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Context

This master thesis situates in the topic of neurological rehabilitation of people with Multiple
Sclerosis (PwMS). The importance of this thesis is the determination of alternative or
improved rehabilitation methods in neurological populations, more precise people with
Multiple Sclerosis. MS is a progressive autoimmune disease that affects the myelin of the
central nervous system. Balance disorders and cognitive impairment are common symptoms
of MS and can have a high impact on daily life. PwWMS require a lifelong rehabilitation,
therefore patient compliance is an important target factor. The main objective of this thesis is
the use of embodied learning in rehabilitation. Until now, this topic is only researched in an
educational context. This pilot study wants to investigate if the concept of embodied learning

can be extended to neurological rehabilitation by using auditory stimuli versus visual stimuli.

The master thesis is part of a PhD study of Lousin Moumdjian named “Effect of musical
biofeedback system on cognitive and motor functions in multiple sclerosis”. The PhD project
(2016-2020) is co-funded and conducted in the Universities of Hasselt (BOF) and Ghent. At the
university of Ghent this project situates in the Institute of Psychoacoustics and Electronic
Music (IPEM) led by Prof. dr. Marc Leman. The PhD project aims to investigate the application
of entrainment and sonification, which are concepts in the field of systematic musicology, on
motor and cognitive functions in PwMS. In this pilot study, reported in this thesis, we
investigated the difference between PwMS and healthy controls in learning sequences with
auditory or visual feedback, thereby fitting in the PhD project. A sonified platform was made
in cooperation with an engineer especially for this PhD project, namely the AMPEL platform.

This platform was also used in this master thesis.

This thesis is a duo-master thesis under supervision of promotor Prof. dr. Peter Feys and our
supervisor Lousin Moumdjian at the research centre REVAL of the University of Hasselt in

Diepenbeek.

The documents for the approval of the ethical committee were realized by cooperation of the
two students and supervisor Lousin Moumdjian. The research question was defined together
with promotor Peter Feys and our supervisor Lousin Moumdjian. Furthermore, the analysis of

the data and the writing of the pilot study were done by the two students together.
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Other master students did the recruitment of participants, the tests and the data collection.
The research design and the methodology were established in consultation with supervisor
Lousin Moumdjian and promotor Peter Feys. This thesis was possible due to a good

cooperation of both students and Lousin Moumdjian.



Abstract

Background:

Positive results on motor and cognitive functions have been found in patients with
neurological diseases after music-based interventions. In this context, music as a form of
auditory feedback for motor learning has not yet been investigated. Particularly, there are
limited studies about the theories of embodied association, which assume that a sequence

can be learned more easily when spatial body movement is involved?.

Objective:
The aim of this study is to investigate if there is a difference in learning sequences between a
visual, melody or sound condition within an embodied environment in PwMS and healthy

controls (HC). A sonified platform was used called AMPEL.

Participants:

In this pilot study, 17 participants were allocated, including 10 PwMS and 7 healthy controls.
All healthy controls were female and in the MS group, three participants were male and seven
were female. They did not differ statistically significant in baseline characteristics except for

music experience (p=0.0498%*).

Measurements:

Descriptive measurements were made by using cognitive tests, motor tests and
guestionnaires. The outcome measures in this pilot study were mean interstep interval
(seconds), total onset time (seconds) and fault percentage. They were measured by the
AMPEL-platform. Subjective questions were asked to know more about the experience of the

participants.



Results:

There was no statistically significant difference between HC and PwMS in the visual condition,
melody condition and sound condition for mental fatigue, the easiness of execution, the
easiness of remembering, frustration, the amount of effort used for learning the sequence or
performing the sequence. However, a significant difference in pre- and post-physical fatigue
was found for the visual (pre: p= 0.0015%* post: p= 0.0005*), melody condition (pre: p=
0.0005%*, post: p=0.0007*) and sound condition (pre: p= 0.0228%*, post: p= 0.0030%).

Group and condition didn’t have statistically significant effects on all outcome measures while
comparing immediate and delayed recall. In the delayed recall a significant interaction
between condition and accuracy could be found (p= 0.0460%*) for the mean interstep interval.

Group didn’t have any significant effects in the immediate recall and the delayed recall.

Conclusion:

Due to the small sample size of this pilot study, results must be interpreted with caution. Even
though PwWMS were more physically exhausted before and after each condition, they were still
as capable of learning the sequences compared to HC. The visual feedback type seemed to be
more mentally exhausting for PwMS although it did not affect learning. Furthermore, PwMS
were equally capable of remembering the sequences compared to the HC. Lastly, there was
no superiority of one condition compared to another during learning for both groups.

However, further research should investigate these statements with a bigger sample size.



Introduction

Multiple sclerosis (MS) is a chronic progressive auto-immune disease which is characterized
by random, multifocal demyelination in the central nervous system (Lundy-Ekman, 2013).
Symptoms are highly variable because the demyelination can appear in a wide range of
locations and the extent of lesions varies (Lundy-Ekman, 2013). Many people with MS (PwMS)
exhibit cognitive dysfunctions which mostly manifest in slowed processing speed, executive
dysfunctions, learning deficits and memory impairments?. However, McGowan et al. suggests
that PwMS with mild disability can learn and retain a novel visuomotor mapping during a
precision-based walking task3. This indicates that neural plasticity is preserved, because they
are capable to do short-term motor learning and retention3.

Growing evidence exists that music might directly promote neuroplasticity*® through
increased activation of auditory-motor, cortico-spinal, and mesolimbic dopaminergic
pathways*®. After music-based interventions positive results on motor and cognitive
functions have been found in patients with neurological diseases’. Moumdjian et al. reported
an improvement of motricity, fine motor dexterity, gross motor functions, verbal memory and
focused attention with music-based interventions in the neurological population’. Moreover,
instrument-based music interventions, for example piano based music-supported therapy
showed improvements of the upper extremity motor functions. This kind of research did not
focus on the ability to learn the musical scores (i.e. learning), but merely on the clinical motor
outcome. Furthermore, Thaut et al. investigated the use of musical mnemonics during word
learning in PwMS® and reported that verbal learning was enhanced due to the temporal
structure in musical stimuli®. It also results in sharpening of the timing of neural dynamics in
brain networks degraded by demyelination in MS8. Another important feature of music-based
interventions is the positive effect on mood (e.g. depressive and anxiety disorders), emotional

expression, communication, interpersonal skills, self-esteem, and quality of life®.



To expand previous studies and learning, in this thesis, the concept of embodied learning is
investigated. Embodied learning describes the interaction of cognitive and motor processes
during learning a task in a specific environment!?, It is the process of learning something
cognitively while performing bodily movements (e.g. gestures, dancing, playing an instrument,
etc.). This learning needs to happen in an embodied environment, which can be created using
current technological advances. Theories of embodied association in learning assume that a
sequence can be more easily learned when spatial body movement is involved (i.e. a
choreography or sequence of steps that execute the sequence)®. Embodied associations are
processes that facilitate the recall and execution of sequences due to neural connections
between the motor system and the auditory system®*L, In this pilot study, auditory stimuli as
a form of sonified feedback and visual feedback are used to investigate the concept of
embodied learning. Based on the theories of embodied associations, we hypothesize that
PwMS will be able to learn better when melodies are used as feedback because the auditory
system will be more actively engaged than when a sound or visual feedback type is used. Also,
because of the cognitive problems that accompany multiple sclerosis, we expect that healthy

controls will remember the sequences more correctly than PwMS.

Until now, the effect of learning a sequence with a sonified platform in PwWMS is not yet
investigated. Therefore, the aim of this study is to investigate if learning sequences within an
embodied environment differs between two different kinds of auditory feedback (i.e. music

and sound) compared to visual feedback in PwMS and HC.



Methods

Participants

This study included 10 patients with multiple sclerosis (age 49.7 £9.92; 7F, 3 M; 9RR, 1 PP, 0
SP)* who had a Timed-Up-and-Go score between 8 and 21 seconds and were able to walk/take
steps without walking aid. They were age matched and compared with seven healthy controls
(age 62 £13; 7 F, 0 M). Participants who had cognitive impairment hindering the understanding
and execution of the experimental procedures were excluded. Other exclusion criteria were
pregnancy, hearing impairment, amusia, and colour blindness (i.e. green, red and blue colour
blindness). Hearing impairment was tested by asking the participants if they heard the
different notes playing during the familiarization session. Therapists and researchers used
study flyers to recruit patients from MS Center Melsbroek. All participants gave informed
consent, which was approved by the Local Ethical committee. The approval document from
the ethical committee (document 1) and flyers can be found in the appendix (document 2 &

3).

Procedure

Design and setting

This study is an observational pilot study. The participants took part in two sessions. The test
period for each participant was two weeks with a rest period of one week between the two
sessions. Each session had a duration of two hours. Once participants were included, they
underwent a descriptive session where an anamnesis and clinical descriptive data were
collected. Participants were then familiarized with the platform. The second session was an
observational session. Both were conducted in the MS center of Melsbroek. See Figure 2 in

the appendix for a detailed description.

* F=female, M=male, RR=relapsing remitting, PP=primary progressive, SP=secondary progressive
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Technical information

A specially designed platform, called “AMPEL”: Augmented Movement Platform for Embodied
Learning, was developed by a team of engineers and researchers of the University of Ghent?.
It exists out of 21 tiles, two speakers and a laptop with the software and user interface
program. The tiles can be triggered by stepping on them and give real-time auditory and visual
feedback because the sensor pads are sonified. Pre-made sequences were stored on a
computer which was only used for the experiment. You can find an example of these
sequences in Figure 1 in the appendix. AMPEL was tested for reliability and feasibility on

healthy controls.

Session 1: descriptive and familiarization session

In this session, an anamnesis and clinical descriptive data were collected being age, gender,
BMI, education, music experience and type MS. Additionally, motor tests, cognitive tests and
patient reported questionnaires were conducted. Administered motor tests were the Timed
Up and Go Test (TUG), the 6 Minute Walking Test (6MWT), the Timed 25 Feet Walking test
(T25FWT), The Four Square Step Test (FSST), the Dynamic Gait Test (DGI) and the mini
BESTest!316, Administered cognitive tests were the Spatial Recall Test, the Symbol Digit
Modalities test and the Paced Auditory Serial Addition Test. Additionally, administered patient
reported questionnaires were collected being the MS Walking Scale-12, the Falls Efficacy
Scale, the Modified Fatigue Impact Scale, the Hospital Anxiety Depression Scale and the
Barcelona Music Reward Questionnaire. Participants were then familiarized with AMPEL.
During this session, participants were familiarized with different movement patterns in the
three conditions (i.e. melody, sound and visual) on AMPEL. The feedback types during correct
and incorrect steps were explained and explored. Participants had to learn sequences and

reproduce them by stepping on the tiles.



Session 2: Observational (experimental) session

Three conditions were tested: two auditory ones of which a music condition and a single tones
condition, and one visual condition with resting time in between. These conditions were
randomized using a randomization program. The duration of each condition depended on the
time needed by the participant for executing the sequence correctly three times in a row.
Before and after every condition, a range of subjective questions were asked about perceived
physical and mental fatigue, how easy it was to execute and remember the sequence,
frustration and the effort put into learning and performing the sequence. Participants had to

give a score out of 10 on these questions.

The melody condition. The session started by an automatic demonstration of the melodic
sequence once, meaning the tiles lit up in the pattern of the sequence they had to learn, and
at the same time a melody was formed by the tiles that lit up. Each tile corresponded to a tone
and by playing a sequence of tones, a melody was formed. This happened with a constant
rhythm (i.e. each tile of the sequence was lit for 1 second). Afterwards, the participant had to
reproduce the sequence by stepping on the correct tiles and hereby form the correct melody.
The sequences were always 7 steps long as a result of the pilot tests. By producing the correct
sequence, the participant controlled the unravelling of the melody. If the wrong tile was
stepped on, the melody was distorted. Once the participant produced the sequence correctly
three times in a row, a three-minute break was given. After this break they had to reproduce
the sequence again three times correctly. If it was not three times correct, the sequence was
shown again and practiced until it was again three times correct. If it was correct, a distractor
sequence was given which they had to practice until they could execute it two times correct.
After this distractor sequence, they had to reproduce the first learned sequence again to
investigate their immediate recall ability. Then, after a 15-minute break, they were asked to
execute the first learned sequence again. In this way, we could also investigate the delayed
recall ability of the participants. A schematic overview of this protocol can be found in Figure

2 in the appendix.

The sound condition. The same procedure was applied as in the music condition, but one note

was used to map every tile. Therefore, a melody was not formed.



The visual condition. The same procedure was applied as the other conditions, but the

feedback was only visual instead of auditory feedback.

Outcome measures

The mean interstep interval, total onset time, fault percentage and accuracy were used as
outcome measures. The mean interstep interval (seconds) is defined as the mean time used
to step from one tile to the other tile when performing the whole sequence. The total onset
time (seconds) is the total time the tiles were on, in other words: it is the time that the
participants needed to perform the sequence from the first tile until the last one. A fault
percentage was calculated by dividing the number of mistakes performed by the total number
of steps performed per sequence. Mistakes were identified as stepping on the tile that was
not in the learned sequence or not in the correct order of the sequence. For example, if the
correct sequence was ‘1-5-7-9’ and the participant did ‘1-7-9-6’, the participant had three
mistakes out of four. A nominal accuracy outcome measure was derived from the fault
percentage. Accuracy was defined as a completely correct execution or an incorrect execution
of the sequence (at least one mistake). Subjective questions were asked to get an idea of the
experience by the participants. For example, fatigue was asked before and after the execution
of one condition on a VAS-scale of 1 until 10, with 1 not being fatigued at all and 10 being

extremely fatigued.

Statistics/data analyse

The software used for the statistical analysis was JMP Pro 14. The objective of the statistics
was to compare PwMS with healthy controls. All continuous variables were screened for
normal distribution using the Goodness-of-Fit Test. The variances were tested for equality by
the Brown-Forsythe test. If both distributions were normal and the variances equal, the
pooled t-test was used to identify the p-value. If in this situation the variances were not equal,
the Welch test was used. When one or both groups were not normally distributed, and
variances were still equal, the non-parametrical Wilcoxon Rank Sum test was used. Categorical
data were analysed by the fisher’s exact test because of the small sample size. To investigate
if there were differences in learning at timepoints ‘immediate recall’ and ‘delayed recall’, a
mixed model ANOVA was applied with factors of condition (melody, sound and visual

conditions), group (healthy controls and PwMS) and accuracy (correct, incorrect) on the
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outcome measures mean interstep interval, total onset time and fault percentage. To further
investigate if there were differences between the recall timepoints, a mixed model ANOVA
was applied with factors timepoints (immediate recall, delayed recall), condition (melody,
sound and visual conditions) and group (healthy controls and PwMS) in the outcome measures
mean interstep interval, total onset time and fault percentage. Outcomes of the subjective

guestions were analyzed as continuous variables, as described above.
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Results

Participants

Twenty participants were enrolled in this pilot study whereof 13 MS patients and seven
healthy controls. Two MS patients were excluded because of short-term memory problems,
which were discovered with the descriptive tests. Also, one MS patient dropped out because
of distress and personal reasons after completing the first session. The distress had nothing to
do with the session. In the end, 17 participants were included in the analysis. A flow diagram
can be found in the appendix demonstrating the process of inclusion and exclusion of the

participants (Figure 3).

Baseline characteristics

All healthy controls were female. Three participants of the MS group were male and seven
were female. There were no statistically significant differences between both groups for age
(p=0.0654), BMI (p=0.5822) and education (p=1). Musical experience (p=0.0498*) differed
significantly between both groups. For a more detailed overview of the baseline

characteristics, see Table 1 in the appendix.

Motor tests

The Timed 25 Feet Walk test (p=0.213), the Four Square Step test (p=0.3198), the Dynamic
Gait Index (p=0.0753) and Mini BESTest (p=0.1183) were not significantly different between
both groups. However, the Timed Up and Go test (p=0.0208*) and 6 Minute Walking test

(p=0.0175*) were statistically significant.

Cognitive tests

There was no statistically significant difference between HC and PwMS for the Spatial Recall
Test (p= 0.4709), the Paced Auditory Serial Addition Test (raw: p= 0.2998, corrected: p=
0.1015) and the Symbol Digit Modalities Test (p= 0.3069).
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Questionnaires

MS participants scored a mean of 34.3 on the MS Walking Scale-12 (SD+13.81). The Falls
Efficacy Scale (p=0.0531), the Hospital Anxiety Depression Scale (p=0.2152) and the Barcelona
Music Reward Questionnaire (p=0.5813) were not statistically significant different between
both groups. In contrast, The Modified Fatigue Impact Scale (p=0.0066*) differed statistically

significant between both groups.

Experimental outcome measures

Subjective questions

A detailed table of the results of the subjective questions can be found in Table 2 in the
appendix. There was no statistically significant difference between HC and PwMS in the visual
condition for mental fatigue (pre: p= 0.0843, post: p= 0.0819), the easiness of execution (p=
0.1936), the easiness of remembering (p= 0.9716), frustration (p= 0.8079), the amount of
effort (p= 0.9471) used for learning the sequence or performing (p= 0.7801) the sequence.
However, a significant difference in pre- and post-physical fatigue was found (pre: p=0.0015%*

post: p= 0.0005%*).

In the melody condition, there was also no statistically significant difference between HC and
PwMS for mental fatigue (pre: p= 0.1393, post: p= 0.1084), the easiness of execution (p=
0.5538), the easiness of remembering (p= 0.3628), frustration (p=0.767), the amount of effort
(p=0.9294) used for learning the sequence or performing (p= 0.5604) the sequence. However,
there was a statistically significant difference in pre- and post-physical fatigue in this melody

condition (pre: p= 0.0005%*, post: p= 0.0007%*).

In the sound condition physical fatigue (pre: p=0.0228%* post: p= 0.0030*) was also
significantly higher for PwMS compared to HC. Furthermore, in contrast to the other
conditions, post-mental fatigue (p=0.0557) was significantly higher for the PwMS. Easiness of
execution (p= 0.4274), easiness of remembering (p=0.7979), frustration (p= 0.8788), effort
used for learning (p= 0.7487) and performing (p= 0.3014) the sequence were not significantly

different between HC and PwMS.

14



Between conditions and groups

Immediate recall

Accuracy (correct/incorrect sequence execution) was significant for the mean interstep
interval (p=0.0002%*), total onset time (p= 0.0001*) and fault percentage (p<0.0001*). Group
and condition didn’t have significant differences. There were no significant interaction effects.
When performing the sequence fully correct, a shorter mean interstep interval, total onset

time and a lower fault percentage could be seen in all conditions and for both groups.

Delayed recall

A significant interaction between condition and accuracy (p= 0.0460*) for the mean interstep
interval was found. The performance of the sequence in the sound condition showed a
significant difference between the correct and incorrect performance (p= 0.0025%).
Participants who executed the sequence incorrect in the sound condition had a longer mean
interstep interval compared to participants who executed the sequence correctly in the sound
condition.

The accuracy was significantly different for the mean interstep interval (p= 0.0046%*), total
onset time (p= 0.0041*) and fault percentage (p< 0.0001*). When performing the sequence
correctly a shorter mean interstep interval, total onset time and a lower fault percentage
could be seen for all participants. There was no significant difference for group and no other

interaction effects could be found.
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Immediate recall versus delayed recall

For a detailed overview of the data, see Table 3 in the appendix.

Total onset time
No significant differences were found in total onset time for group (p= 0.1187), condition (p=
0.9744) or recall (p= 0.1348). There were no significant interaction effects between group,

condition and/or recall.

Interstep interval

There were no significant differences in interstep interval mean for group (p= 0.1073),
condition (p= 0.9089) or recall (p= 0.1296). There were no significant interaction effects

between group, condition and/or recall.

Fault percentage

There were no significant differences in fault percentage for group (p= 0.3131), condition (p=
0.8488) or recall (p= 0.0588). There were no significant interaction effects between group,

condition and/or recall.
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Discussion

Our study was based on the theories of embodied association. Embodied associations are
processes that facilitate the recall and execution of sequences due to neural connections
between the motor system and the auditory system. Because this concept is not yet
investigated in a rehabilitation context, the aim of this study is to investigate if learning
sequences within an embodied environment differs between two different kinds of auditory

feedback (i.e. music and sound) compared to visual feedback in PwMS and HC.

Our results showed some differences between the baseline characteristics of both groups. The
MS group and healthy control group differed statistically significant for music experience. Four
out of ten PWMS were still recently engaged in musical activities being dancing, playing an
instrument, singing in a choir or being a DJ. Two other PwMS had musical experience from
activities in the past (i.e. dancing and playing flute). However, it is not clear how long ago this
was and how long they have been doing this. So, it is possible that this difference in musical
experience between PwMS and HC could be a confounder in the results. Nevertheless,
because of our small sample size one must be cautious with overall interpretations. PwWMS
showed a significantly longer execution time for the TUG and walked a significantly shorter
distance during the 6MWT compared to the healthy controls. In community dwelling elderly,
the longer it takes to execute the TUG, the higher the fall risk'’. However, according to Dibble
et al.®® the TUG is not able to discriminate very well between, fallers and non-fallers in the MS
population. Also, the other balance tests were not significantly different compared to the
healthy controls, so a balance problem can be ruled out. Our finding of a shorter walking
distance during the 6MWT is consistent with the findings of Goldman et al'®. The 6MWT is
well correlated to subjective measures of general and physical fatigue, physical health status
and perceived walking ability’®. So, because PwWMS showed a statistically significant shorter
walking distance on the 6MWT it seems that they were more easily fatigued. This can also be
seen in the subjective question results discussed below. The differences on the TUG and
6MWT didn’t seem to have an influence on the total onset time, mean interstep interval and
fault percentage in this small sample. There were no significant differences found between HC
and PwMS on all outcome measures. These results might confirm the feasibility of the AMPEL-
platform with PwMS with a lower 6MWT and a higher TUG. The modified fatigue index was

also significantly different, but it didn’t seem to have an influence on the total onset time,
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mean interstep interval and fault percentage with PwWMS. This suggests that fatigue didn’t
interfere with the performance of this study protocol. However, a statistically significant
difference was found for pre- and post-physical fatigue in all conditions. Additionally, in the
visual condition, the PwWMS were more post-mentally fatigued than the HC. It’s interesting that
only after the visual condition the mental fatigue differed. So, it might be that the visual
condition was more mentally exhausting for PwMS than the other conditions. Literature
shows that one of the most common and disabling symptoms of PwWMS is perceived fatigue?°.
Loy et al. also showed a significant relationship between perceived fatigue and fatiguability in
PwMS?%, People which report elevated fatigue seem to be also highly fatigable?°. Perceived
fatigue can be defined as subjective sensations of reduced capacity?’. On contrary,
fatiguability can be defined as a decline in objective measure of physical performance over a
certain amount of time?. So, it seems normal that there was a significant difference in fatigue
seen in the BMWT, the modified fatigue index and the subjective questions. Our results also
show that all participants found it as easy or as hard to execute and remember the sequence
in all conditions. Furthermore, participants showed the same amount of frustration, effort of
learning and effort of performing the sequence for every condition. With these results, one

must keep in mind that the results of the subjective questions are subjective.

In the immediate recall, the PwMS and HC were equally able to learn in all conditions, because
there was no significant effect for groups and conditions for the different outcome measures.
Logically, when participants made a mistake they had a longer mean interstep interval, total
onset time and higher fault percentage in contrast to when the sequence was correctly
executed. However, in the delayed recall was a significant interaction effect between
condition and accuracy for the mean interstep interval. Participants who did the sequence
wrongly in the sound condition had a longer mean interstep interval compared to participants
who executed the sequence correctly in the sound condition. So, it is possible that the
participants hesitated more or were more confused while doing the sequence wrongly in the
sound condition than in the melody and visual condition in the second time point. This might
be because they had more difficulties in correcting their mistakes. In contrast, the participants
didn’t make more mistakes in the sound condition than in the other conditions. In the visual
and melody condition were no significant interaction effects for all outcome measures. This

could suggest that the participants were equally capable of learning with both feedback types.
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When the participants were asked which method they preferred, all participants mentioned
the visual and melody feedback. No participants mentioned the sound feedback. Furthermore,
most people explained that they used a visuo-spatially learning strategy and did not really use
the tonality as a learning strategy. Additionally, most participants noticed a difference
between the melody condition and sound condition. However, a bigger sample size is needed
to investigate if there will be differences between melody and visual feedback. When looking
at the different recall time points, the PwMS and the HC executed the sequences with the
same amount of time in the delayed recall as in the immediate recall. Furthermore, no
significant differences were seen for the fault percentage and mean interstep interval
between the two time points for both groups in all conditions. This suggests it was not harder

to remember the sequence after a longer time for both groups in all conditions.

Because of the small sample size, it is difficult to draw strong conclusions. Due to technical
difficulties with the AMPEL device, only 17 participants were tested. This causes a limitation,
because the results need to be interpreted with caution. The AMPEL device itself was not easy
to transport from one place to the other, therefore it limits the testings to one location at a
time. There was missing data in the baseline characteristics for the cognitive tests and in the
delayed visual condition. The resting time of one week between the descriptive session and
the observational session was not always applied by the testers due to time management
problems. Because of these interruptions, it is possible that the participants had another
experience during the tests and therefore the results need to be interpreted with caution. The
difference in sequences learned by the participants made it harder to draw conclusions. Also,
not all participants did the same number of steps on the platform. It's easier to make an
analysis of the number of mistakes when the same sequence is used with a fixed number of
steps. The program wasn’t always right in analyzing mistakes in the sequences. Because of
this, mistakes were manually corrected in the datasets. Furthermore, it would have been
interesting if it was possible to extract data about the learning process itself, for example: how
long it took until they were able to do the three sequences correctly, how many mistakes they
made before they learned the sequence, etc. This was currently not yet possible due to
technical reasons. Although there are some limitations, there are certainly also strengths
about our pilot study. This pilot study was done by using a new custom-made sonified

platform, that is not broadly used by other researchers. This protocol is feasible with PwMS
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experiencing fatigue and mild balance problems. A good description was made of the
participants based on different tests, so the baseline characteristics were clearly mentioned.
The inclusion criteria were broad, so that the results could be more generalized if it was a

bigger sample size. The sequences were tested in advance for feasibility.

Furthermore, the way instructions were being offered must be taken into account. Sarabandi
et al. showed that MS patients benefit more from implicit learning than when the task is
explained or described??. In contrast, Tacchino et al. found difficulties in sequence-specific
learning in both implicit and explicit condition, with more pronounced impairment in the
implicit condition?2. Consequently, there could be an involvement of multiple circuits in
implicit and explicit sequence learning that could decay at different disease stages?>. Common
involved areas during auditory-motor learning independent of implicit or explicit learning are
the premotor area, cerebellum, superior temporal gyrus, parietal area, frontal gyrus and

cingulate area.

As a conclusion, the results of this pilot study must be interpreted with caution, but we can
assume that even though PwMS were more physically exhausted before and after each
condition, they were still as capable of learning the sequences compared to HC. PwMS were
more mentally fatigued after the visual condition so we might conclude that this type of
feedback is more mentally exhausting for PwMS. However, this showed no influence on the
learning ability. Also, there was no difference between the two timepoints, so we might
conclude that despite the cognitive problems that MS poses, the PwMS were equally capable
of remembering the sequences compared to the HC. Lastly, our hypothesis that PwMS are
able to learn better with melody feedback may be rejected because there was no difference
in learning between all conditions for both groups. However, further research should

investigate these statements with a bigger sample size.
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Table 1

Results of the Descriptive Outcome Measures

MS (n=10) HC (n=7) P-value
Descriptive outcome measures (prob >
Mean iSD Mean iSD It])
Age (years) 50 110 62 t13 ns
Gender Male 3 (30%) - 0 (0%) -
Female 7 (70%) - 7 (100%) - ns
BMI (kg/m?) 26,7 4,73 2543 #3,62 ns
Education Highschool 5 (50%) - 4 (57%) -
Bachelor 5 (50%) - 3 (43%) - ns
Master 0 (0%) - 0 (0%) -
Mu5|c. Yes 7 (70%) = 1(14%) 0,0498*
experience No 3(30%) - 6 (86%) -
Type MS Relapsing-
remitting 9 (90%) i i i
Primary
progressive 1(10%) i i i i
Secondary
progressive 0 (0%) i i i
Questionnaires MSWS-12 34,3 +13,81 - - -
FES 31,3 +11,3 22,3 4,77 ns
MFIS 37,5 116,59 12,71 10,81 0,0066*
HADS Anxiety 4,8 +2,6 4 12,2 ns
Depression 4,3 43,58 2,43 £1,29 ns
Total 9,1 15,94 6,43 +2,97 ns
BMRQ 67,7 16,03 64,86 13,13 ns
Motor tests TUG (s) 8,30 1,14 6,91 1,17 0,0208*
6MWT (m) 466,64 180,32 567,86 +71,4 0,0175*
T25FW (s) 599 10,62 575 10,43 ns
FSST (s) 9 12,83 7,49 12,27 ns
DGl 21,64 12,53 23,57 0,73 ns
Mini BEST 22,27  +4,22 2557 +1,76  ns
Cognitive tests SRT 46,88 18,08 48,67 +10,37 ns
PASAT Raw 52,67 16,41 47,2 10,01 ns
Corrected 54,17 16,68 448 +10,31 ns
SDMT 60,11 £19,09 51,86 18,4 ns

Note. MSWS-12= Multiple Sclerosis Walking Scale — 12, MFIS=the Modified Fatigue Impact Scale ,FES=
Falls Efficacy Scale, HADS= the Hospital Anxiety Depression Scale, BMRQ= the Barcelona Music Reward
Questionnaire., TUG= Timed Up and Go Test,6MWT= the 6 Minute Walking Test, T25FWT= the Timed
25 Feet Walking test, FSST= The Four Square Step Test, DGI= the Dynamic Gait Test, Mini BEST= mini
Balance Evaluation Systems Test, SRT= Spatial Recall Test, SDMT= the Symbol Digit Modalities test,
PASAT= Paced Auditory Serial Addition test, ns = non-significant , *P-value <0,05
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Table 2

Results of the Subjective Questions per condition

Condition Questions MS (n=10) HC (n=7) P-value
Mean +SD Mean +SD (prob > |t])
Pre-physical fatigue 3,56 12,17 0,29 10,45 0,0015*
Post physical fatigue 3,78 +1,87 0,43 10,49 0,0005*
Pre-mental fatigue 4 12,54 1,71 1,91 ns
Post mental fatigue 4,44 +2,83 1,71 +1,67 ns
Visual Easy execution 3 11,83 1,86 12,36 ns
Easy remembering 5,67 +2,83 5,71 +1,83 ns
Frustration 4,44 +2,45 4,43 +1,99 ns
Effort learning 5,67 +2,87 5,57 12,26 ns
Effort performing 2,89 +1,59 2,57 2,56 ns
Pre-physical fatigue 3,56 +2,01 0,43 10,49 0,0005*
Post physical fatigue 3,56 +2,11 0,57 10,49 0,0007*
Pre-mental fatigue 3,22 +2,35 1,57 +1,92 ns
Post mental fatigue 3,67 12,4 1,71 11,67 ns
Melody  Easy execution 2,44 +1,83 3,14 12,47 ns
Easy remembering 4,89 12,42 6 +1,85 ns
Frustration 4,11 12,28 4,57 1,99 ns
Effort learning 5,22 +2,3 5,14 +1,46 ns
Effort performing 2,33 1,33 2,14 12,36 ns
Pre-physical fatigue 3,44 12,01 1 12,28 0,0228*
Post physical fatigue 3,44 11,95 0,43 +0,49  0,0030*
Pre-mental fatigue 3,56 +2,36 1,14 1,73 ns
Post mental fatigue 3,78 +2,48 1,43 +1,05 0,0457*
Sound Easy execution 2,56 +2,36 2 +2,67 ns
Easy remembering 5,67 +2,91 5,29 12,43 ns
Frustration 5,67 +2,58 5,26 +1,81 ns
Effort learning 5,78 12,86 5,29 12,71 ns
Effort performing 1,89 +1,73 1,43 +2,38 ns

Note. ns = non-significant, *P-value <0,05
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Table 3

Results of the Experimental Outcome Measures in the Immediate Recall and Delayed Recall per condition

Outcome MS (n=10) HC (n=7)
Recall Condition P-value (prob > |t])
measure
Mean #SD Median Ql1-Q3 Mean SD Median Q1-Q3
Visual 1,63 10,85 1 0,8-1,2 1,1 027 0,94 0,67-1,5 ns
Immediate Sound 1,36 10,55 0,93 0,67-1,38 143 098 093  0,73-1,13 ns ns
'T‘te“telp Melody 1,3 066 1 073-1,73 1,17 047 093  0,68-1,13 ns
'ntfsr)va Visual 1,92 0,73 093  067-173 095 +03 0,87 06-142  0,0064*  0,0460*:
Delayed Sound 1,86 +1,34 1,07 0,68 - 1,98 1,34 +0,97 0,87 0,67 -1,27 ns sound x
Melody 1,67 0,76 1,03 072-2,15 1,5 101 087  067-1,42 ns accuracy
Visual 9,31 475 7,8 51-1428 661 0,11 093  537-9,47 ns
Immediate Sound 8,19 3,7 6,13 5,37-11,88 9,08 +6,66 5,73 5-9,4 ns ns
I::th Melody 815 4815 6,66 542-9553 645 £1,89 667  4,13-7,73 ns ,
time (s Visual 11,25 427 11,93 637-1487 6,14 +236 573 46-102  0,0273*
Delayed  Sound 10,31 7,03 85 5-2258 7,57 425 607  567-847 ns ns
Melody 10,8 #4,29 11,3  573-1435 9,16 4609 573  4,73-16,73 ns
Visual 1571 #2527 O 0-42,86 19,73 25 0 0- 44,65 ns
Immediate Sound 24 32,92 0 0-42,86 11,22 1865 0 0-37,5 ns ns
Melody 23,85 #2436 0 0-4465 11,07 217 0 0-44,65 ns
Faults (%) : ns
Visual 32,67 $30,16 0 0-42,15 36,73 3446 0 0-50 ns
Delayed Sound 38,19 +37,59 0 0-42,86 15,99 +29,11 0 0-37,5 ns ns
Melody 29,16 #2545 0 0-44,65 17,26 £2992 0 0- 44,65 ns

Note. ns= non-significant, *P-value <0,05
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Figure 1. Example of sequences that subjects needed to walk on the AMPEL device.
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Document 2. Recruitment Flyer for MS patients.
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Document 3. Recruitment flyer for healthy controls.
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