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Abstract 

Background: Synchronizing steps to beats in auditory stimuli seems feasible in persons with 

Multiple Sclerosis (PwMS) with progressive subtypes, showing positive effects on gait 

parameters. However, it remains to be investigated whether patients can maintain this 

synchronization during prolonged walking tasks and possibly benefit from adaptive strategies. 

Objectives. This study investigates whether synchronization can be maintained when walking 

to auditory stimuli in which assistive adaptations are presented, compared to silence, in 

PwMS versus healthy controls (HC). Furthermore, the effects on gait parameters during eight 

minutes of walking are reviewed. 

Methods: Participants were assessed when walking on their preferred baseline cadence for 

eight minutes in three conditions: walking to music or metronomes without adaptations 

(standard condition), walking to music or metronomes with adaptations (adaptive condition), 

and silence. While walking, cadence, stride length, speed, and synchronization were 

measured.  

Results: Data were obtained from ten HC and ten PwMS. PwMS (age 49 (SD 9.9), EDSS 4.4 

(2.5-6.0)) started walking above their baseline in all conditions but decreased their cadence, 

speed, and stride length towards the end of the walking period. HC seemed to achieve the 

best results when walking in silence. Both groups were able to synchronize, best with the 

adaptive condition, meaning the adaptive strategy is proven effective. 

Conclusion: Walking to adaptive metronomes led to a higher cadence for PwMS, while 

walking in silence benefited their stride length and speed. The highest synchronization was 

captured when walking to adaptive music.  

Keywords: Auditory-motor coupling; Metronome; Multiple sclerosis; Music; Prolonged 

walking; Spatiotemporal parameters; Synchronization. 
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1. Introduction 

There are two forms of progressive Multiple Sclerosis (MS); Primary Progressive MS (PPMS) 

and Secondary Progressive MS (SPMS). PPMS is the least common form of MS and occurs in 

merely five percent of people with MS. No more relapses appear in this form, but the spinal 

cord is affected, and deterioration develops immediately; both legs stiffen and weaken, and 

strength decreases (Test, 2022). The most common form of MS is Relapsing and Remitting MS 

(RRMS), where active inflammation arises in the central nervous system. About 30 percent of 

patients with RRMS progress to a new stage after ten years: SPMS. Hardly any relapses occur 

in this phase, but the body’s functions are impaired. In general, people with MS (PwMS) with 

progressive subtypes encounter problems with activities of daily living, speech, gait, 

contractures, and cognition, among other things (Test, 2022). To a large extent, these can be 

diminished or prevented by rehabilitation. Many rehabilitation strategies already exist, 

including physical therapy, occupational therapy, speech-language pathology, 

neuropsychology, driver rehabilitation, occupational rehabilitation, vision rehabilitation, and 

rehabilitation using technology or medical devices (Rehabilitation, 2021). In some patients, 

cognitive problems are one of the first symptoms of MS (MS Symptoms, 2023). This manifests 

in depleted information processing, memory, attention, concentration, executive functions 

such as planning and prioritizing, verbal fluency, and visuospatial functions, which is the 

capability to associate visual information with the space around (MS Symptoms, 2023). 

Hence, for PwMS, it may be challenging to engage in training as it requires conscious and 

sustained attention as well as visuospatial functions. Considering this difficulty, a task-

oriented rehabilitation strategy for walking is proposed. It has been proven that several 

aspects of gait are affected in PwMS during sustained walking. Among other things, 

fatigability and a decrease in walking speed have been observed during prolonged walking 

tasks (Leone et al., 2016; Goldman et al., 2008; Shema-Shiratzky et al., 2019). Therefore, it 

appears that PwMS have trouble maintaining walking for extended periods of time. This is 

also seen in patients with Parkinson's disease. In a study by Ginis and colleagues (2017) on 

prolonged walking in Parkinson’s patients, rhythmic auditory cueing was shown to improve 

the ability to walk for longer periods of time. When they walked on cues, patients with 

Parkinson's were better able to maintain their cadence as well as their attention, and it also 

helped them fight weariness (Ginis et al., 2017). Given these facts, auditory-motor coupling is 

proposed as a task-oriented rehabilitation strategy. Auditory-motor coupling occurs as the 
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individual aligns his or her footsteps with the beats of the music or metronomes during a 

process called entrainment (Moumdjian et al., 2019a). Moumdjian and colleagues (2019) 

mentioned that synchronization occurs once the footsteps and beats couple in terms of phase 

or period. This synchronization can then be considered a quantifiable result of the coupled 

system (Moumdjian et al., 2020).  

 

To address the previously declared gait problems in PwMS, this study examines whether 

auditory-motor coupling can be used for rehabilitation. The previous research on music-based 

therapies in neurological populations served as the foundation for this study. It has been 

proven that auditory-motor coupling positively affects gait parameters in Parkinson’s 

(Schaefer, 2014) and stroke (Rodriguez-Fornells et al., 2012). Cueing and feedback was 

researched in a study by Corzani and colleagues (2019) on individuals with Parkinson's 

disease. When patients walked slower or faster than their target cadence, cueing or feedback 

was used to restore the normal cadence. According to this study's findings, motor adaptations 

appear to be more successful when receiving feedback (Corzani et al., 2019). A study about 

PwMS from Moumdjian and colleagues (2019) showed that motivation was increased when 

walking to music compared to metronomes, caused by the experience of musical ‘agency’, or 

the feeling of being in control. PwMS were able to synchronize their steps to music and 

metronomes at various tempi during a three-minute walking task (Moumdjian et al., 2019b). 

This synchronization is also observed when PwMS walked for 12 minutes, especially when 

walking to music (Moumdjian et al., 2019a). The role of auditory-motor coupling in the 

treatment of neurological disorders has already been extensively studied. Moens and 

colleagues (2014) examined four distinct adaptation strategies to align music with movement 

in healthy controls (HC). The alignment strategy that continuously adapted the music to the 

participants' walking pattern showed the best results in terms of synchronization (Moens et 

al., 2014). Therefore, the current study aims to investigate the effects of music and 

metronomes on spatiotemporal gait parameters minute-by-minute between HC and PwMS. 

This study proposes that the process of synchronization will improve the gait parameters of 

PwMS during prolonged walking when assistive adaptations in auditory stimuli are 

implemented to bring the participant's steps back in accordance with the beat. 
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2. Methods 

2.1 Participants 

This observational non-blinded case-control study focuses on PwMS with progressive 

subtypes. Patients were recruited through the Rehabilitation and MS center in Pelt and 

Melsbroek, as well as through flyers. Once recruited, they were screened for inclusion criteria. 

Patients were included if they had been diagnosed with progressive MS with an Expanded 

Disability Status Scale (EDSS) score below 6.5 and could walk for 12 minutes at a speed of 0.8-

1.2 meters per second (mps). Patients were excluded if they suffered from amusia, deafness, 

or cognitive impairment that interfered with understanding the study instructions, or if the 

patient was pregnant. The study’s objectives were to include ten patients with a progressive 

subtype of MS and ten healthy aged-matched controls starting at 35 years old (Table 1). 

Testing occurred at the Rehabilitation and MS center in Pelt and Melsbroek and the Hasselt 

University campus in Diepenbeek. This study with the code B1152020000019 was approved 

by the Committee on Medical Ethics of UHasselt on January 20, 2021.  

 

Table 1 

Baseline Characteristics of the Participants. 

Characteristics Healthy controls (n = 10) Patients (n = 10) 

Mean age (years) 57 (SD 6.8) 49 (SD 9.9) 

Mean level of education  8 (2.7) 8 (1.7) 

Males (N) 6 5 

Females  (N) 4 5 

Median EDSS (range)a / 4.4 (2.5 – 6.0) 

Baseline gait speed (mps)b 1.3 (0.1) 0.84 (0.2) 

Baseline cadence (spm)c 119.4 (9.5) 98.3 (13.6) 

Baseline stride length (m) 1.20 (0.03) 1.00 (0.03) 

Median MSWS-12 score (60)d / 43 

Median MFIS Total (84)e / 52 

Median MFIS Physical (36) / 23 

Median MFIS Cognitive (40) / 20 

Median MFIS Psychological (8) / 4 

Median Dual-Tasking Questionnaire / 2.8 

Median PASAT (60)f / 38.5 
a EDSS: Expanded Disability Status Scale. b mps: meters per second. c spm: steps per minute.  

d MSWS-12: Multiple Sclerosis Walking Scale 12 items. e MFIS: Modified Fatigue Impact Scale 

21 items. f PASAT: Paced Auditory Serial Addition Test. 
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2.2 Experimental procedure 

The study consisted of a clinical descriptive testing session and a beat perception testing and 

finger tapping session, followed by two experimental walking sessions, all performed on 

different testing days. This study reports on results obtained during the first and fourth 

sessions. The second session, tapping at different tempi, and the third session, three-minute 

walking on standard and adaptive beats in music and metronomes at different tempi, will be 

discussed elsewhere.  

 

2.2.1 Session 1: descriptive clinical evaluation 

The first session consisted of a descriptive clinical examination and lasted two hours, with rest 

time included. During this testing session, general data (demographic and disease information 

such as EDSS-score, MS type and duration, and medications), data about motor functions 

(walking speed, muscle strength, spasticity, dynamic and static balance), cognitive functions, 

motor fatigue, cognitive fatigue, self-reported outcomes for fatigue, the experience of music 

reward, mood, self-reported outcomes for activity and balance, walking (Multiple Sclerosis 

Walking Scale-12) and a dual task battery (Dual-tasking Questionnaire) were gathered. Of 

particular interest for this study are general characteristics and motor function. Additionally, 

participants had accomplished a one-minute tapping test on a 100 beats per minute (bpm) 

metronome to appraise tapping skills. Lastly, a habituation task with music was assessed. 

Based on previously conducted studies on walking on metronomes and music in patients with 

MS (Moumdjian et al., 2019a; Moumdjian et al., 2019b; Moumdjian et al., 2020), the song 

‘Sanctum’ by the artist ‘Shades of the Abyss’ was used to instruct participants to synchronize 

by stepping to the beat.  

 

 

Figure 1 - Illustration of Standard Inter-beat-intervals and the introduction of Adaptations to the standard auditory 
stream using a Phase Shift in Session 4. 
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2.2.2 Session 4: walking in silence and to standard and adaptive beats 

The fourth session examined walking to standard and supporting adaptive beats in music and 

metronomes throughout an eight-minute walking test. Given the hypothesized presence of 

reduced walking performance over time, the aim is to gain insight into the natural behavior 

of a dynamic system during prolonged walking. Furthermore, it is examined whether 

sustaining a high synchronization throughout the eight-minute duration can be ameliorated 

with the induction of subconsciously perceived assistive adaptations in the auditory stream. 

The D-jogger, an interactive music player, continuously monitored the participant’s 

synchronization level (Moens et al., 2014). When a decline in synchronization consistency was 

ascertained within a ten-second time window, the software offered a phase shift of the 

sequential beat (Figure 1), bringing the beat closer to the step. The person was therefore 

facilitated to 'catch up’ with the beat, which made it feasible to resume synchronization. This 

is also referred to as the ‘adaptive strategy’, which states that when someone’s pace slows 

down, the beat of the music or metronomes similarly slows down as well to match the 

patients’ steps and reestablish synchronization. The assignment of walking for eight minutes 

was chosen since it represents walking in everyday life. Especially for PwMS, this can be 

challenging. 

 

2.2.2.1 Procedure 

In order to establish their preferred walking cadence (baseline), participants first walked 

silently for three minutes. Participants then randomly performed five experimental walking 

conditions, including one condition in silence. Participants were instructed to walk for eight 

minutes while listening to music twice and metronomes twice, in two different conditions. 

The non-adaptive condition was characterized by walking on auditory stimuli following the 

preferred walking cadence, predetermined by their baseline measurement. During the 

second condition, the adaptive condition, participants also walked at their desired, 

predetermined walking cadence, but once changes in cadence were detected the participant 

heard assistive adaptations in the auditory stimuli, which caused them to be brought back to 

their desired cadence. Between each condition, the participants could rest for 15 minutes. In 

total, there were five different situations. Therefore, this session lasted roughly two hours 

and is illustrated in Figure 2. The research questions and outcome measures relevant to this 

session are shown in Table 2. 
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Figure 2 - Visual Illustration of Session 4. 

 
Table 1 

Research Questions and Outcome Measures of Session 4. 

Research questions Primary outcome 

measures 

Secondary outcome 

measured 

Session 4: walking for eight minutes under different conditions 

1. How do assistive adaptations in music 

and metronomes impact gait parameters 

and synchronization in progressive MS 

during a prolonged walking task, and 

does the adaptive strategy work?  

2. Are there any differences in walking to 

adaptive auditory stimuli, non-adaptive 

auditory stimuli, and silence?  

3. How do these effects differ between HC 

and PwMS? 

 

 

 

Spatiotemporal 

gait parameters 

(cadence, speed, 

stride length) 

 

 

 

 

Synchronization 

(RVL) 

 

2.2.3 Equipment 

During the fourth session, participants were asked to listen to auditory stimuli through an 

interactive music player called The D-jogger (Moens et al., 2014), consisting of headphones, 

two sensors secured to the ankles, and a laptop with custom-made software. Similar to 

previous studies, an existing music database was used to elect the music (Van Geel et al., 

2020; Moumdjian et al., 2019b; Moumdjian et al., 2020). The D-jogger conveyed auditory 

stimuli at any given tempo by altering the beat frequency of the music and metronomes and 

computed the synchronization between gait and music and the gait dynamics. The adaptation 

was presented by employing phase shifts in the inter-beat intervals, as illustrated in Figure 1.  

To measure gait, participants were equipped with four portable APDM sensors to determine 

spatiotemporal gait parameters, including cadence, stride length, and walking speed 
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(Washabaugh et al., 2017) as in previous research (Moumdjian et al., 2019a; Moumdjian et 

al., 2019b; Moumdjian et al., 2019c). A sensor was attached to each ankle and wrist. 

Finally, two laptops were used. With one laptop, data was analyzed using the program 

‘Mobility Lab’. With the other laptop, the D-jogger, synchronization was established, and it 

was determined which music or metronomes the participant would hear. All this was set up 

to prevent the participants from viewing the laptop screens. Without distracting stimuli, such 

as other patients or people, therapists, radio music, traffic noise, etc., they walked in a square 

of approximately four meters by four meters.  

 

2.2.4 Outcome measures 

2.2.4.1 Primary outcome measures 

Spatiotemporal gait parameters. The APDM sensors measured the cadence (steps per 

minute), speed (meters per second), and stride length of the left and right foot together 

(meters).  

 

2.2.4.2 Secondary outcome measures  

Synchronization. Synchronization of the steps to the auditory beat was assessed using the 

resultant vector length (RVL), which indicates the consistency of timing differences between 

two periodic signals. In this study, the timing difference of individual steps relative to their 

nearest beats was determined, also known as the phase angle. By averaging the sine and 

cosine coordinates of each phase angle, RVL was calculated. RVL represents how well 

participants aligned their steps in time to the beats, indicated by a value ranging from zero to 

one. Higher values illustrate more consistent synchronization, whereas lower values indicate 

inconsistent synchronization. (Moumdjian et al., 2020) 

 

2.3 Data-analysis 

The collected data were computationally modeled. Data modeling attempted to develop the 

most straightforward algorithm to forecast participants' synchronization behavior. To frame 

this model, a stepwise model construction was applied to predict participants' 

synchronization behavior.  

A mixed model analysis of variance (ANOVA) was applied to the spatiotemporal gait 

parameters (cadence, stride length, and speed) with group (HC vs. PwMS) as a between-
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subjects factor and condition (adaptive, non-adaptive, and silence) and minute (minute one 

through eight) as within-subjects factors. These analyses were performed for both the music 

and metronome conditions. The same model was used for the RVL, but with group (HC vs. 

PwMS) as a between-subjects factor and condition (adaptive vs. non-adaptive) and stimuli 

(music vs. metronome) as within-subjects factors. When interactions were present, a multiple 

comparisons Tukey’s test was further performed as a post hoc test for pairwise comparisons. 

Missing data were manually removed from the datasheet. JMP 17 (trial) was used to conduct 

all of the analyses. The cut-off level for significance was chosen at P < 0.05.  
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3. Results  

3.1 Participants 

Of the 20 participants (ten HC and ten PwMS) included in the study, data were retained from 

nine PwMS and nine HC. One subject was removed from the study by visual inspection of the 

data due to the presence of manifest outliers. This patient walked very slowly, preventing the 

sensors from calculating all gait parameters. One HC was also completely excluded from the 

study since data was only collected for the non-adaptive music and silence condition, and 

there was a substantial amount of missing data.  

 

3.2 Outcome measures  

All data from spatiotemporal gait parameters were normalized relative to that participant's 

mean baseline. This signifies the percentage of difference in the gait parameter compared to 

the gait parameter during baseline. For cadence, a negative value implies that the participant 

took x % fewer steps per minute compared to their baseline measurement, and a positive 

value implies that the participant took x % more steps per minute. For speed and stride length, 

these values represent that the person walked x % slower or faster and took x % shorter or 

longer steps, respectively, compared to the baseline measurement.  

 

3.2.1 Cadence 

3.2.1.1 Walking to metronomes 

Significant main effects were found for group, F(11, 384) = 21.6023, p < 0.0001. Significant 

interactions were discovered for group*minute F(11, 384) = 6.6334, p = 0.0104, and 

group*condition F(11, 384) = 8.0920, p = 0.0004. The post hoc test indicated that HC had a 

significantly lower cadence while walking to adaptive metronomes compared to non-adaptive 

metronomes and silence (t = -3.21, -3.29, p = 0.0182, 0.0138, respectively). It also showed 

that HC who walked to non-adaptive metronomes had a significantly higher cadence than 

PwMS in the non-adaptive metronome and silence condition (t = 4.66, 3.88, p = <0.0001, 

0.0017, respectively). This post hoc test further indicated that HC who walked in silence had 

a significantly higher cadence compared to PwMS in the non-adaptive and silence condition 

(t = 4.76, 3.98, p = <0.0001, 0.0012, respectively). This is shown in Figure 3. 
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Figure 3 – Reports the results for Mean Cadence (steps per minute) between healthy controls (HC) and people 
with MS (PwMS) walking to Metronomes in the adaptive, non-adaptive, and silence condition, minute-by-minute. 

 

3.2.1.2 Walking to music 

Significant main effects were found for condition, F(11, 379) = 4.4993, p = 0.0117. Significant 

interactions were established for group*minute F(11, 379) = 5.3772, p = 0.0209, and 

group*condition F(11, 379) = 5.2903, p = 0.0054. The post hoc test indicated that HC had a 

significantly lower cadence while walking to non-adaptive music compared to silence (t = -

4.49, p = 0.0001). It also showed that HC who walked in silence had a significantly higher 

cadence compared to PwMS in the adaptive music and silence condition (t = 3.52, 3.01, p = 

0.0063, 0.0329, respectively). This is depicted in Figure 4. 

 

 

Figure 4 – Reports the results for Mean Cadence (steps per minute) between healthy controls (HC) and people 
with MS (PwMS) walking to Music in the adaptive, non-adaptive, and silence condition, minute-by-minute. 
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3.2.2 Stride length 

3.2.2.1 Walking to metronomes 

Significant main effects were found for condition F(11,384) = 9.5181, p <0.0001. The post hoc 

test indicated that both HC and PwMS had a significantly shorter stride length while walking 

to adaptive metronomes compared to silence (t = -3.01, -3.10 p = 0.0333, 0.0255, 

respectively). It also showed that HC in the silence condition had a significantly longer stride 

length compared to PwMS in the adaptive metronome condition (t = 3.35, p = 0.0113). This is 

illustrated in Figure 5. 

 

 

Figure 5 - The results for Mean Stride Length (meters) between healthy controls (HC) and people with MS (PwMS) 
walking to Metronomes in the adaptive, non-adaptive, and silence condition, minute-by-minute. 

 

3.2.2.2 Walking to music 

Significant main effects were found for minute F(11,379) = 4.8505, p = 0.0282, and condition 

F(11,379) = 9.0161, p = 0.0001. The post hoc test indicated that HC who walked to adaptive 

music had a significantly shorter stride length compared to both HC and PwMS who walked 

in silence (t = -3.74, -3.46, p = 0.0029, 0.0078, respectively). This is shown in Figure 6. 
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Figure 6 - Reports the results for mean stride length (meters) between healthy controls (HC) and people with MS 
(PwMS) walking to music in the adaptive, non-adaptive, and silence condition, minute-by-minute. 

 

3.2.3 Speed 

3.2.3.1 Walking to metronomes 

Significant main effects were found for condition F(11,384) = 6.1936, p = 0.0023. The post hoc 

test indicated that HC who walked to adaptive metronomes had a significantly lower speed 

than HC and PwMS who walked in silence (t = -3.19, -3.91, p = 0.0191, 0.0015, respectively). 

This is depicted in Figure 7. 

 

 

Figure 7 – Reports the results for mean speed (meters per second) between healthy controls (HC) and people with 
MS (PwMS) walking to metronomes in the adaptive, non-adaptive, and silence condition, minute-by-minute. 
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3.2.3.2 Walking to music 

Significant main effects were found for group F(11,379) = 12.5438, p = 0.0004, minute 

F(11,379) = 5.2421, p = 0.0226, and condition F(11,379) = 7.2636, p = 0.0008. Significant 

interactions were found for group*minute F(11,379) = 4.3623, p = 0.0374. The post hoc test 

indicated that HC who walked to adaptive music had a significantly lower speed compared to 

HC who walked in silence and PwMS who walked in non-adaptive music and silence conditions 

(t = -3.66, -3.27, -4.33, p = 0.0040, 0.0150, 0.0003, respectively). It also showed that HC who 

walked to non-adaptive music had a significantly lower speed compared to both HC and 

PwMS who walked in silence (t = -2.88, -3.59, p = 0.0482, 0.0049). This is illustrated in Figure 

8. 

 

 

Figure 8 - Reports the results for mean speed (meters per second) between healthy controls (HC) and people with 
MS (PwMS) walking to music in the adaptive, non-adaptive, and silence condition, minute-by-minute. 

 

3.2.4 RVL 

Significant main effects were found for group F(7,73) = 1.7306, p = 0.0022. When the post hoc 

test was performed, no significant results were obtained. A graph (Figure 9) was compiled to 

examine visual trends. It can then be observed that both groups show better values in the 

adaptive condition, but overall, HC established higher RVL. 
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Figure 9 - Reports the results for mean resultant vector length between healthy controls (HC) and people with MS 
(PwMS) walking to music and metronomes in the adaptive and non-adaptive condition. 
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4. Discussion 

4.1 Main results 

This observational study investigated the effects of different conditions (adaptive, non-

adaptive, and silence) in music and metronomes on spatiotemporal gait parameters in an 

eight-minute walking task and how they differ between HC and PwMS. Additionally, auditory-

motor coupling by means of synchronization was reviewed. This study hypothesized that the 

use of auditory stimuli would improve the gait parameters of PwMS due to the process of 

synchronization. Results demonstrated a decrease in all gait parameters for PwMS over the 

eight-minute period. The decline in cadence was best inhibited when the patients walked on 

metronomes with the adaptive strategy. The effects of auditory stimuli on cadence were more 

evident than the effects on stride length. This is not groundless given that auditory-motor 

coupling focuses primarily on cadence and rhythm. The auditory stimuli, both in the condition 

with assistive adaptations and without adaptations, even administered to slower walking 

speed in PwMS. However, the adaptive strategy accomplished a beneficial effect on 

synchronization, as all groups better aligned their steps with the beats when they heard 

assistive adaptations. Walking to metronomes also allured to higher synchronizations than 

walking to music, this can be explained by the simple and predictable rhythm of the 

metronome as opposed to the complex rhythm in music. 

 

In the analysis of cadence, significant effects were observed for both walking to metronomes 

and walking to music. The results for walking to metronomes revealed a significant difference 

in cadence between HC and PwMS. The significant interaction effects indicated that the 

impact of both the duration of the walking task and the condition on cadence varies 

depending on the group. HC took fewer steps when walking on adaptive metronomes but 

exhibited an increased cadence when walking to non-adaptive metronomes and silence, 

compared to PwMS. According to Figure 3, a slight decrease in cadence over time can be 

noticed for PwMS in all conditions, ending at or even below their baseline cadence. This 

decrease in cadence may result from motor disorders, fatigue, or balance problems. 

Contrarily, HC maintained a steady cadence in the non-adaptive and silence condition, 

resulting in a higher cadence than their baseline tempo. It can be perceived that a sudden 

decrease in steps per minute taken by the HC appears in minute five in the adaptive 

metronome condition. When visually inspecting the data, several HC showed a remarkably 
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lower cadence for the fifth minute in this condition. It is possible that the HC participated with 

less motivation to complete the session successfully and eventually lost focus on the task, 

which can account for the abrupt drop in the graph. It should be highlighted that these 

findings were obtained solely from visual inferences and were not supported by statistical 

analysis. 

Significant differences in cadence across the various conditions were identified while people 

walked to music. Significant interaction effects suggested that the duration of the task, as well 

as the condition, differs between HC and PwMS. The presence of non-adaptive music 

significantly reduced the cadence of HC, whereas the silence condition increased the number 

of steps per minute taken compared to PwMS. When inspecting Figure 4, it can be noticed 

that the data for music is far less stable compared to the metronome condition. PwMS 

showed a gradual decline in their steps per minute taken across all conditions, eventually 

reaching a cadence below their baseline. The HC completed an irregular eight-minute walking 

task in the adaptive and non-adaptive music conditions, even walking continuously below 

their baseline cadence during the non-adaptive condition. Given that these walking tasks 

were effortless for HC, this negative effect could be explained by the fact that they may 

experience some degree of boredom or lack of challenge. These factors could affect 

motivation and concentration, potentially impacting their performance. During walking in 

silence, on the other hand, the number of steps per minute remained adequately stable and 

was even higher than their baseline cadence. Again, these results were not statistically proven 

and were based entirely on visual assumptions. 

Generally speaking, it can be stated that HC benefit more from walking in non-adaptive 

metronome conditions and in silence since this increases their cadence. These findings are 

not entirely consistent with previous research, which discovered an increase in cadence for 

all participants during walking to both auditory stimuli (Moumdjian et al., 2020). However, 

the previous study examined walking to different tempi in music and metronomes in HC and 

PwMS, whereas this study examines the effects of different conditions in music and 

metronomes. Therefore, direct comparisons cannot be made. In all conditions, PwMS started 

their eight-minute walking task greatly but declined as they neared the end. The adaptive 

strategy seems to work better with metronomes compared to music to stop the decrease in 

cadence over eight minutes in PwMS. They also walked persistently above or at their baseline 
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cadence in this condition. Prior research reveals consistent results regarding the decrease in 

cadence found with PwMS toward the end of the walking task (Moumdjian et al., 2019a).  

 

In the analysis of stride length, significant main effects were observed for walking to both 

metronomes and music. When measuring stride length while walking to metronomes, it was 

discovered that the presence of adaptive metronomes shortened the distance of the steps in 

both HC and PwMS. On the contrary, walking in silence resulted in a longer stride length in 

HC compared to PwMS in the adaptive condition and, consequently, had a favorable impact. 

These results were also graphed, although no statistically significant information can be 

extracted from them. Figure 5 presents a reduction in stride length throughout the time in all 

conditions for PwMS. It is noteworthy that when walking in silence, the stride length of both 

groups differed only slightly, and PwMS even walked above their baseline until a few minutes 

before the end. 

Significant main effects when walking to music indicated that stride length was influenced by 

both the walking duration and the auditory condition. Compared to walking in silence, HC's 

stride length was shortened when adaptive music was present. According to Figure 6, a 

decrease in stride length throughout the time is seen in all conditions in PwMS and in the non-

adaptive music condition in HC. In the non-adaptive condition, HC and PwMS exhibit nearly 

the same pattern of attenuation of step length. As previously stated, walking in silence 

increases the length of the steps taken by PwMS. However, these results were only obtained 

visually and were not statistically significant. 

Overall, both the adaptive music and metronome condition resulted in shortened stride 

length in both groups, in contrast to walking in silence, which showed superior results for 

stride length. These findings are not entirely inconsequent. Since the participants were 

instructed to walk artificially to the beat, their steps may sometimes not have followed their 

natural gait pattern, resulting in shorter steps. Previous research established a decrease in 

stride length for both HC and PwMS in music and metronomes, but since this study 

investigated the effect of different tempi and not different conditions, the findings cannot be 

directly translated to this study (Moumdjian et al., 2019b). 
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The analysis of speed revealed significant main effects for both walking to metronomes and 

walking to music. Walking to adaptive metronomes particularly resulted in a slower walking 

speed for HC than walking in silence. Figure 7 demonstrated that while HC did not gradually 

slow down, they did walk slower than their baseline speed in every condition, indicating that 

walking to metronomes negatively impacted their walking speed. PwMS, on the other hand, 

experienced a slowdown in speed yet walked faster than the HC in every condition. Once 

again, these graphical results were acquired by visual assessment only and were not proven 

statistically significant. 

When walking to music, it was discovered that HC walked slower when listening to adaptive 

music compared to walking in silence in both HC and PwMS. Visual inferences could be drawn 

from Figure 8, where it is apparent that walking to music has a negative effect on HC’s walking 

speed. In both the adaptive and non-adaptive conditions, HC walked far more slowly than 

their standard walking speed, although their pace did not diminish throughout the eight 

minutes. PwMS did show a decrease in speed over time but almost never walked slower than 

the HC. As mentioned above, walking in silence seemed the most beneficial for their speed 

since it was closest to baseline in this condition. 

Overall, walking to music and metronomes in both the adaptive and non-adaptive conditions 

leads to a slower walking speed in both groups and even a decrease in speed in PwMS. 

Furthermore, walking in silence does not benefit HC, but this effect seems lesser. PwMS 

fluctuate around their baseline speed when walking in silence. Previous research confirms a 

reduced walking speed in HC and PwMS for music and metronomes (Moumdjian et al., 

2019b). However, it should be kept in mind that this study focused on walking at different 

tempi rather than in different conditions, hence these findings cannot be merely compared. 

 

When analyzing RVL, a synchronization difference between HC and PwMS can be observed. 

No significant interaction effects were ascertained, which could be explained by the relatively 

small sample size. The limited statistical findings led to the creation of a graph from which 

visual implications could be deduced. Figure 9 demonstrated that both HC and PwMS were 

able to synchronize to all auditory stimuli in all conditions. However, walking to adaptive 

conditions showed higher RVL values and therefore higher synchronization, demonstrating 

the effectiveness of the adaptive strategy. The fact that PwMS could hear and respond to 

changes in rhythm confirmed the hypothesis that synchronization with assistive adaptations 
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would help PwMS align their steps back with the beat. When looking at the results from the 

Paced Auditory Serial Addition Test (PASAT), it is seen that PwMS achieve a median score of 

38.5 on 60. A higher score denotes faster and more flexible processing of auditory information 

(Paced Auditory Serial Addition Test (PASAT), 2023). The patients demonstrate a favorable 

performance on this task, which supports the synchronization hypothesis. It is evident that 

HC synchronized better in all conditions, meaning they could better align their steps to the 

auditory beat than PwMS. A small difference between synchronizing to music and 

metronomes can be observed. HC have slightly higher synchronization values when walking 

on metronomes, whereas PwMS show slightly higher synchronization while walking on music. 

Previous research on walking to music and metronomes at different tempi indicated that both 

HC and PwMS exhibited higher synchronization when walking to metronomes. However, HC 

did synchronize at higher values than PwMS (Moumdjian et al., 2019b). This is consistent with 

the results of the current study, aside from the part that PwMS synchronize better to 

metronomes and keeping in mind that those findings result from walking to different tempi. 

In turn, another study by Moumdjian and colleagues (2019), where participants had to walk 

for 12 minutes to music and metronomes at different tempi, showed that PwMS synchronized 

better to music, which is more compatible with the findings of this current research 

(Moumdjian et al., 2019a). The reason that HC synchronize better with metronomes has 

actually been proven before (McKinney & Moelants, 2006). This is because metronomes have 

pulses that are more straightforward to forecast since they are stable and unambiguous, 

unlike music which is rhythmically more complex. (Moumdjian et al., 2019b). This is depicted 

in the graph but, as previously stated, is not statistically supported due to the small sample 

size. A feasible explanation for the patients’ poorer achievement may be that the dual task of 

walking combined with adjusting the steps with the auditory stimuli was cognitively highly 

demanding for the PwMS, primarily since their disease is characterized, among other things, 

by cognitive impairment (Moumdjian et al., 2019a). When looking at the results from PwMS 

of the Dual-Tasking Questionnaire, a median score of 2.8 out of 5 is observed. A score of 1 

indicates that participants never experience dual-task-related problems, whereas a score of 

5 indicates that people experience this problem frequently (Evans et al., 2009). The score of 

the patients suggests that they occasionally encounter difficulties with dual tasks, which could 

be a contributing factor to their inadequate performance. PwMS achieved a score of less than 
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half on the cognitive component of the Modified Fatigue Impact Scale-12 items (MFIS-12), 

further indicating their challenges with cognitive tasks (Kos et al., 2003). 

Although it is not statistically proven, visual data demonstrates that both groups benefit from 

the adaptive strategy. Walking to metronomes is slightly more advantageous for HC, whereas 

PwMS benefit more from walking to music.  

 

4.2 Limitations and future research  

When evaluating the findings, it is essential to consider the current study’s limitations. One 

of the crucial limitations of this study is its small sample size (n = 20), as has been mentioned 

before. Furthermore, the participant’s cognitive level was not considered, which could have 

indirectly interfered with the results. Likewise, the results may have been affected by the how 

active the person is and how much and far they walk in daily life, genre of the music, e.g., rock 

vs. jazz, fatigue, age, and gender, although these factors were not taken into consideration. 

The size of the walking space can also be seen as a limitation. The track of four meters by four 

meters caused participants to make numerous turns. However, since all sessions were 

conducted under identical circumstances, this ensured that all participants walked the same 

standardized path, which may not have affected the outcomes. A strength of this research is 

that this rehabilitation modality is accessible to implement in practice, recognizing that only 

music-playing equipment is required. 

Future research should include the reciprocal relationship between cognition and 

synchronization ability, as well as the effects of how active the participant is in daily life, music 

genre, fatigue, age, and gender on outcome measures. This study did not examine the effects 

of multiple sessions over an extended period of time. However, in the context of auditory-

motor coupling in the rehabilitation of PwMS, they may be an interesting finding. 
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5. Conclusion  

The present study provides insight into how various auditory stimuli affect gait parameters in 

PwMS compared to HC. It can be concluded that PwMS, in all conditions, performed well at 

the beginning of their eight-minute walking activity. However, their gait parameters 

deteriorated relative to their baseline as the task progressed. Nonetheless, they walked at or 

above their baseline cadence when listening to metronomes with assistive adaptations. 

PwMS benefited from walking in silence in terms of stride length and had reasonably excellent 

outcomes in terms of speed.   

Visually, it was seen that PwMS overall did not perform better with assistive adaptations in 

the auditory stimuli, compared to music and metronomes without adaptations, as their gait 

parameters were below baseline each time. It can be determined that both groups were able 

to synchronize, yet HC synchronizes better than PwMS in all conditions. The latter benefit 

most from walking to music with assistive adaptations, demonstrating that the adaptive 

strategy for synchronization is effective. 
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