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Research context 

The study investigates perceptual accuracy in overground walking, specifically the ability to 

detect variations in self-paced walking speed. This process relies on the integration of motor, 

cognitive, and interoceptive systems, which are often affected in people with multiple 

sclerosis (PwMS)(Feys et al., 2016; C. Gonzalez Campo et al., 2020; Stephan et al., 2016). 

Evidence from stroke populations suggests that walking performance in real-life contexts 

may not be fully captured by standard clinical gait assessments. Feld et al. (2018) 

demonstrated that dual-task gait speed, which simulates everyday walking under cognitive 

load, accounted for significantly more variance in daily walking activity than traditional 

single-task speed. This result highlights the relevance of attentional and perceptual demands 

in motor control and suggests that performance under realistic conditions offers better 

insight into ambulatory behaviour. Integrating such perspectives into MS research may 

improve our understanding of how PwMS perceive and regulate their walking. 

PwMS frequently experience impairments in walking, cognitive functioning, and fatigue 

regulation. These symptoms are known to reduce quality of life and limit functional 

independence (Larocca, 2011; Sandroff et al., 2018). Interoceptive disturbances have been 

shown to relate to increased fatigue perception and altered activity regulation in PwMS 

(Cecilia Gonzalez Campo et al., 2020; Megan Ware et al., 2022). By exploring the perceptual 

accuracy of PwMS in monitoring their own gait performance, this study aims to gain insight 

into self-monitoring mechanisms. 

  

How PwMS perceive changes in their own motor performance can inform individualised 

interventions, particularly in fatigue management, fall prevention, and self-regulation of 

physical activity. Deficits in interoception and performance monitoring may contribute to 

unsafe walking behaviour, increased fatigue perception, or under-overestimation of physical 

capabilities (McMorris et al., 2018; Van den Bergh et al., 2017). 

Understanding how accurately PwMS detect fluctuations in their gait performance may 

provide insight into underlying deficits in interoception and cognitive-motor integration, 

thereby guiding the development of targeted interventions. 
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Moreover, investigating the role of individual differences (e.g., cognitive function, fatigue, 

pain) in perceptual accuracy may support the personalization of care in clinical rehabilitation 

settings (Behrens et al., 2023) 

 

This thesis was conducted in the context of an experimental research study supervised by 

Prof. Dr Peter Feys and PhD student Gianluca Florio and took place within REVAL, the 

Rehabilitation Research Centre at Hasselt University. Although not linked to a predefined 

externally funded project, it is associated with the faculty-funded doctoral position of 

Gianluca Florio. 

 

The research question was developed by the student in collaboration with the supervisor 

and co-supervisor. The student was responsible for conducting the literature review, 

processing the data, performing the statistical analyses, contributing to the design of the 

perceptual task, assisting with participant recruitment, and supporting the implementation 

of the testing procedures. All stages of the thesis, from conceptual design to final reporting, 

were independently managed by the student under supervision. 

This master's thesis is an individual mono thesis. The work reflects the student’s capacity to 

integrate clinical knowledge, scientific reasoning, and practical skills in designing and 

executing a multidisciplinary research study. 
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Abstract  

Background: PwMS often experience impaired gait, fatigue, and cognitive deficits that can 

influence their ability to monitor physical performance. Accurate perception of performance 

is crucial for safe mobility and self-regulation, yet little is known about perceptual accuracy 

during walking in PwMS. 

Objective: To compare the detection accuracy of gait speed variations during overground 

walking between PwMS and healthy controls (HC), and to explore factors influencing this 

accuracy. 

Methods: Twenty participants (10 PwMS, 10 HC) completed a 6-Minute Walk Test (6MWT) 

at maximal speed while wearing inertial measurement units. Participants reported perceived 

changes in walking speed using a handheld sensor. Detection accuracy, defined as the ratio 

of self-reported variations to objective gait speed variability, was used as the experimental 

outcome. Questionnaires and cognitive/motor tests assessed interoception, fatigue, and 

function. 

Results: The average age of the PwMS group was 43 years, while the HC group had an 

average age of 35 years. The average distance covered in the 6MWT was 528.21 metres for 

PwMS and 659.29 metres for HC. Detection accuracy was significantly lower in PwMS 

compared to HC, with no interaction over time. Moderate, non-significant correlations were 

found between detection accuracy and cognitive function, interoceptive sensibility, and 

fatigue. Sex had a significant effect on detection accuracy, with females scoring lower 

overall. 

Conclusion: Detection accuracy is reduced in PwMS compared to healthy controls, 

independent of time. Although moderate, non-significant correlations were found between 

detection accuracy and cognitive function, interoceptive sensibility, and fatigue, these trends 

suggest potential areas for future research. 
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Introduction  

 

Multiple sclerosis (MS) is a chronic and progressive disease characterised by the 

demyelination of the central nervous system, leading to irreversible disability over time (Abril 

Oliva Ramirez et al., 2021).  The condition is more commonly observed in females, with an 

average diagnosis age of 32 years (Walton et al., 2020). 

The clinical presentation of MS varies significantly between patients but often includes 

symptoms like fatigue, motor and sensory impairments, and cognitive deficits, leading to an 

overall reduction in quality of life (Feys et al., 2016). Among these, walking impairments and 

fatigue are reported by most PwMS, contributing substantially to impairments in daily 

functioning and decline in quality of life (Larocca, 2011; A. Oliva Ramirez et al., 2021). 

 

According to Larocca (2011), 41% of people with multiple sclerosis (PwMS) report difficulties 

with walking, and 70% identify it as the most challenging aspect of living with the condition 

(Larocca, 2011). 

A 2017 study by Comber et al. highlighted gait impairments in PwMS, including those with low 

levels of disability, measured by the Expanded Disability Status Scale (EDSS). Gait impairments 

that PwMS commonly experience is reduced stride length, slower walking speed, prolonged 

double support duration, and shorter step length. When comparing PwMS to HC, these 

impairments become even more pronounced during rapid walking (Comber et al., 2017). 

 

Walking is an activity that requires not only motor skills but also cognitive abilities for optimal 

performance. Both motor problems and cognitive impairments, which PwMS often 

experience, influence their walking. These cognitive impairments, particularly in memory, 

attention, processing speed, and executive functions, can significantly affect daily functioning: 

the ability to manage tasks, retain information, and maintain focus is often impacted (Sandroff 

et al., 2018). 

In addition to cognitive deficits, fatigue and fatiguability make it challenging for PwMS to 

sustain prolonged walking performance. Fatigue, as a trait, is the “subjective lack of physical 

and/or mental energy that is perceived by the individual or caregiver to interfere with usual 
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and desired activities” while its increased perception during a specific activity represents state 

fatigue. The phenomenon known as walking fatigability describes a person’s tendency to 

decline in walking performance over time (Santinelli et al., 2024; Van Geel et al., 2021). 

 

Interoception is the awareness of one’s physiological state. We provide definitions for the 

different constructs in the appendix. Interoception is crucial for self-understanding and could 

play a key role in managing conditions such as MS. Recent observational studies indicate a 

relationship between interoceptive disturbances, or disruptions in the brain's processing of 

internal bodily signals, and fatigue in PwMS (C. Gonzalez Campo et al., 2020). Interoception 

involves a sophisticated interplay between neural mechanisms and cognitive functions: an 

inferential process where the brain constructs a "perception of the physiological condition of 

the entire body" through the processing of interoceptive sensory input and self-generated 

interoceptive predictions here referred as ‘prior beliefs’. The inferential process entails a 

continuous comparison between predicted and actual bodily states. (Stephan et al., 2016) This 

process is precision-weighted (see figure 1). This implies that the brain may rely more on prior 

beliefs and expectations when there is a physiological dysfunction contributing to more noisy 

sensory input and that subjective experience not only depends on physiological signals but 

also on the brain’s interpretations based on prior knowledge and expectations. (Van den 

Bergh et al., 2017)  

 

PwMS frequently experience symptoms such as walking impairments, fatigue, and cognitive 

difficulties, which significantly affect daily functioning (Feys et al., 2016). Notably, even in 

cases where neurological dysfunction appears mild, often reflected by low Functional System 

(FS) scores within the EDSS, PwMS can still present with marked motor deficits (Dalgas et al., 

2009) 

Additionally, disruptions in interoceptive processing may play a key role in these early motor 

changes. Altered interoception, defined as the ability to perceive internal bodily sensations, 

has been linked to lower physical activity levels and heightened perceptions of fatigue (M. 

Ware et al., 2022). It is conceivable that diminished interoceptive accuracy compromises an 

individual's ability to monitor movement dynamics, such as gait speed or smoothness, thereby 

contributing to subtle but functionally significant mobility limitations. 
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These findings raise the possibility that deficits in bodily self-awareness may precede, and 

potentially exacerbate, overt clinical symptoms. Understanding the role of interoception in 

early motor dysfunction could therefore provide a novel explanatory framework and inform 

more sensitive diagnostic and rehabilitative strategies for PwMS. 

 

This master’s thesis aims to investigate whether there is a difference in detection accuracy for 

detecting speed variations between PwMS and HC during an overground walking performance 

at the fastest speed. 

The primary research question is, is there a significant difference in detection accuracy for 

walking speed variations during overground walking performance at maximal speed between 

PwMS and HC? The primary hypothesis states that PwMS will demonstrate reduced 

perceptual accuracy in estimating their walking speed compared to HC during 6 minutes of 

overground walking at fastest speed. 

Secondarily, the study will explore factors that may influence perceptual accuracy for walking 

speed variations during overground walking. The secondary research question is: To what 

extent do factors such as interoceptive sensibility, cognitive impairments, motor impairments, 

pain, and fatigue influence perceptual accuracy for walking speed variations in PwMS 

compared to HC during overground walking? The secondary hypothesis suggests that reported 

interoceptive disturbances, cognitive impairments (visual memory, processing speed and 

executive functions), and increased levels of motor and cognitive fatigue will be linked to 

reduced detection accuracy during 6 minutes of overground walking at fastest speed. 

Figure 1 

Inferential process 

 

 
(Van den Bergh et al., 2017)  
The figure illustrates how the precision of sensory signals influences perception under predictive coding models. 
Left side (High precision of sensory signal): When sensory input is precise, the brain can update its prior knowledge 
(dashed-dot line) more accurately, resulting in a posterior distribution (solid line) that is closer to the actual sensory signal 
(dashed line).  
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Right side (Low precision of sensory signal): When sensory input is less precise (e.g., noisy or ambiguous), the brain relies 
more heavily on prior expectations. The posterior distribution remains closer to the prior, showing that the system is less 
influenced by the new, uncertain sensory information and more by pre-existing expectation 
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Methods 

Study  

This study examined how accurately PwMS and HC can perceive changes in their walking 

performance by using a newly designed perceptive task performed during a prolonged walking 

test executed overground (6 minutes walking test - 6MWT, performed on 30 meters long 

walkway).  

The central ethical committee of Uhasselt (Belgian number: B1152024000009) approved all 

study documents. 

Participants  

20 participants were recruited: 10 PwMS and 10 healthy controls (HC). The inclusion criteria 

for PwMS were age above 18 years old, diagnoses of MS, no relapses less then 1 month,  

ability to walk unassisted for 500 meters (without orthoses or walking aid) at the start of the 

study. 

Participants in both groups were excluded in case of cognitive impairments limited 

understanding of the study instruction, pregnancy, musculoskeletal disorders in the lower 

limb (not MS related), cardiovascular red flags for exercise, or other diagnoses for neurological 

or metabolic diseases limiting the full execution of the test.  

 

Procedure  

Clinical assessment  

 

By using a web-based secured digital survey (Castor® web application) demographic data and 

questionnaires were collected.  

Several questionnaires served as tools for factors that potentially interfere with perceptive 

abilities. Self-reported symptom perception and functional limitations were evaluated using 

various tools. Pain severity and its interference with daily activities were measured using the 

Brief Pain Inventory (BPI) (Cleeland & Ryan, 1994). Fatigue was evaluated through the 

Modified Fatigue Impact Scale (MFIS) which captures the perceived impact of fatigue across 

physical, cognitive, and psychosocial domains (Fisk et al., 1994).  

 

To explore participants’ subjective beliefs about their perceptive abilities and to compare 

these beliefs between PwMS and the HC, a set of interoceptive and proprioceptive self-
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assessment instruments was administered. The Interoceptive Sensitivity and Attention 

Questionnaire (ISAQ) was used to evaluate beliefs about sensitivity to internal bodily states 

and attentional focus toward them (Bogaerts et al., 2022).  The Postural Awareness Scale (PAS) 

provided a measure of participants’ self-perceived proprioceptive awareness (Cramer et al., 

2018). 

The baseline assessments were divided into two categories: testing cognitive executive 

functions and evaluating motor performance. Cognitive executive functions were assessed 

using the Symbol Digit Modalities Test (SDMT), which measures information processing speed, 

attention, and working memory (Benedict et al., 2017).The Revised Brief Visuospatial Memory 

Test (BVMT-R) will assess speed processing. The BVMT-R is a visuospatial memory test such 

that participants view a stimulus page for 10 seconds and are asked to draw as many of the 

figures as possible in their correct location on a separate sheet of paper (Tam & Schmitter-

Edgecombe, 2013). 

 For motor capacity, walking endurance will be assessed with the 6-Minute Walk Test (6MWT) 

("ATS statement: guidelines for the six-minute walk test," 2002; Kalinowski et al., 2022). The 

6MWT is complemented by fatigue ratings before and after the test using the visual analogue 

scale for fatigue (VAS-F 0-10) (Lee et al., 1991). 

 

Experimental procedure: Familiarization  

 

The familiarization procedure was conducted to ensure that participants understood how to 

use the instruments and methods for registering their subjective reports on motor 

performance. Participants were instructed to wear noise-cancelling headphones and use a 

hand-held force-sensing device (see figure 2) to indicate perceived changes in gait speed 

during the 6MWT. Each time the device was squeezed, it automatically recorded the 

timestamp, which served as a record of the self-perceived variations in walking speed. 

Instructors explained that the device would be used during the overground walking task to 

capture the time point of any perceived changes in walking speed. The threshold sensitivity of 

the sensor, defined as the minimum input hand-grip force required to trigger a recording, was 

set at 25% of the participant's maximal hand-grip strength to make it effortless and easy to 

use, still allowing to clean the signal noise generated form holding the sensor in the palm while 
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walking at maximal speed. This strength was determined through an average of three maximal 

isometric handgrip tests using the same sensor.  

During the familiarization process, trials were conducted using simple perception tasks, such 

as reacting to visual stimuli while walking. Participants were informed that they would follow 

the same procedure to report their own perceptions of walking speed during the experimental 

phase of the study. 

Figure 2 

Hand-helf force-sensing device 

 

 

Perception of performance variations 

 

Participants were tested overground during a 6MWT to assess their ability to accurately 

perceive changes in their gait speed. They were instructed to walk for 6 minutes at their fastest 

speed that they could safely maintain and report any perceived variations in their speed by 

squeezing a handheld sensor. The sensor was chosen as a modality to acquire participant 

reports because holding it in the hand serves as a reminder for the ongoing perceptual task, 

helping maintain continuous attention on their speed. The action of holding the sensor, 

without squeezing it, confirmed that the participant did not perceive any change in speed 

during the corresponding span of time, in accordance with the standardized instructions they 

received.  

During the 6MWT, participants wore wearable inertial measurement unit (IMU) sensors 

strategically positioned on their bodies. Specifically, six Opal™ sensors developed by APDM, 

Inc. (Portland, OR, USA) were used to collect gait data. These sensors measured the parameter 

walking speed. They were placed as follows: two on the dorsal surfaces of the feet, two on the 

lower legs, one on the anterior aspect of the sternum, and one on the posterior aspect of the 

third or fourth lumbar vertebra. 
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The instructor followed a standardized script to ensure neutral instructions were consistent 

for each participant. For the 6MWT, a modified protocol was used; none of the verbal 

encouragements for each minute were provided, and the participants walked alone to avoid 

interfering with participants’ perception of walking speed variations. ("ATS statement: 

guidelines for the six-minute walk test," 2002) 

 

The level of perceived fatigue was asked just before and immediately after the test using the 

VAS-F. Furthermore, a short VAS (Figure 3) after the 6MWT assessed the participant’s 

confidence in their accuracy for detecting speed variations during the test “On a scale from 0 

to 100, how certain are you that you have been precise/accurate in detecting ongoing 

variations in your performance? Please mark your confidence level on the presented visual 

scale”.  

Figure 2  

Visual scale for confidence rating 

 

Subjective beliefs on their perceptive accuracy 

Data analysis  

Statistical analyses were conducted using JMP (JMP Pro 16, SAS Institute Inc., Cary, NC, USA).  

Prior to conducting inferential analyses, assumptions of normality and homogeneity of 

variances were assessed. The Shapiro–Wilk test and Q–Q plots indicated a non-normal 

distribution of key variables, and Levene’s test revealed unequal variances across groups. As 

a result, non-parametric statistical methods were employed.The primary analysis assessed 

differences in perceptual accuracy among self-paced performance variations. Detection 

accuracy (DA), used as an outcome measure, was determined by dividing the number of 

perceptual reports by the coefficient of variation (CV) of measured performance (gait 

speed). The CV was calculated as the standard deviation divided by the mean, expressed as a 

percentage. DA served as a novel outcome measure reflecting perceptual accuracy. To 

assess group differences in DA over time, a non-parametric two-way ANOVA was conducted 

on rank-transformed DA values, with group (PwMS vs. HC) as the between-subjects factor 

and time (minutes 1–6 of the 6MWT) as the within-subjects factor.  A secondary, exploratory 

analysis examined the relationship between DA and potential predictors, including 
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interoceptive processing, cognitive impairments, motor impairments, and fatigue. Given the 

small sample size and the ordinal nature of some measures, Spearman's rank correlation 

coefficients (r) were calculated separately for each group (PwMS and HC) to identify 

potential monotonic associations between DA and clinical or subjective variables. Although 

none of the correlations reached statistical significance, correlations were interpreted to 

inform future hypothesis-driven research. 

Outlier consideration was integrated qualitatively, with attention given to participants 

reporting extremely high or low frequencies of perceptual events. These individual 

differences were considered during interpretation but were not excluded from analysis to 

preserve the ecological validity of the dataset.  
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Results 

Participants characteristics   

The study included ten PwMS and ten HC. The PwMS group consisted of 9 females and 1 male, 

while the HC group included 8 females and 2 males. The average age of the PwMS group was 

43 years (range: 29–67), compared to 35 years (range: 24–61) in the HC group. The mean 

number of years since disease onset in the PwMS group was 10.3 years. 

Regarding physical performance, the average walking speed during the 6MWT was 1.47 m/s 

for PwMS and 1.83 m/s for HC. The average distance walked during the 6MWT was 528.21 

metres for PwMS and 659.29 metres for HC. Independent samples t-tests revealed that these 

differences were statistically significant for both walking speed (p = 0.0011) and distance 

covered (p= 0.0010). 

Table 1 

 Demographic and Functional Characteristics of HC and PwMS 

Participant Sex Age 6MWT Distance (m) 6MWT Speed (m/s) 

HC 1 Female 43 
692.52 

 
1.92 

HC 2 Female 31 687.2 1.77 

HC 3 Male 31 666.0 1.85 

HC 4 Male 31 621.0 1.73 

HC 5 Female 31 725.4 2.10 

HC 6 Female 24 626.4 1.74 

HC 7 Female 25 615.6 1.71 

HC 8 Female 29 687.6 1.91 

HC 9 Female 48 637.2 1.77 

HC 10 Female 61 684.0 1.90 

PwMS 1 Female 34 568.8 1.58 

PwMS 2 Female 34 577.8 1.61 

PwMS 3 Female 43 540.0 1.50 

PwMS 4 Female 36 531.0 1.48 

PwMS 5 Female 67 457.2 1.27 

PwMS 6 Male 29 640.8 1.78 

PwMS 7 Female 42 432.0 1.20 

PwMS 8 Female 49 583.2 1.62 

PwMS 9 Female 33 619.2 1.72 

PwMS 10 Female 60 351.9 0.98 

Note. 6MWT = Six-Minute Walk test.  

Detection accuracy   

Figure 4 shows the DA for each minute during the 6MWT, comparing HC and PwMS. The HC 

group consistently demonstrated higher DAs across all six time points, whereas the PwMS 
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group showed lower and relatively stable DAs over time. A non-parametric two-way ANOVA 

on rank-transformed data revealed a significant main effect of group (p = .0014), indicating 

that HC participants had significantly higher detection accuracy than PwMS across the test 

duration. No significant main effect of time was observed (p = .1654), nor was there a 

significant group × time interaction (p = .8863). The detection accuracy did not change 

significantly over the course of the test, and the difference between the two groups remained 

consistent over time. 

Figure 5 presents the raw number of reports during the 6MWT for each participant, while 

Figure 6 shows the corresponding CV% for each minute. These figures highlight substantial 

inter-individual differences, particularly among PwMS, where report counts were generally 

low and more variable. In contrast, many HC participants maintained consistently high report 

rates across the 6 minutes. 

Table 3 summarises the number of reports, CV%, self-reported fatigue (pre and post 6MWT), 

and confidence ratings for each participant. HC participants generally reported a higher 

number of correct detections and exhibited smaller increases in fatigue. In contrast, PwMS 

showed greater increases in fatigue after the test, but in some cases, they reported high 

confidence levels despite lower detection accuracy. This suggests a possible mismatch 

between their actual performance and self-awareness. 
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Figure 3  
Detection accuracy for each minute.  

 

Note: HC participants achieved significantly higher detection accuracy than PwMS participants across all time points, with no 
significant effect of time or interaction between group and time. 

 
Table 2  
Detection performance, fatigue levels, and confidence ratings across 6 minutes 

  
Minut

e 1 
Minut

e 2 
Minut

e 3 
Minut

e 4 
Minut

e  5 
Minut

e 6 
6MWT 

Pre-
Fatigue 
(0-10) 

Post-Fatigue  
(0-10) 

confidence 
(%) 

HC 1 
Repo

rt 
5 8 10 8 8 7 46 

0 4 60 
CV% 2.93 3.84 2.95 2.93 2.41 2.38 3.39 

HC 2 

Repo
rt 

3 2 1 1 1 1 9 
0 2 30 

CV% 1.90 2.51 2.14 1.94 1.61 2.16 2.16 

HC 3 
Repo

rt 
3 6 5 7 5 5 31 

0 1 60 
CV% 3.51 3.52 3.61 5.14 2.68 4.79 4.67 

HC 4 

Repo
rt 

6 7 6 4 6 6 35 
2 3 65 

CV% 2.45 4.01 1.45 1.43 1.41 1.57 1.81 

HC 5 
Repo

rt 
0 0 3 3 3 2 11 

1 5 75 

CV% 2.40 1.80 2.80 3.43 2.83 2.96 3.07 

HC 6 

Repo
rt 

1 2 2 1 2 6 14 
1 1 60 

CV% 2.08 1.71 1.99 1.65 1.27 1.55 1.93 

HC 7 
Repo

rt 
0 0 1 2 1 0 4 

0 1 80 

CV% 2.24 1.92 2.00 2.79 2.79 2.28 3.05 

HC 8 
Repo

rt 
0 0 0 1 2 0 3 

1 3 75 
CV% 3.02 2.47 1.94 2.05 2.73 2.14 3.29 

HC 9 

Repo
rt 

1 2 3 1 1 2 10 
4 7 50 

CV% 3.35 2.22 1.58 1.24 1.74 2.80 3.97 
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HC 10 
Repo

rt 
0 0 0 0 1 0 1 

1 6 65 

CV% 4.22 2.75 3.03 3.24 4.59 2.76 3.83 

PwMS 
1 

Repo
rt 

0 1 1 0 1 0 3 
1 3 70 

CV% 3.03 1.72 2.02 2.13 1.41 2.18 2.72 

PwMS 
2 

Repo
rt 

1 2 1 2 2 3 11 
1 1 90 

CV% 2.34 1.96 1.55 2.15 2.81 2.54 2.49 

PwMS 
3 

Repo
rt 

0 0 0 0 0 0 0 
2 3 100 

CV% 2.29 1.42 1.59 1.74 2.08 2.05 2.44 

PwMS 
4 

Repo
rt 

0 0 1 0 0 0 1 
1 2 20 

CV% 2.61 1.50 1.17 1.65 1.83 1.71 2.86 

PwMS 
5 

Repo
rt 

0 0 2 0 1 1 4 
2 6 90 

CV% 3.12 2.09 3.73 2.27 2.37 2.09 2.96 

PwMS 
6 

Repo
rt 

0 0 0 0 0 1 1 
1 2 70 

CV% 2.51 4.33 1.99 2.49 2.17 3.00 6.21 

PwMS 
7 

Repo
rt 

1 2 1 2 1 2 9 
2 8 40 

CV% 1.79 2.37 1.31 1.14 1.37 1.47 2.99 

PwMS 
8 

Repo
rt 

0 0 3 0 2 0 5 
2 5 100 

CV% 3.09 3.84 3.85 3.53 4.05 3.03 3.86 

PwMS 
9 

Repo
rt 

0 1 1 1 3 2 8 
0 5 100 

CV% 4.42 2.37 2.31 3.38 3.27 2.79 6.70 

PwMS 
10 

Repo
rt 

0 0 0 0 0 1 1 
1 6 60 

CV% 1.97 1.91 1.66 2.01 1.50 1.68 1.91 

Note.  HC consistently showed higher DA compared to PwMS. Fatigue increased post-task in both 
groups but was more pronounced in PwMS. Confidence levels varied widely, with several PwMS 
reporting high confidence despite low performance. 
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Figure 5 

Reports during 6MWT for each participant. 

 

Figure 6 

CV% during 6MWT for each participant. 
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Correlation analysis of detection accuracy and clinical characteristics   

No statistically significant correlations were found between DA and any clinical or cognitive 

variable in either the HC group or PwMS (all p > 0.05). However, several small to moderate, 

non-significant correlations were observed. These varied in strength and direction across 

groups, suggesting the possibility of group-specific trends. 

In terms of cognitive performance, the SDMT showed a small negative association in HC (r=–

0.13, p=0.73) and a moderate one in PwMS (r=–0.45, p=0.19), neither of which reached 

significance. Similarly, for the BVMT, the association was negative in PwMS (r = –0.52, p = 

0.13), while in HC the correlation was negligible (r = 0.03, p = 0.93).). Although not 

statistically significant, these patterns may point toward an association between lower 

cognitive performance and reduced detection accuracy, with more consistent trends 

observed in the MS group. 

 

For interoceptive sensibility, assessed via the sensory subscale of the ISAQ, PWMS showed a 

moderate negative association with DA.  (r = –0.50, p = 0.14), while in HC a small positive 

correlation was found (r = 0.24, p = 0.50). While these associations did not reach 

significance, they suggest that lower interoceptive sensitivity might relate to poorer 

detection accuracy, especially in PwMS.  

 
In terms of physical performance, In the HC group, DA showed a small negative correlation 

with 6MWT performance (r = –.25, p = .53). A similar correlation was observed in the group 

with PwMS, where the correlation was moderate (r = –.36, p = .31). These correlations were 

not statistically significant. 

The most notable divergence between groups was observed in the relationship between DA 

and pain, as measured by the BPI. Among the HC group, a small-to-moderate negative 

correlation was found (r = –0.42, p = 0.23), whereas in PWMS, a small positive correlation 

was observed (r = 0.17, p = 0.64). Although not statistically significant, the relationship 

between detection accuracy and pain appeared to differ between groups. 

MFIS was not meaningfully associated with DA in either group (HC: r = 0.09, p = 0.80; PWMS: 

r = 0.18, p = 0.63). Similarly, no meaningful correlations were found between DA and the  
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PAS in PWMS (r = 0.10, p = 0.78), while in HC, a moderate positive correlation emerged (r = 

0.61, p = 0.06).  

 

The ISAQ, attional subscale showed a small-to-moderate positive correlation in HC (r = 0.34, 

p = 0.33), but this correlation was absent in PWMS (r = –0.07, p = 0.84).  

 

When looking specifically at fatigue, HC showed a small, non-significant negative 

correlation between DR and fatigue (r = –0.389, p = 0.267). In contrast, PwMS 

demonstrated a moderate positive monotonic association (r = 0.5618), suggesting a 

potential difference in how fatigue influences detection rate across groups. 

 

Figure 7  

Correlations Between Detection Accuracy and Clinical/Cognitive Measures in Patients. 

 

Note: * = outliers; PAS = Pain Anxiety Symptoms; BPI = Brief Pain Inventory; ISAQ_SENS = Sensory subscale of the Impact 
on Self-Assessment Questionnaire; MFIS = Modified Fatigue Impact Scale; SMDT = Symbol Digit Modalities Test; BVMT = 
Brief Visuospatial Memory Test; ISAQ_ATT = Attention subscale of the ISAQ. VAS-F = Visual analogue scale – fatigue; 6MWT 
= 6-Minute Walk Test. Correlations with a moderate magnitude (|r| > 0.2) are highlighted in blue. 
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Discussion  

This master’s thesis aimed to investigate detection accuracy during overground walking at 

maximal speed over a six-minute period (6MWT), comparing PwMS to HC. The findings 

confirmed the primary hypothesis: PwMS exhibited significantly lower DA for self-perceived 

variations in walking speed compared to HC. This suggests a reduced ability in PwMS to 

monitor changes in their own motor performance, supporting existing literature that points 

to altered interoceptive processing in this population (Stephan et al., 2016; M. Ware et al., 

2022). 

Importantly, no significant effect of time or group × time interaction was found, indicating 

that the perceptual deficit observed in PwMS remained stable throughout the six-minute 

test rather than increasing over time due to fatigue. This stability suggests that the 

diminished detection ability may reflect a baseline impairment in interoceptive-motor 

integration rather than a fatigue-induced decline. 

Although exploratory correlation analyses did not reveal statistically significant associations 

between detection accuracy s accuracy and clinical measures (e.g., fatigue, pain, cognitive 

function, or interoceptive sensibility), several moderate correlations were observed. Most 

notably, negative correlations emerged between DA and visuospatial memory (BVMT), 

processing speed (SDMT), and interoceptive sensibility (ISAQ_sensory). These correlations 

may reflect the cognitive demands involved in accurately perceiving internal states, 

particularly when attentional resources or memory functions are compromised. 

Importantly, the associations between DA and interoceptive measures appeared to differ 

across groups, indicating a potentially altered role of body awareness in multiple sclerosis. 

PwMS showed a moderate negative correlation between interoceptive sensibility 

(ISAQ_sensory) and DA, in contrast to the small positive trend in HC. 

Although these findings did not reach statistical significance, they suggest a potential 

influence of cognitive load and disrupted bodily awareness on self-monitoring performance.  

Interestingly, the relationship between DA and fatigue showed divergent trends across 

groups. In healthy controls (HC), a small negative correlation was observed, aligning with the 

conventional view of fatigue as a factor that reduces perceptual performance. However, in 

PwMS, a moderate positive association emerged. This finding may indicate that, in the 

context of multiple sclerosis, fatigue does not solely act as a depleting influence but could 

also function as a compensatory signal.  
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However, due to the small sample size and limited statistical power, we interpret these 

relationships as hypothesis-generating rather than conclusive.  

One methodological consideration is the presence of potential outliers in the DA. 

Specifically, one participant submitted an unusually high number of perceptual reports, 

while another submitted very few. These individuals may have interpreted the task 

differently or experienced unique difficulties in attentional control or understanding. Such 

outliers can substantially influence correlation analyses by inflating or masking relationships 

between variables. In reviewing our results, the influence of these outliers appears plausible, 

particularly given the small sample size and the exploratory nature of the correlations. The 

observed variability in detection behaviour could have contributed to the lack of statistically 

significant associations, despite moderate effect sizes in several instances. Importantly, the 

statistical methods employed did not explicitly account for outliers. 
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Conclusion   

This study contributes to a growing understanding of perceptual deficits in PwMS, suggesting 

that impairments in detecting moment-to-moment variations in performance may stem 

from disrupted interoceptive and cognitive-motor integration. These insights call attention 

to the need for a multidimensional approach to rehabilitation that includes assessment and 

training of performance awareness. Future research should aim to replicate these findings in 

larger, sex-balanced samples and evaluate the effects of interventions targeting 

interoceptive and cognitive functioning on perceptual accuracy during physical activity. 
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Perception1,4 The process by which sensory information is interpreted by the brain to form an understanding of 
the environment or the body’s condition. This includes integrating interoceptive and exteroceptive 
cues. 
 

Sensory 
input 5,11 

Information received by sensory receptors, which is then processed by the nervous 
system to form perceptions. Proprioceptors and mechanoreceptors in the vestibular 
system provide crucial sensory inputs for motor control.  
 

Prior beliefs 
1 

Pre-existing expectations and experiences that influence how sensory information is 
interpreted and how perceptions are formed. These are part of the inferential process 
that shapes interoceptive awareness. 
 

Accuracy11 Accuracy in the context of perception refers to the degree of truthfulness or correctness of the 
perception. For example, proprioceptive accuracy involves how accurately one can perceive the 
position and movement of body parts. 
 

Sensibility6,12 Sensibility in interoception refers to self-beliefs about one's own interoceptive accuracy and 
attention. It represents how individuals perceive their own capacity to sense and interpret bodily 
signals. 
 

Attention8,9 The level of focus or cognitive resources allocated to processing and monitoring sensory cues, 
affecting awareness and responsiveness to sensory input. 
 

Interoception1,6 The ability to sense, interpret, and integrate signals originating from within the body. This involves 
understanding physiological conditions and is critical for self-efficacy judgments during physical 
activity, as it enhances the awareness of one's internal state and informs decision-making related to 
movement and effort. 
 

Exteroception11 The process of perceiving external stimuli, contributing to an individual’s awareness of their 
environment. This integrates sensory inputs from outside the body to build performance awareness. 
 

Proprioception3,11 The awareness of the position and movement of body parts, relying on receptors in muscles, tendons, 
and joints. It is essential for optimal motor control and forms a link between interoception and 
exteroception. 
 

Fatigue7,10 In the context of MS refers to a subjective feeling of tiredness or exhaustion that is disproportionate 
to the level of activity performed. It is a common and often debilitating symptom that can affect 
physical, cognitive, and emotional functioning. Fatigue in MS can be persistent (chronic) or can occur 
in episodes (acute), and it significantly impacts the quality of life.  
 

Fatiguability2,7 The susceptibility to fatigue, specifically referring to the rate at which an individual becomes fatigued 
during a physical or cognitive task. In MS, fatiguability often manifests as a rapid decline in 
performance, such as reduced walking distance or increased perceived exertion during activities over 
time. It is an objective measure of the decline in performance capability. 
 

Trait9 A trait refers to a stable and enduring characteristic or disposition of an individual that is consistent 
over time and across situations. Traits are aspects of personality or habitual patterns of behavior, 
thought, and emotion. In the context of fatigue, trait fatigue would refer to a person's general 
tendency to experience fatigue, independent of situational factors. 
 

State 12 A state refers to a temporary condition or status that can change over short periods. In psychological 
and physiological terms, it represents the transient characteristics or conditions of an individual that 
can fluctuate, such as current levels of fatigue, mood, or cognitive functioning. State-related 
measures capture these dynamic changes in response to internal and external stimuli.  
 

Awareness 1,6, 12 Refers to the state or ability to consciously perceive, feel, or be cognizant of events, objects, 
thoughts, emotions, or sensory patterns. It is a broader concept that encompasses attention, 
interoception, exteroception, and the recognition of both internal and external stimuli. Awareness is 
foundational to self-efficacy, decision-making, and adaptive behaviors in response to environmental 
demands 
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