted for all statistical analyses.
The Shapiro-Wilk test was used for the data normality
check.

Clinical and anthropometric characteristics and Borg
were reported as average± standard deviation or median
[interquartile range] depending on the normality of the dis-
tribution. Pre versus post 6MWT on the Borg report was
compared by a paired Wilcoxon test.

We reported the frequency with which people perceived
their changes for each question. Following, walking fatig-
ability indices (DWI and gait quality) were correlated
with the respective question of the PGC by Spearman’s
rank correlation (rho, 95% confidence interval).
Correlations were interpreted as negligible (0–0.1), weak
(0.1–0.39), moderate (0.4–0.69), strong (0.7–0.89), and
very strong (0.9–1.0),30 and Bonferroni corrections for mul-
tiple comparisons were applied.
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The MIC was used to identify the minimal change that a
population (pwMS) perceives based on an external criterion
(i.e., the PGC) after the 6MWT. An anchor-based approach
was used31,32

Y (t) = α+ β1∗Y (t0)+ β2∗minimally worsened
+ β3∗worsened + ε

Y(t) represents the fatigability indices of each of the gait
characteristics and distance walked; these are the dependent
variables. The independent variables (Y(t0)) correspond to
the baseline values (i.e., the fatigability indices at minute
1, which means 0%). The dummy variables β2 and β3
represent the groups that reported “minimally worse” or
“worse”/“very much worse”, respectively. The reference
group is the pwMS group that reported no change or
improvement on the external criteria (i.e., in the PGC); their
intercept coefficient is α. The intercept of the “minimally
worsened” group is considered the MIC.

Results
Forty-six participants were recruited, but one was excluded
due to severe spasticity, preventing completion of the
6MWT.

Table 1 shows the characteristics of the 45 included par-
ticipants. Our cohort was composed of mild to severe dis-
abled pwMS (EDSS), the majority were females (2:1
ratio), with abnormal fatigue (FSMC and MFIS), with
high concern about falling (FES-I), with relevant perceived
walking limitations (MSWS-12), with mild impact of pain
and spasticity on walking ability (BPI and MSSS-88), and
moderate self-control ability (BSCS). Lastly, pwMS
reported increased perceived effort (Borg) at the end of
the 6MWT compared with the beginning (pre: 1[2.5] vs
post: 4[4], Z= 982, p < .001).

Answer distribution in the PGC
Overall, more than 50% of pwMS perceived that their
speed, smoothness, balance, ankle movement, or attention
worsened at the end of the 6MWT compared to the begin-
ning. Knee and hip movements, pain, or spasticity were per-
ceived as worsened after the 6MWT in 47%, 40%, 37.8%,
and 40% pwMS, respectively (Figure 1).

Correlation and minimal importance change
The distribution of fatigability indices for each of the PGC
questions is shown in Figure 2. Table 2 presents the MIC
values for fatigability indices and correlation coefficients
with the questions. The average and standard error,
minute-by-minute, along with the respective fatigability
index, of each gait characteristic, are presented in supple-
mentary Figure S1.

Table 1. Average ± standard deviation and median [IQR] for
anthropometric and clinical outcomes.

Variables pwMS (n= 45)

EDSS score (0-10) 4 [3.5]

Age (years) 51.1± 11.2

Sex (F/M) 30/15

Body mass (kg) 74.4± 15.9

Height (cm) 170.9± 9.2

T25FW (s) 5.51 [3.37]

6MWT (m) 412.62± 168.59

DWI (%) -10.69± 12.94

MSWS-12 (pts, 12–60) 42.5 [24.75]

MSWS-12 (%) 70.83 [41.25]

Gait module (pts, 10–50) 22.5 [17.25]

SDMT (pts) 52.39± 13.96

MFIS-total (pts, 0–84) 43.24± 15.38

MFIS-Physical (pts, 0–36) 19.5± 8.33

MFIS-Cognitive (pts, 0–40) 17.93± 9.46

MFIS-Psychosocial (pts, 0–8) 4 [3]

PFS-P (pts, 0–50) 25.52± 11.14

PFS-C (pts, 0–50) 20.5± 13.01

FSMC (pts, 20–100) 69.35± 15.38

FES-I (pts, 16–64) 35 [16.75]

BSCS (pts, 13–65) 43.59± 6.81

BPI severity (pts, 1–10) 2.625 [2.69]

BPI interference (pts, 1–10) 1.86 [3.43]

BPI walking (pts, 1–10) 1 [4]

MSSS-88 section 5 (pts, 0–40) 23.5 [17]

MSSS-88 section 6 (pts, 0–40) 22 [17.75]

Note. Expanded Disability Status Scale (EDSS), female (F), male (M),
centimetres (cm), timed-25 foot walking test (T25FW), Symbol Digit
Modalities Test (SDMT), Modified Fatigue Impact Scale physical (MFIS),
Fatigue Scale for Motor and Cognitive Functions (FSMC), Brief Pain
Inventory (BPI), Multiple Sclerosis Spasticity Scale 88 (MSWS-88) section 5
and 6 which refer to the impact of spasticity in the walking ability and body
movements and Brief Self-Control Scale (BSCS).

4 Multiple Sclerosis Journal—Experimental, Translational and Clinical



Figure 1. Frequency distribution of the answers of the people with multiple sclerosis to each question about the perception of
changes after the 6MWT.

Figure 2. Scatter plot of the changes in distance walked (DWI) or gait quality fatigability indices versus the answers in the PGC
questionnaire. Black dots mean people with multiple sclerosis not presenting with walking fatigability (i.e., no abnormal changes
exceeding the cutoff score), red dots mean people with multiple sclerosis presenting with walking fatigability (i.e., exceeding the cutoff
score published elsewhere12,13).
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Significant MICs were observed for DWI, gait speed,
cadence and stride length (speed question), double support
and step duration variability (balance question), toe-off
angle (knee question) and step duration variability (atten-
tion question).

There were significant associations between the subject-
ive perceived changes and the objective changes.
Specifically, moderate correlations were observed for
cadence, gait speed, step duration and stride length (speed
question), double support (balance question), and toe-off
angle (knee question). In addition, weak correlations were
observed for toe-off angle (hip question) and step duration
variability (attention question).

Discussion
This is the first study to investigate whether perception of
distance walking and gait quality changes reflect corre-
sponding fatigability indices during a 6MWT in pwMS.
Notably, the PGC indicates that more than 50% of pwMS

reported perceived deterioration in speed, smoothness, bal-
ance, and ankle movement. We provide MIC for these fat-
igability indices for distance walked/gait speed and gait
quality changes, using an anchor-based approach during
the 6MWT. Our results show that the perceived changes
are associated with the fatigability indices related to speed,
balance, lower limb joint kinematics at the knee level, and
attention and confirmed by significant MIC values.
Although only two correlations were not significant after
Bonferroni correction, some caution should be considered
when interpreting the results for those variables.

The MICs were generally close to our previously
reported cut-off scores for walking fatigability indices using
discriminative analysis of healthy people (Figure 3).12,13

Specifically, we found similar MIC versus the fatigability
indices for DWI,12 gait speed, cadence, toe-off, and step
duration variability.13 On the other hand, larger MIC differ-
ences were observed for stride length, double support, and
step duration variability. Cut-off values and MIC provide
complementary information as they allow differentiation

Table 2. Minimal importance change (MIC), along with its p-value of the DWI and the gait fatigability indices using the anchor-based
approach.

Question

MIC Correlations

% p-value rho (95% CI)
p-value
(unadjusted)

p-value
(adjusted)

Speed DWI −8.44 .044 .676 [.477-.809] <.001 <.001

Gait speed −9.50 .014 .632 [.415-.781] <.001 <.001

Cadence −4.77 .039 .521 [.269-.707] <.001 <.003

Step duration 5.01 .090 −.506 [-696- -.249] <.001 <.005

Stride length -4.96 .022 .666 [.463-.803] <.001 <.001

Balance Double support 5.97 .034 -.437 [-.648- -.165] .003 <.037

Step duration variability 22.56 .033 -.270 [-.522-.025] .072 1.000

Ankle Toe-Off -2.00 .383 .062 [-.236-.349] .685 1.000

Foot-strike 4.98 .299 .205 [-.094-.47] .176 1.000

Knee Toe-Off -3.88 .053 .528 [.277-.711] <.001 <.003

Foot-strike 4.50 .370 -.021 [-.312-.275] .893 1.000

Hip Toe-Off 0.41 .849 .365 [.080-.595] .014 .192

Foot-strike 3.17 .561 -.119 [-.399-.181] .437 1.000

Attention Step duration variability 29.84 .002 -.349 [-.583- -.062] .019 .082

Spearman’s rank correlation (rho), along with its p-value between the perception of gait change and its corresponding fatigability indices, is reported.
Note. In bold, the significant minimal importance change and correlations are highlighted.
bove half of pwMS
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between groups and whether it is abnormal (i.e., exceeding
the cutoff score), important (i.e., the minimal threshold to be
relevant for the person), and maybe early detection of WF.
A lower MIC value for a fatigability index than the cut-off
score indicates that changes are perceived and might signal
an early sign of moving towards an abnormal WF. In our
previous work, cut-off scores were defined as the average
±2SD of HC values.12,13 This conservative approach
ensures high specificity and certainty in identifying abnor-
mal cases. However, it may also result in misclassification,
with some true positives being classified as negative (i.e.,
reduced sensitivity). Since the MIC values of some gait
quality characteristics (stride length, double support and
step duration variability) are consistently and substantially
lower than the established cut-offs, they may detect changes
in individuals who do not exceed the cut-off. Therefore,
future studies should consider applying alternative methods
for determining cut-offs with greater sensitivity (e.g.,
receiver operating characteristic-ROC). In clinical practice,
MIC values may facilitate the identification of early walk-
ing fatigability and support timely intervention.

Questions in the PGC could be used in a clinical setting.
PwMS’ perceptions of changes in gait domains can indicate
whether an instrumented 6MWT is recommended to exam-
ine the manifestation of GQF. Instrumental gait analysis
performed using a motion capture system (either optical

or IMU-based) might not be suitable for the daily routine
in specialised MS centres. Hence, having a first screening
including pwMS perception of gait changes might optimise
care. The PGC can be incorporated into clinical decision-
making to personalise assessment and rehabilitation pro-
grams, as it directs attention to the gait domains where
pwMS perceive changes. In fact, this goes in line with the
global patient reported outcomes for MS initiative
(PROMs), where patient-reported outcome measures are
suggested as essential for treatment and decision-making.33

For the latter, we acknowledge, however, that the PGC has
not been extensively validated, but was used as a tool to
anchor perceptions for various gait-related domains.

The significant associations between the GQF indices
and the subjective changes indicate that pwMS can perceive
whether their gait has changed due to fatigability. The
appearance of signs and symptoms when walking for a pro-
longed period might require some sort of conscious effort
and bring awareness to the way one is walking,34 which
may lead pwMS to adopt different strategies to finish the
6MWT safely.35 Consequently, these increases in aware-
ness of the way of walking might cause an increase in the
utilisation of brain resources,29 which may impact their
attention capacity. In fact, 60% of pwMS reported some
degree of attention worsening at the end of the 6MWT,
which must probably have been due to a lack of capacity

Figure 3. Overview of the significant minimal importance change values (MIC) with their respective cutoff score (average ± 2
standard deviations). Cut-offs provided in van Geel et al.12 and in Santinelli et al.13.
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in using neural resources due to fatigability. Nevertheless,
this should be interpreted cautiously and needs further
confirmation.

When analysing lower limb kinematics, one surprising
finding was the significant association between the toe-off
angle and perceived changes in the knee and hip. We
expected the toe-off and foot-strike angle to be closely (or
strongly) related to the perception at the ankle level.
Toe-off angle estimation is calculated as the angle between
the foot position relative to the floor, so the magnitude of
plantar flexion at the toe-off preceding the swing phase.
However, a reduction in the toe-off angle can also indicate
a decreased knee flexion or hip extension, which would
compromise a proper push-off moment.27 Therefore, the
toe-off metric reflects a large contribution of knee and hip
position, rather than the ankle control alone.

Interestingly, there is an apparent difference in the ability
of pwMS to perceive changes in gait related to speed or
joint movement estimation. Gait speed and related spatial-
temporal parameters estimation rely on different sensory
afferences, such as vision, vestibular, and somatosensory
(i.e., proprioception).36 Having information from different
sources, mainly vision, as pwMS rely mostly on that sen-
sory source of information,37 might help to a better estima-
tion of speed-related parameters (e.g., optical flow provided
by the visual system). Also, the distance walked changes
had the greatest correlation with perception. Although
they were unaware of the questionnaire’s content before-
hand, we cannot exclude the possibility that pwMS may
have attempted to recall the number of corridors walked
per minute at the beginning versus the end of the 6MWT
once the questions were posed, particularly given that
each elapsed minute was announced. Nevertheless, we fol-
lowed standardised instructions for the 6MWT,25 as it was
unknown what the impact would be on pwMS perception
while performing the 6MWT in silence. Future studies
should investigate such a question. On the other hand, joint
movement estimation might rely mainly on proprioception
information during walking when joints are out of the visual
field. PwMS normally have impairments in their estimation
of joint movement given disruptions in proprioception path-
ways,38,39 which may be exacerbated by fatigability,
thereby affecting their ability to distinguish joint movement
performance after walking for a long period.40

Methodological considerations apply. First, our ques-
tionnaire requires participants to compare their late state
with their initial state, which introduces a recall bias. Our
decision not to inform participants about the questionnaire
before the commencement of the 6MWT was to avoid par-
ticipants’ focusing their attention on their walking distance
or gait quality during the test, which could lead to an
adapted pace, a change in their walking pattern, and an
overload on their cognitive capacity. Future studies could
investigate whether informing participants in advance about
the questions and their content would change the correlation

coefficients and MIC scores. As several significant MICs
and associations were observed, the recall bias might have
been minimal on participants’ ability to report changes.
Second, our questionnaire comprises different questions
as anchors. However, we did not aim to validate the PGC.
In the absence of established instruments for perceived
change, MIC studies frequently rely on purpose-developed
anchor questions tailored to the construct under investiga-
tion (see31,32,41). Some anchors that correlate ≥0.30 with
the change score give more support for its use and validity
in future research.42 The current questionnaire is not ready
yet for a composite score. Further validation, including data
in HC and item redundancy analyses, is needed. Finally, the
stratification by different levels of disability could be
important for MIC values, considering that the magnitude
of walking fatigability differs between disability levels.9

Nevertheless, our sample size is limited, preventing stratifi-
cation by disability level.

In conclusion, the present study showed that pwMS’ per-
ception of gait changes is correlated to objective gait fatig-
ability indices, with stronger associations on speed-related
variables. This was also reflected in significant MICs for
several fatigability indices. Specifically, similar values
were observed for the DWI, gait speed, cadence, step dur-
ation, toe-off and step duration variability. The combination
of significant correlations and MICs, which means the cor-
respondence of one perception with objective measure-
ments, suggests that these metrics are relevant for pwMS.
The current results further support the implementation of
these metrics (i.e., fatigability indices) in rehabilitation
and randomised controlled trials.

Acknowledgements
The authors would like to thank all the study participants and clin-
ical MS centres for their participation and the physiotherapy mas-
ter students of the University of Hasselt for assisting with data
collection.

ORCID iDs
Felipe Balistieri Santinelli https://orcid.org/0000-0002-1164-
4018
Massimiliano Pau https://orcid.org/0000-0001-9835-3629
Zuhal Abasiyanik https://orcid.org/0000-0003-3086-8102
Deborah Severijns https://orcid.org/0000-0002-5116-4262
Gianluca Florio https://orcid.org/0009-0003-6054-3330
Miguel D’ Haeseleer https://orcid.org/0000-0003-4378-0089
Pieter Meyns https://orcid.org/0000-0003-2218-187X
Cintia Ramari https://orcid.org/0000-0002-9405-5437
Peter Feys https://orcid.org/0000-0002-5680-5495

Funding
This study was supported by Research Foundation – Flanders
(#11O5823N, #11O5825N) and Bijzonder onderzoeksfonds
(#BOF22INCENT16 and #BOF20BL13)

8 Multiple Sclerosis Journal—Experimental, Translational and Clinical



Declaration of conflicting interests
The authors declared no potential conflicts of interest with respect
to the research, authorship, and/or publication of this article.

Data statement
The data used to support the findings of the present study are avail-
able through the corresponding author upon request.

Supplemental material
Supplemental material for this article is available online.

References
1. Heesen C, Bohm J, Reich C, et al. Patient perception of bod-

ily functions in multiple sclerosis: Gait and visual function
are the most valuable. Mult Scler 2008; 14: 988–991.

2. Plummer P, Stewart A and Anderson JN. Patient and Clinician
Perspectives of Physical Therapy for Walking Difficulties in
Multiple Sclerosis. Mult Scler Int 2023; 2023: –8.

3. Comber L, Galvin R and Coote S. Gait deficits in people with
multiple sclerosis: A systematic review and meta-analysis.
Gait Posture 2017; 51: 25–35.

4. Pau M, Mandaresu S, Pilloni G, et al. Smoothness of gait
detects early alterations of walking in persons with multiple
sclerosis without disability. Gait Posture 2017; 58: 307–309.

5. Pau M, Coghe G, Atzeni C, et al. Novel characterization of
gait impairments in people with multiple sclerosis by means
of the gait profile score. J Neurol Sci 2014; 345: 159–163.

6. Socie MJ, Motl RW, Pula JH, et al. Gait variability and dis-
ability in multiple sclerosis. Gait Posture 2013; 38: 51–55.

7. Pau M, Caggiari S, Mura A, et al. Clinical assessment of gait
in individuals with multiple sclerosis using wearable inertial
sensors: Comparison with patient-based measure. Mult Scler
Relat Disord 2016; 10: 187–191.

8. Carpinella I, Gervasoni E, Anastasi D, et al. Instrumentally
assessed gait quality is more relevant than gait endurance
and velocity to explain patient-reported walking ability in
early-stage multiple sclerosis. Eur J Neurol 2021; 28:
2259–2268.

9. Santinelli FB, Abasiyanik Z, Dalgas U, et al. Prevalence of
distance walking fatigability in multiple sclerosis according
to MS phenotype, disability severity and walking speed.
Ann Phys Rehabil Med 2025; 68: 101887.

10. Santinelli FB, Abasiyanik Z, Ramari C, et al. Manifestations
of walking fatigability in people with multiple sclerosis based
on gait quality and distance walked during the six minutes
walking test. Mult Scler Relat Disord 2024; 91: 105909.

11. Leone C, Severijns D, Dolezalova V, et al. Prevalence of
walking-related motor fatigue in persons with multiple scler-
osis: Decline in walking distance induced by the 6-Minute
walk test. Neurorehabil Neural Repair 2016; 30: 373–383.

12. Van Geel F, Veldkamp R, Severijns D, et al. Day-to-day reli-
ability, agreement and discriminative validity of measuring
walking-related performance fatigability in persons with mul-
tiple sclerosis. Mult Scler 2020; 26: 1785–1789.

13. Santinelli FB, Ramari C, Poncelet M, et al. Between-Day reli-
ability of the gait characteristics and their changes during the
6-Minute walking test in people with multiple sclerosis.
Neurorehabil Neural Repair 2024; 38: 75–86.

14. Penner IK, Grothe M and Chan A. Fatigue: A common but
poorly understood symptom in neurological and non-
neurological diseases. Nat Rev Neurol 2025; 21: 706–720.

15. Loy BD, Taylor RL, Fling BW, et al. Relationship between
perceived fatigue and performance fatigability in people
with multiple sclerosis: A systematic review and
meta-analysis. J Psychosom Res 2017; 100: –7.

16. Betti M, Masciulli C, Addazio I, et al. Motor fatigue and fat-
igability in early multiple sclerosis patients: An analysis of
clinical, radiological and psychological underpinnings.
Neurol Sci 2026; 47: 79.

17. Schonherr C, Ziegler J, Zentek T, et al. Smartphone-based
gait analysis in the assessment of fatigue and fatigability in
people with multiple sclerosis: A supervised cohort study. J
Neurol 2025; 272: 17.

18. Van Geel F, Bielen H, Theunissen K, et al. Clinical manifest-
ation and perceived symptoms of walking-related perform-
ance fatigability in persons with multiple sclerosis. Int J
Rehabil Res 2021; 44: 118–125.

19. Terwee CB, Peipert JD, Chapman R, et al. Minimal important
change (MIC): A conceptual clarification and systematic
review of MIC estimates of PROMIS measures. Qual Life
Res 2021; 30: 2729–2754.

20. Abasiyanik Z, Kahraman T, Veldkamp R, et al. Changes in
gait characteristics during and immediately after the
6-Minute walk test in persons with multiple sclerosis: A sys-
tematic review. Phys Ther 2022; 102: 1–12.

21. Hobart JC, Riazi A, Lamping DL, et al. Measuring the impact
of MS on walking ability: The 12-item MS walking scale
(MSWS-12). Neurology 2003; 60: 31–36.

22. Strzok S, Cleanthous S, Pompilus F, et al. Development of a
gait module to complement the 12-item Multiple Sclerosis
Walking Scale: A mixed methods study. Mult Scler J Exp
Transl Clin 2018; 4: 1–11.

23. Thompson AJ, Banwell BL, Barkhof F, et al. Diagnosis of
multiple sclerosis: 2017 revisions of the McDonald criteria.
Lancet Neurol 2018; 17: 162–173.

24. Glynn NW, Santanasto AJ, Simonsick EM, et al. The
Pittsburgh fatigability scale for older adults: Development
and validation. J Am Geriatr Soc 2015; 63: 130–135.

25. Goldman MD, Marrie RA and Cohen JA. Evaluation of the
six-minute walk in multiple sclerosis subjects and healthy
controls. Mult Scler 2008; 14: 383–390.

26. Bruijn SM, Meijer OG, Beek PJ, et al. Assessing the stability
of human locomotion: A review of current measures. J R Soc
Interface 2013; 10: 20120999.

27. Huisinga JM, Schmid KK, Filipi ML, et al. Gait mechanics
are different between healthy controls and patients with mul-
tiple sclerosis. J Appl Biomech 2013; 29: 303–311.

28. Santinelli FB, Veldkamp R, Vitorio R, et al. Hemodynamics
of the frontopolar and dorsolateral Pre-frontal Cortex in

Santinelli et al. 9



people with multiple sclerosis during walking, cognitive sub-
traction, and cognitive-motor dual-task. Neurorehabil Neural
Repair 2024; 38: 820–831.

29. Clark DJ. Automaticity of walking: Functional significance,
mechanisms, measurement and rehabilitation strategies.
Front Hum Neurosci 2015; 9: 46.

30. Schober P, Boer C and Schwarte LA. Correlation coeffi-
cients: Appropriate use and interpretation. Anesth Analg
2018; 126: 1763–1768.

31. Baert I, Smedal T, Kalron A, et al. Responsiveness
and meaningful improvement of mobility measures
following MS rehabilitation. Neurology 2018; 91: e1880–
e1892.

32. de Groot V, Beckerman H, Uitdehaag BM, et al. The useful-
ness of evaluative outcome measures in patients with mul-
tiple sclerosis. Brain 2006; 129: 2648–2659.

33. Zaratin P, Vermersch P, Amato MP, et al. The agenda of the
global patient reported outcomes for multiple sclerosis
(PROMS) initiative: Progresses and open questions. Mult
Scler Relat Disord 2022; 61: 103757.

34. Delgado-Ortiz L, Polhemus A, Keogh A, et al. Listening to
the patients’ voice: A conceptual framework of the walking
experience. Age Ageing 2023; 52: afac233.

35. Dalgas U, Kjolhede T, Gijbels D, et al. Aerobic intensity and
pacing pattern during the six-minute walk test in patients with
multiple sclerosis. J Rehabil Med 2014; 46: 59–66.

36. Shumway-Cook A and Wollacott M. Motor control:
Translating research into clinical practice. 4th ed,
Lippincott Williams & Wilkins. 2014.

37. Cattaneo D and Jonsdottir J. Sensory impairments in quiet
standing in subjects with multiple sclerosis. Mult Scler
2009; 15: 59–67.

38. Fling BW, Dutta GG, Schlueter H, et al. Associations
between proprioceptive neural pathway structural connectiv-
ity and balance in people with multiple sclerosis. Front Hum
Neurosci 2014; 8: 14.

39. Iandolo R, Bommarito G, Falcitano L, et al. Position sense
deficits at the lower limbs in early multiple sclerosis:
Clinical and neural correlates. Neurorehabil Neural Repair
2020; 34: 260–270.

40. Abd-Elfattah HM, Abdelazeim FH and Elshennawy S.
Physical and cognitive consequences of fatigue: A review.
J Adv Res 2015; 6: 351–358.

41. Baert I, Freeman J, Smedal T, et al. Responsiveness and clin-
ically meaningful improvement, according to disability level,
of five walking measures after rehabilitation in multiple scler-
osis: A European multicenter study. Neurorehabil Neural
Repair 2014; 28: 621–631.

42. Revicki D, Hays RD, Cella D, et al. Recommended methods
for determining responsiveness and minimally important dif-
ferences for patient-reported outcomes. J Clin Epidemiol
2008; 61: 102–109.

10 Multiple Sclerosis Journal—Experimental, Translational and Clinical


