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Temporal prediction and
feedforward control in cerebellar
ataxia during spontaneous,
instructed, and adaptive auditory-
motor coupling while walking
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Bart Van Wijmeersch3, Daphne Kos”:8, Marc Leman? & Peter Feys'>

Auditory-motor coupling, the entrainment of movement to an auditory stimulus, involves processes
of temporal prediction and feedforward control. The cerebellum is central to these mechanisms, with
deficits contributing to ataxia, characterized by incoordination and increased movement variability.
Previous research investigated these mechanisms through perceptual or paced finger-tapping tasks.
However, little is known about how these processes interact in complex motor tasks, such as walking,
which require feedforward control and voluntary adaptability. Thus, the dynamic interplay between
temporal prediction and feedforward control in persons with cerebellar ataxia (PwCA) during walking
was assessed in three auditory-motor coupling paradigms (spontaneous, instructed and adaptive),
involving walking to music and metronomes at different frequencies. The adaptive paradigm
additionally incorporated real-time alignment algorithms. Sixteen PwCA (scale for the assessment and
rating of ataxia 3.59 +2.92) and fourteen healthy controls (HCs) participated. Overall, patients showed
spared temporal predictions assessed by synchronization accuracy. Yet reduced synchronization
consistency and gait modulation was observed in PwCA as compared to HCs, consistent with deficits
of feedforward control. The adaptive alignment algorithm may have compensated for feedforward
impairments, thereby promoting enhanced synchronization and gait dynamics. This approach warrants
further investigation and holds potential for integration into rehabilitation strategies for persons with
mild ataxia.
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Auditory-motor coupling is a process which involves the entrainment of a movement cycle (e.g., finger-taps or
steps) to an auditory stimulus (e.g., metronome ticks, or beats in music). This encompasses a cascade of action-
perception loops including (I) auditory perception, (II) the formation of internal models of temporal structure
of the auditory stimuli (i.e. temporal prediction), and (III) the engagement of the motor system to interface
with the induced temporal structures of the auditory stimuli'~. These underlying processes rely on prediction,
defined as a process that incorporates information from the past or present, to generate relevant information for
coping with future states?. Within the coupling paradigm, two levels of predictions can be identified. The first
is temporal prediction, which depends on perceptual and temporal abilities!. The second is associated with
the feedforward control required to adjust the motor plan to the appropriate sensory information® (i.e. to the

induced temporal structures).
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The cerebellum is known to play a crucial role in sensorimotor processing’. This is supported by neural
and clinical evidence demonstrating the involvement of cerebro-cerebellar networks in predictive processing®®
to explain functions such as perception!® sequential and temporal processing!'? temporal pattern
generation'>!* higher-order cognitive processes'>!® sensorimotor interaction!’"!* motor adaptation, control
and learning?-2? and locomotion®*?*. Previously, predictive processes in patients with cerebellar impairments
have been investigated using either perceptual temporal tasks (listening to auditory stimuli) or auditory-
coupling tasks (paced finger-tapping). The results of these studies demonstrate altered temporal prediction
abilities in cerebellar patients?® particularly when processing rhythms at a very fast tempo?®. Evidence from
behavioral studies (limited to spontaneous or paced finger-tapping) demonstrates greater movement variability
in cerebellar patients compared to controls!”?"~%.

While these studies provide valuable insights, they do not account for the dynamic interplay between
temporal prediction and feedforward control to meet the demands of motor tasks requiring higher levels of
control complexity. Walking exemplifies such a task; it inherently relies on feedforward control for regulation®
and it can be adapted through voluntary control®!. It also is an activity of daily living, making it ecologically and
functionally valid. This is particularly relevant for individuals with cerebellar ataxia, a disorder characterized
by impaired interlimb coordination and increased movement variability due to cerebellar dysfunction®-%.
Ataxia is highly disabling®® and difficult to manage with medication®”. While physical rehabilitation is advocated
for persons with cerebellar ataxia (PwCA) for improving overall functioning, its effects remain limited for
coordination impairments and ataxia®®3%3°. Given that temporal prediction and feedforward control are both
integral to motor performance, understanding their interplay could provide crucial insights into the dysfunctions
of coordination observed in cerebellar ataxia. Building on this, auditory-motor coupling paradigm offers a
dual possibility: to investigate underlying functioning of these mechanisms and to potentially inform targeted
rehabilitation strategies aimed at improving incoordination and movement control experienced by PwCA.

To address this knowledge gap, three experimental sessions consisting of auditory-motor coupling
paradigms were designed which included walking as the motor task. Next, the paradigms where designed to
include different complexities of temporal predictions and feedforward control, as follows: (1) investigation
into the different temporal predictive processes by applying spontaneous as compared to instructed coupling,
as it has been demonstrated that temporal predictive processes differ when coupling is instructed (i.e. explicitly
instructed to synchronize), or spontaneous (i.e. not instructed to synchronize)*’; (2) investigation into the effects
of perceptual and motor loads on temporal processing and motor responses, using a paradigm which requires a
deviation from an own intrinsic timer to adapt to a new, externally imposed temporal structure. This was achieved
by applying different tempi, including own comfortable tempi, as well as at faster and slower tempi; and (3)
investigation of prolonged coupling to examine the coupling interplay of temporal predictions and feedforward
control over time. Furthermore, to investigate whether deficits in predictive control could be mitigated through
technology-driven solutions, such as an adaptive beat-step alignment algorithm. The algorithm was designed
to dynamically adjust rhythms in real time, with the goal of facilitating synchronization while maintaining the
desired individualized tempo of walking. This approach also offers valuable insights for clinical rehabilitation.

In the experiments, synchronization accuracy and consistency were the primary outcome measures used
to quantify temporal prediction and feedforward control. To elaborate, temporal prediction was assessed by
synchronization accuracy, as the degree to which participants’ steps anticipated or lagged behind the beat”.
Feedforward control was assessed using two proxies: motor alignment, represented by synchronization
consistency (i.e. the consistency of alignment between the steps and the beat)*and motor behavior evaluated
through spatiotemporal gait parameters® and pattern of step-to-step fluctuations (i.e. gait dynamics)>*!.

Experimental session one investigated synchronization consistency while walking to music at comfortable,
faster and slower tempi, without being instructed to synchronize, across groups. In the spontaneous coupling
condition, we hypothesized to find the highest synchronization consistency to occur at comfortable walking
tempi. In addition, we hypothesized to find differences in synchronization consistency between groups in both
the spontaneous and instructed coupling conditions, due to evidence that damage to the cerebellum affects
the predictive adaptation and thus updating of internal models*>. Experimental session two investigated
synchronization consistency and accuracy, along with changes in gait parameters and dynamics, while walking
to both music and metronomes at comfortable, faster and slower tempi across groups, when participants were
explicitly instructed to synchronize. Additionally, it examined how gait parameters and dynamics were affected.
We hypothesized that patients would have better responses on synchronization and gait parameters at their
own comfortable tempi, while gradually deteriorating as tempi becomes faster or slower, given the deficits in
predictive feedforward control hindering the real-time adjustments of motor commands in cerebellar patients*2.
Experimental session three investigated synchronization consistency and accuracy when interacting with
rhythms in music and metronomes during prolonged walking, as well as whether this could be enhanced by
applying implicitly perceived adaptive beat-step alignment algorithms across groups. We hypothesized that
the condition with adaptive alignment algorithm would result in the best response on synchronization and
gait parameters over time in both groups, but more so in the patient group, as the external algorithm would
compensate for the anticipated errors in feedforward control**.

Additionally, in experimental sessions two and three, we investigated the coupling process when entraining to
two auditory stimuli: metronomes and music. The reason was to investigate the temporal prediction processes
when entraining to a discrete auditory structure of unambiguous ticks with no rhythmic variability (such as
found in metronomes), compared to the sinusoidal auditory structure of more complex rhythmic structure
(such as found in music). In previous studies on both healthy and neurological populations, synchronization
to metronomes has been shown to be more consistent compared to music’**>. On the other hand, participant’s
gait dynamics when coupling (i.e., the variability of step durations over time*®) reflected the auditory structure
of the stimuli. To elaborate, walking in synchrony to metronomes led to a non-variable and rigid gait dynamics,
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Fig. 1. Flow-chart of the participant flow in the three experimental sessions.

Participants | Diagnosis Age | Year of diagnosis | MRI finding

1 Cerebellar lesion of unknown etiology | 69 | 2020 Left middle cerebellar peduncle lesion

2 Cerebellar stroke 62 |2018 Left posterior cerebellar stroke (superior cerebellar artery)

3 Spinocerebellar ataxia type 6 65 | 2017 Global cerebellar atrophy predominantly cerebellar vermis

4 CACNAI1A-related disorder 54 2018 No lesions or atrophy observed on imaging

5 Cerebellar stroke 73 | 2019 Right posterior paravermis stroke (posterior inferior cerebellar artery)

6 Cerebellar Stroke 62 |2021 Right posterior paravermis stroke (posterior inferior cerebellar artery)

7 Cerebellar stroke 54 | 2021 Multiple lesions of bilateral cerebellar hemispheres

8 Arteriovenous malformation 28 | 2009 Bilateral posterior cerebellar hemispheric lesions and mild cerebellar atrophy

9 Cerebellar stroke 46 | 2019 Left hemispheric cerebellar stroke

10 Cerebellar stroke 78 | 2019 Bilateral posterior inferior cerebellar artery stroke

11 Cerebellar stroke 77 | 2019 Ischemia in left posterior cerebellar hemisphere (anterior superior cerebellar artery)
12 Multiple Sclerosis 42 2022 Lesion at the left cerebellar peduncle and in the right cerebellar hemisphere body

13 Multiple Sclerosis 48 | 2015 Lesion at the left border of 4th ventricle and cerebellar peduncle

14 Multiple Sclerosis 56 | 2004 No lesions or atrophy observed on imaging

15 Cerebellar Stroke 54 | 2023 Right hemisphere middle and anterior vermis stroke (Right antero-superior cerebellar artery)
16 Cerebellar Stroke 61 | 2018 Left posterior parasagittal hemisphere stroke (Left posteroinferior cerebellar artery)

Table 1. Diagnosis and disease information of study participants.

while favourable gait dynamics were observed when walking in synchrony to music*!. Thus, we hypothesized
that, while metronomes would lead to better synchronization consistency, music would result in more favorable
gait dynamics in both groups.

Results

Participants

A total of 16 PwCA and 15 healthy controls (HCs) were included into the case-control study. Figure 1 illustrates

the experimental flow-chart of the participant flow in the three experiments of the overall case-control study.
Groups did not statistically differ in age or gender. Details of the cerebellar diagnosis is outlined in Table 1

per study participant. As seen in Table 2, the cerebellar group presents with ataxia, and is significantly more

impaired than HCs in terms of dynamic balance, functional mobility as measured by the dynamic gait index

and time up and go tests. Walking aids were not used by any participant. Statistical differences between groups

were found on four spatiotemporal outcomes: the mean of double support, and the co-efficient of variation of
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Persons with Cerebellar Ataxia (n=16) | Healthy controls (n=14) | p-value
Age (years) 58.06+13.29 58.21+12.67 ns
Biological gender (female : male) 8:8 8:6 ns
Amusia test (correct scores) 12.69+1.78 12.10+2.51 ns
Timed Up and Go Test (seconds) 9.95+2.99 6.59+0.73 0.0010
Dynamic Gait Index (total score) 19.19+3.62 24+0 <0.0001
6MWT (meters) 495.73+119.60 579.50+115.64 Ns
Gait 1.33+£1.05 0+0 <0.0001
Stance 0.73+0.80 0+0 0.0020
Left finger chase 0.33+0.49 0+0 0.0214
Right finger chase 0.27+0.46 0+0 0.0446
Left nose-finger test 0.40+0.51 0+0 0.0099
Scale for Assessment and Rating of Ataxia | Right nose-finger test 0.33+0.49 0+0 0.0214
Left fast-alternating movements | 0.40+0.51 0+0 0.0099
Right fast-alternating movements | 0.27 +0.46 0+0 0.0446
Left heel-shin slide 0.29+0.47 0+0 0.0372
Right heel-shin slide 0.36+0.74 0£0 ns
Total score 3.59+2.92 0+0 <0.0001
Left Dorsi Flexor 31.93+2.81 3340 ns
Left Knee Extensor 29.60+4.37 3310 0.0102
Motricity Index Left Hip Flexor 30.33+3.90 33+0 0.0214
Right Dorsi Flexor 31.00+4.34 3340 ns
Right Knee Extensor 31.53+4.03 3310 ns
Right Hip Flexor 32.47+2.07 33+0 ns
Left Hamstrings 0+0 0+0 ns
Left Triceps Surae 0+0 0+0 ns
Modified Ashworth Scale Left Quadriceps 00 0+0 e
Right Hamstrings 0+0 0+0 ns
Right Triceps Surae 0+0 0+0 ns
Right Quadriceps 0+0 0+0 ns
Total score (/84) 50.33+25.04 - -
Physical sub-score (/36) 25.53+11.12 - -
Modified Fatigue Impact Scale
Cognitive sub-score (/40) 22.33+£12.52 - -
Psychological sub-score (/8) 4.47+2.72 - -
Total score (/21) 14.79+9.85 10.09+4.32 ns
Hospital Anxiety and Depression Scale Anxiety 8.07+5.34 6.64+2.29 ns
Depression 6.71+5.54 3.45+2.73 ns

Table 2. Descriptive and clinical characteristics of study participants.

speed, step duration and toe off angle. No other main or interactions effects were found for the spatiotemporal
parameters across the three baseline walking conditions across the three experimental sessions. Table 3 provides
a compressive summary of the baseline spatiotemporal parameters and the statistical results.

Figure 2 provides a graphical summary of the three experimental sessions. In each experimental session,
prior to commencing with the conditions, participants were asked to walk three minutes in silence at their
comfortable tempo to quantify baseline cadence for each session. The corresponding experimental conditions
were then individualized relative to each participant’s comfortable tempo.

A summary of the primary and secondary outcome measures for each experimental session is provided in
Table 4. Details on how these outcomes were computed can be found in the methods section. The results of each
experimental sessions are described below.

Experimental session one: spontaneous auditory-motor coupling
Participants walked to music at seven different tempi (—12%, —8%, —4%, 0%, +4%, +8%, +12% of preferred
walking cadence), each lasting three minutes. To assess the effect of instruction, these spontaneous music conditions
were contrasted with the instructed music conditions from experimental session two.

Figure 3 provides a visual illustration of the primary outcome measure plotted across Tempi and Session.

Primary outcome measure
Resultant Vector Length. Significant main and interaction effects were found for Session and Tempi, and
Session*Tempi (F(6, 345.9)=2.66, p=0.0150). The post-hoc tests indicated a significantly lower consistent
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Healthy
Cerebellar controls
Gait parameter ataxia (n=16) | (n=14) Group Session Group*session
Mean 101.29+9.35 105.51+10.1 | F(1,28.0)=1.18, p=0.2875 | F(2,47.5)=0.26, p=0.7730 | F(2,47.5)=0.33, p=0.7205
Cadence (steps per minute)
Co-efficient of variation 0.03+0.01 0.2+0.01 | F(1,29.8)=3.40, p=0.0752 | F(2,51.2)=0.60, p=0.553 | F(2,51.2)=0.13, p=0.8803
Mean 1.11+0.41 1.21£0.15 | F(1,28.8)=3.79, p=0.0618 | F(2,47.7)=0.30, p=0.7426 | F(2,47.7)=1.51, p=0.2308
Stride Length (meters)
Co-efficient of variation 0.04+0.02 0.03+0.01 | F(1,29.85)=3.84, p=0.0594 | F(2,51.0)=0.14, p=0.8678 | F(2,51.0)=0.18, p=0.8351
Mean 0.94+0.18 1.07£0.2 F(1, 28.1)=3.20, p=0.0845 F(2,47.6)=0.36, p=0.6983 | F(2, 47.6)=0.98, p=0.3839
Speed (meters/second)
Co-efficient of variation 0.06+0.2 0.04+0.01 | F(1,30.0)=5.92, p=0.0211* | F(2,52.0)=0.12, p=0.8899 | F(2, 52.0)=0.47, p=0.6303
Double support Mean 24.72+3.53 21.43+3.85 | F(1,28.0)=6.78, p=0.0146* | F(2,47.4)=0.83, p=0.4435 | F(2, 47.4)=0.10, p=0.9077
(percentage of total gait
cycle) Co-efficient of variation 0.05+0.02 0.05+0.01 | F(1,29.1)=1.58, p=0.2193 | F(2,48.6)=0.74, p=0.4843 | F(2, 48.6)=0.03, p=0.9699
Mean 0.59+0.05 0.57+0.05 | F(1,27.3)=0.79, p=0.3825 | F(2,45.0)=0.71, p=0.4975 | F(2,45.0)=0.21, p=0.8148
Step duration (seconds)
Co-efficient of variation 0.04+0.01 0.03+0.01 | F(1,29.4)=5.11, p=0.0313* | F(2,49.3)=0.54, p=0.5869 | F(2,49.3)=0.02, p=0.9788
Alpha (unit) Mean 0.73+0.20 0.79+0.23 | F(1, 28.1)=0.47, p=0.5001 F(2,58.1)=0.42, p=0.6584 | F(2,58.1)=0.18, p=0.8348

Table 3. Mean and standard deviation of the baseline gait parameters of study participants, averaged across
the three experimental sessions, along with statistical results of the main effects of group and session, as well as
their interaction effects. *p <0.05.
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Fig. 2. Illustration summarizing the three experimental sessions. The tempi ranges using in experimental
sessions one and two were — 12%, —8%, —4%, 0%, 4%, 8% and 12% of individual preferred walking cadence.
The algorithms used in experimental session three were an adaptive beat-step alignment algorithm and a non-
adaptive beat-step alignment algorithm.

Primary outcome Secondary outcome
measures measures
Spatio-
temporal
gait
Resultant | Relative parameters
Vector Phase (mean and
Experimental session Experimental factors tested in the statistical analysis Length Angle | Alpha | CV)

Group (HC vs. PwCA) and Tempi (—12%,-8%,—4%,0%,4%,8%,12%) and Session

Experimental Session 1: . . ) . : L
P (spontaneous music conditions from session 1 vs. instructed music conditions from | X

Spontaneous auditory-motor coupling

session 2).
Experimental Session 2: Group (HC vs. PwCA) and Tempi (—12%,—-8%,—4%,0%,4%,8%,12%) and Stimuli
. . : X X X X
Instructed auditory-motor coupling (music vs. metronomes).
Experimental Session 3: Group (HC vs. PwCA), Stimuli (music vs. metronomes), Algorithm (adaptive vs. X X X+ X
Adaptive auditory-motor coupling non-adaptive) and Time (minutes 1-2, minutes 3-4, minutes 5-6, minutes 6-8).

Table 4. Summary of the experimental factors tested in the statistical analysis and the primary and secondary
outcome measures for each of the experimental sessions. HC: healthy controls; pwca: persons with cerebellar
ataxia; CV: coefficient of variation. *The analysis included the condition ‘silence’ added as a level in Stimulus
(music, vs. metronomes vs. silence), and did not incorporate the factor ‘Time, as the outcome measure was
calculated over the complete time-series.
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Fig. 3. Synchronization consistency results of experimental session one plotted across tempi, between session
(walking to music condition during the spontaneous and instructed sessions). Mean standard errors are shown.

synchronization at all seven tempi when participants were not instructed to synchronize (spontaneous coupling)
compared to when they were instructed to synchronize (instructed coupling).

Experimental session two. Instructed auditory-motor coupling
Participants were explicitly instructed to synchronize, and walked to music and metronomes at seven different
tempi, each lasting three minutes.

Table 5 provides a summary of the observations of each outcome measure as mean and standard deviation,
and the F and p statistics. Figure 4 provides a visual illustration of the primary outcome measures and secondary
outcome alpha plotted across Group, Stimuli and Tempi.

Primary outcome measures
Resultant Vector Length. Significant main effects were found for (a) Tempi (p < 0.0001), indicating synchronization
was more consistent for — 12, —8 and — 4% as compared to the 12% (t=3.56, p=0.0075; t=5.89, p <0.0001; t=5.83,
p<0.0001), and the —8%, —4% as compared to the 8% (t=3.32, p=0.0170; t=3.27, p <0.0202), and the 0%, 4%
compared to 12% (t=4.96, p<0.0001, t=3.17, p=0.0271); (b) Group (p=0.0155) and (c) Stimuli (p <0.0001),
indicating that HCs synchronized more consistently than the patient group, and that synchronization was more
consistent with metronomes compared to music. A significant interaction effect of Group*Stimuli (p =0.0024))
indicated that HCs synchronized more consistency to metronomes compared to the cerebellar group (t=-3.39,
p=0.0060) and that only HCs, synchronized more consistency with metronomes compared to music (t=6.07,
P <0.0001) while this effect was not present in the cerebellar group.

Relative phase angle. A significant main effect was found for Tempi (p <0.0001) indicating a negative mean
asynchrony at the lower tempi, and positive mean asynchrony at the higher tempi.

Secondary outcome measures

Alpha. Significant main effects were found for: (a) Tempi (p<0.0001) with highest persistence found at the
+12% tempi, (b) Group (p=0.0434) with higher persistence for the cerebellar group, (c) Stimuli (p <0.0001)
with higher persistence for music. Significant interaction effects were found for Group*Stimuli (p <0.0001),
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Fig. 4. Experimental session two, results plotted across tempi (—12%, —8%, —4%, 0%, 4%, 8%, 12%) stimuli
(metronome, music) and groups (cerebellar, controls). A: resultant vector length, B: relative phase angle, C
alpha. Mean standard errors are shown.

indicating that HCs had a lower persistent gait pattern (a) when walking to metronomes compared to cerebellar
patients (t=3.84, p=0.0008) and (b) when walking to the music compared to metronomes (t=—9.36, p <0.0001).

The spatiotemporal parameter outcomes are expressed as percentage change relative to walking to the baseline.
Main and interaction effects are described below:

Mean: Cadence was increased when walking to the higher tempi, and decreased for the lower tempi (p < 0.0001).
This observation was significantly more prominent with metronomes compared to music (p =0.0141). Speed was
decreased to follow the lower tempi (p <0.0001), yet at the highest tempi, only HCs increased their speed, and
more so when walking to metronomes compared to music (t=2.81, p=0.0271). Step duration was increased
(slower steps) when walking to the negative tempi, and decreased (faster steps) when walking to the positive
tempi (p<0.0001). In addition, specific effects of Tempi were as follows: At —4% of preferred walking cadence,
participants increased their double support time more when walking to metronomes compared to music
(t=3.38, p=0.0499). At +12% of preferred walking cadence, participants took slower steps when walking to
metronomes compared to music (p=0.0003). At —12% of preferred walking cadence, participants decreased
stride length significantly more compared to +12% (t=-2.97, p=0.0500).

Variability: The CV differed across stimuli for cadence (t=-4.37, p<0.0001), step duration (t=-6.14,
p<0.0001), double support (t=—4.91, p<0.0001) and stride length (t=—3.75, p=0.0012) only in HCs when
walking to music compared to metronomes. A significant effect of Tempi was found for the CV of cadence
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(p<0.0001) and step duration (p <0.0001) indicating highest CV at both the lowest (—12%) and highest tempi
(+12%). No significant main or interactions effects were found for the CV of speed.

Supplementary Fig. 1 provides visual illustrations of the spatiotemporal gait parameters (mean and co-
efficient of variation) plotted across Group, Stimuli and Tempi.

Experimental session three: adaptive auditory-motor coupling
Participants were explicitly instructed to synchronize, and walked in silence, to music and metronomes (with
and without adaptive algorithms), each lasting eight minutes.

Table 6 provide a summary of the observations of each outcome measure as mean and standard deviation
(Table 6, and the F and p statistics (Table 7. Figure 5 provides visual illustrations of the primary outcome
measures and secondary outcome alpha plotted across Group, Stimuli and Algorithm.

Primary outcome measures
Resultant Vector Length. Significant main effects were found for Algorithm (t=28.80, p <0.0001), indicating that
the adaptive alignment algorithm was able to maintain synchronization consistency in both groups, resulting
in higher RVL in the adaptive as compared to the non-adaptive condition. Significant main effects were found
for Group (p=0.0450) and Stimuli (p <0.0001), indicating higher synchronization consistency for HCs when
walking to metronomes. A significant Group*Stimuli interaction effect was found (p=0.0009), the post-hoc
test indicated (a) a more consistent synchronization for the HCs compared to the PwCA in the metronome
condition (t=-3.27, p=0.0064) and (b) difference of stimuli for HCs only, achieving a higher synchronization
consistency with metronomes compared to with music (t=5.71, p<0.0001). Synchronization consistency did
not significantly differ over time between groups, stimuli and algorithms.

Relative Phase angle. A significant main effect was found for Stimuli, indicating a smaller negative asynchrony
for the music condition, as compared to the larger negative asynchrony for the metronome condition (t=-3.71,
p=0.0002).

Secondary outcome measures
Alpha. Significant main effects were found for Stimuli (p < 0.0001) and Algorithm (p <0.0001), and two significant
interactions were found for Group*Stimuli (p=0.0210) and Algorithm*Stimuli (p =0.0041).

The post-hoc tests of the Group*Stimuli interaction indicated that (a) in all participants, gait was more
persistent when walking to music compared to metronomes in all participants (t=—4.85, p<0.0001); and (b)
only in healthy controls, gait was more persistent when walking in the silent condition compared to walking to
the metronome condition (t=—5.57, p<0.0001).

The post-hoc tests of the Algorithm*Stimuli interaction indicated that (a) gait was more persistent when
walking to the adaptive compared to the non-adaptive metronome condition (t=4.39, p=0.0004); (b) gait was
more persistent in the non-adaptive music condition compared to the non-adaptive metronome condition
(t=—4.15, p=0.0009); and (c) gait was more persistent when walking to the adaptive music condition compared
to walking in the silent condition (t=—6.27, p <0.0001).

The spatiotemporal parameter outcomes are expressed as percentage change relative to walking to the silent
condition. Main and interaction effects are described below:

Mean: Participants decreased their cadence (p=0.0359) and step duration (p=0.0291), and increased their
stride length (p=0.0161), in the last two minutes of the walking to auditory stimuli compared to the first
two minutes. Participants decreased speed more when walking to music compared to metronomes (t=5.58,
p<0.0001). A decrease in cadence (t=4.12, p=0.0003) and an increase in step duration (t=—4.20, p=0.0002)
was seen in the adaptive music condition compared to the adaptive metronome condition. A decrease of speed
was seen during the adaptive conditions regardless of stimuli (t=—2.53, 0.0118). A higher decrease in cadence
(t=—4.42, p=<0.0001) and a lower step duration (t=3.94, p=0.0006) was seen for the non-adaptive music
compared to the adaptive music. Stride length decreased more when walking to music compared to metronomes
in the non-adaptive condition (t=5.35, p <0.0001). No further main or interaction effects were found for Group,
nor on the parameter of mean double support.

Variability: Two significant main effects and one significant interaction effect were found as follows.

A significant main effect of Stimuli was found stride length (p <0.0001), indicating a higher increase of CV of
stride length when walking to music compared to metronomes (t=—5.24, p <0.0001). A significant main effect of
Time was found for double support (p=0.0391), indicating a higher CV of double support when walking to the
5th and 6th minute as compared to walking to the 3rd and 4th minutes (t=-2.62, p=0.0458).

Significant Group*Stimuli interactions were found for cadence (p =0.0002), speed (p=0.0468), step duration
(p=0.0023), and double support (p =0.0391). The post-hoc tests indicated: (a) in cerebellar patients compared to
healthy controls when walking to the music condition, a significantly higher CV of cadence (t=—3.04, p=0.0134)
and step duration (t=—2.73, p=0.0338) was observed; and (b) In HCs, when walking to the music condition
compared to when walking to the metronome condition, a higher CV of cadence (t=—6.42, p<0.0001), CV
of speed (t=—4.62, p<0.0001), CV of step duration (t=—5.20, p<0.0001) and CV of double support (t=—5.77,
p=<0.0001) was observed.

Supplementary Fig. 2 provides visual illustrations of the spatiotemporal gait parameters (mean and co-
efficient of variation) plotted across Group, Stimuli, Algorithm and Time.

Discussion

This body of work provides empirical evidence on auditory-motor coupling paradigms during walking in
patients with cerebellar ataxia compared to HCs. Experimental session one investigated spontaneous coupling
at preferred walking cadence and tempi deviating from preferred walking cadence. Experimental session two
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investigated instructed coupling to music and metronomes at preferred walking cadence and tempi deviating
from preferred walking cadence. Experimental session three investigated adaptive and non-adaptive prolonged
coupling at preferred walking cadence to music and metronomes.

Spontaneous coupling

An inverse U-Shape was observed for the response of synchronization consistency for all participants in the
spontaneous coupling condition only, with best synchronization occurring at the 0% of preferred walking
cadence tempi. This is consistent with our hypothesis and evidence that persons are able to spontaneously
synchronize within the confounds of their intrinsic comfortable walking tempo, often termed the entrainment
basin?”®, We observed a similar response from cerebellar patients to that of HCs, suggesting that spontaneous
synchronization is related to passive attentional control at ranges within entrainment basin® and likely not
specific to the cerebellum. However, synchronization consistency was significantly lower during spontaneous
coupling compared to instructed coupling, and more so at tempi deviating from the preferred walking cadence
in both groups. This is an indication that coupling to tempi that deviates from own preferred tempi requires
active attentional control® for updating the intrinsic timer with the imposed temporal structures, thereafter
providing motor responses to reduce prediction errors in order to achieve alignment>*°.

Instructed coupling

In the domain of motor control, it has been well established that the cerebellum, throughout it cerebello-cortical
projections support feedforward control, i.e. the process by which motor plans are updated before execution
based on predictions6’8'9’51. This mechanism allows for smooth and accurate movements, and has been shown to
be impaired in individuals with cerebellar damage®>. Specifically within auditory-motor coupling paradigms,
feedforward control allows the updating of the motor plan with the induced temporal structures’. In the present
study, we assessed feedforward control by synchronization consistency (i.e. the variability in movement alignment
with the beat) and gait parameters (i.e. response of the motor behavior). As hypothesized, synchronization
consistency was significantly lower in the cerebellar group compared to healthy controls, and spatiotemporal
gait showed reduced in the cerebellar group compared to healthy controls. Consistent with theoretical accounts
and previous empirical evidence®®°°1->3 our findings support the view that feedforward control is compromised
in cerebellar impairment.

Yet, contrary to our hypothesis, temporal prediction was intact in the cerebellar group, as no group differences
were found for synchronization accuracy as observed by the relative phase angle. To elaborate, both groups had
a typical negative mean asynchrony during coupling to the slow tempi indicating anticipation to the beat, and a
positive mean asynchrony at the fast tempi indicating a response of lagging behind the beat, and thus a tendency
to follow it'. While anticipatory behavior is consistent with literature (in both finger-tapping?” and walking
studies®®), the shift towards following the beat at the positive tempi is less well established. Rather, studies tend
to show a reduction in anticipation at higher tempi, rather than positive asynchronies!?”:>%,

An explanation for the latter could be that to synchronize with faster tempi, gait needs to be adjusted in
ways that may not permit continued anticipatory timing. As a result, they may fall behind the beat and follow it.
Participant’s gait patterns did follow such a trend, where participants decreased their cadence and step duration
(i.e. took less and slower steps) to follow the slow tempi, and vice versa for the fast tempi.

In addition, the + 12% tempi appears to be the condition which mostly compromised feedforward control®.
Only at this tempi, we observed a significantly lower synchronization consistency in all participants. It is
noteworthy that the different tempi were presented in a random order, thereby eliminating any effects of gradual
tempo changes. In addition, the observed effects occurred only at one extreme (+ 12%), and not the other (e.g.
the — 12%). Therefore, this result is unlikely to be a consequence of Weber’s law®*>”. When examining the motor
response at the + 12% tempi, three significant findings emerged. First, gait dynamics was highly persistent across
all participants, indicating active coupling and step adaptations. Second, all participants showed the highest
variability in cadence and step duration (temporal gait parameter). Third, only HCs increased their speed (spatial
gait parameter), while cerebellar patients decreased their gait speed at higher tempi. These results suggest that
the + 12% tempi imposed the greatest demand on predictive processing and the corresponding motor response.
However, we argue that, although synchronization consistency at + 12% tempi was compromised in both groups,
the underlying reasons for this compromise differ between participants. To elaborate, for HCs, the compromise
in synchronization consistency at the +12% tempi was not due to a failure of predictive computation, but rather
a result of task constraints. Specifically, although HCs used were following the beat at the faster tempi, they
could still provide a motor command to this action. However, this motor command was limited to walking due
to the task instructions. We hypothesize, that if participants were allowed to switch from walking to jogging,
they would have been able to match their steps with the demands of the temporal predictions. Thus, while their
system required a different motor state to meet the task demand (i.e. maintain synchronization consistency),
they were unable to do so because the task only permitted walking. For the patient group, we hypothesize that the
cerebellum was challenged at +12% tempi on two fronts: first, updating its internal model rapidly to match the
temporal structure of the stimuli, and second in updating the motor plans with that of the temporal predictions
to meet task requirements. However, the system continued to require maintenance of stability, and therefore
patients decreased their gait speed as compensatory mechanism to ensure stability during the task performance.

Prolonged and adaptive coupling

In previous literature in both HC*® and neurological populations?® RVL values of >0.75 have been used to
indicate adequate synchronization. This threshold was empirically derived from a a dataset by identifying a
statistical cutoff that separates phase-coherent from phase-incoherent gait patterns*®. Based on this threshold,
on average, HCs achieved adequate synchronization (RVL 0.79+0.23) when walking eight minutes to the non-
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Statistical analysis
Outcome measures Group | Group Stimuli Algorithm Minutes Interactions
PwCA F(1,26.1)=4.44, | (1, 360.2) =22.28, | F(1, 350.9)=77.43 Group*Stimuli
_ ,26.1)=4.44, s .2)=22.28, s .9)=77.43, p*Stimuli F(1,
Resultant Vector Length [0-1] e | p=0.0450 $<0.0001 $<0.0001 ns 360.2)=11.15, p=0.0009
PwCA -
Relative Phase Angle [degrees] ns F(J’ 365.3)=13.80, ns ns ns
e $=0.0002
Algorithm*Condition
PwCA B, 123.5)- 1235, | F(L, 11821909 F(2, 118.2)=5.77,
, 5)= .5, 1, 118.2)=19.09, =
Alpha [0-1] ns p=<0.0001 p<0.0001 ns p=00041
HC Group*Condition F(2,
123.5)=3.99, p=0.0210
Cadence mean [steps/min] PwCA | F(1,340.2)=13.34, | F(1, 328.2)=12.65, | F(3,329.3)=2.88, | Algorithm*Stimuli F(1,
P e p=0.0003 p=0.0004 p=0.0359 328.2)=4.72, p=0.0306
PwCA F(1, 352.6)=32.17 Group*Stimuli
torre /i . > .6)=32.17, . p*Stimuli F(1,
Cadence CV [steps/min] Ho ns <0.0001 ns ns 352.6)=13.73, p=0.0002
i PwCA F(1,335.7)=26.17 F(3,331.3)=3.49, | Algorithm*Stimuli F(1
Stride length mean [meters] e ns p<0.0001 ns p=0.00161 330.9)=5.55, p=0.0191
PwCA —
Stride length CV [meters] ns F(1, 342.3)=27.48, ns ns ns
HC p< 0.0001
PwCA F(1,342.2)=31.17, | F(1, 326.9)=6.42
Speed mean [meters/second] e ns £<0.0001 »=0.0118 ns ns
PwCA F(1, 353.2)=22.86 Group*Stimuli F(1
Speed CV [meters/second] e ns p<0.0001 ns ns 353.2)=3.98, p=0.0468
Double support mean [% Gait Cycle PwCA
N ns ns ns ns ns
Time] HC
Double support CV [% Gait Cycle PwCA s F(1, 350.4) =29.22, s F(3, 324.5)=2.82, | Group*Stimuli F(1,
Time] He p<0.0001 p=0.0391 350.4)=9.01, p=0.0029
Step duration mean [seconds] PwCA | F(1,335.6)=14.32, | F(1, 325.0)=8.60, | F(3,326.0)=3.04, | Algorithm*Stimuli F(1,
P He p=0.0002 p=0.0036 p=0.0291 325.0)=4.75, p=0.0300
) PwCA F(1, 354.6)=21.06 Group*Stimuli F(1
Step duration CV [seconds] e ns <0.0001 ns ns 354.6)=9.44, p=0.0023

Table 7. B. Summary of the main and interaction effects obtained from the statistical models in experimental
session three. PWCA: persons with cerebellar ataxia; HC: healthy controls; ns: non-significant.

adaptive conditions, while the cerebellar patients did not (RVL 0.66+0.30). Consistent with our hypothesis,
the results indicated that the adaptive alignment algorithm implicitly compensated for these deficits, enabling
patients to achieve adequate synchronization consistency (RVL 0.81 +0.20). Regarding performance over time,
synchronization consistency remained stable across eight minutes, while there was a decrease in cadence and
step duration in the final two minutes of the walking.

The gait pattern of participants also varied across conditions: during the non-adaptive conditions, they
decreased their step length, whereas during adaptive conditions, they reduced step time and cadence. However,
the variability of spatiotemporal parameters did not differ across conditions. Upon inspecting gait dynamics,
we observed that walking with adaptive alignment algorithms increased the gait persistence, particularly with
metronomes (i.e. resulting in a better gait dynamics). Specifically, in HCs only, the low and anti-persistent
gait pattern found when walking to non-adaptive metronomes (which is consistent with previous literature,
and reflects the high synchronization consistency*!) shifted to a more persistent gait pattern when walking to
adaptive metronomes. This increase in gait persistence has been attributed to the locomotor system’s ability
to adapt under imposed constraints*®>®. Our results confirm that the more persistent gait pattern observed
in the adaptive condition in both groups results from the bidirectional interaction between the internal timer
and the stimuli, with the adaptive alignment algorithm acting as a controller and facilitator of this interaction,
unlike the unidirectional interaction seen in the non-adaptive conditions. It is noteworthy that in both groups,
synchronization with the adaptive conditions was not achieved passively, as evidenced by the synchronization
accuracy responses in all participants. This is an indication that participants were engaged with temporal
prediction during both adaptive and non-adaptive conditions.

A final observation on gait dynamics during prolonged walking is that, in all participants, walking to adaptive
music resulted in more persistent gait dynamics compared to walking in silence. This suggests that, despite
evidence of impaired gait adaptations our sample was still able to interact with musical structures and modify
their gait dynamics. These results are consistent with evidence suggesting that adaptive locomotor behavior
learned through feedback mechanisms may be preserved even after cerebellar damage’'.
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Fig. 5. Experimental session three, results plotted across algorithm (adaptive, non-adaptive) stimuli
(metronome, music) and groups (cerebellar, controls). A: resultant vector length, B: relative phase angle, C:
alpha. Mean standard errors are shown.

Music and metronomes

A consistent finding across the experiments is a significant Group*Stimuli interaction, indicating that only
HCs synchronize with metronomes with higher consistency than with music (RVL mean: instructed coupling,
metronome:0.86, music:0.67; non-adaptive coupling, metronome:0.88, music:0.73). In contrast, patients showed
similar synchronization with both stimuli (RVL mean: instructed coupling, metronome 0.60, music 0.54; non-
adaptive coupling, metronome 0.69 music 0.63). While this observation (i.e. higher consistency to synchronize
to metronomes than to music) in HCs aligns with existing literature on walking, the lack of differentiation
observed in the cerebellar group contrasts with findings in controls and other neurological populations**%°.
Processing of irregular auditory rhythms have been associated with increased activity in the cerebellum®.
However in our study, both metronome and music stimuli contained regular rhythmic meters. Furthermore,
previous research has shown that cerebellar involvement is less critical when timing is emergent®. For instance,
patients with cerebellar deficits exhibit minimal impairments in tasks requiring continuous movements, like
drawing circles at a constant rate, compared to tasks involving periodic movements with interruptions, such as
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finger-tapping®!. However, in our experiments, the type of movement (i.e. walking) remained consistent across
stimuli. While walking involves discrete events (e.g., alternating steps) participants engaged in continuous,
uninterrupted walking from the start to the end of each trial. In this sense, walking contains discrete timing
elements embedded within a continuous motor act. Thus, while event-based timing may be involved in
producing each individual step, emergent timing mechanisms likely contribute to the overall regulation of
continuous gait. Moreover, the task required participants to synchronize their steps to the beats of the music or
metronome, both of which consisted of regular, discrete auditory events. Despite the continuous nature of the
movement, the demands of inducing the discrete structure of the auditory beats over time may be reliant on
event-based timing mechanisms. Given the cerebellum’ role in event-based timing, the lack of differentiation
in synchronization performance across stimulus types observed in cerebellar patients may reflect a general
impairment in this timing system, leading the reduced performance regardless of stimulus complexity. However,
in our previous study using auditory-motor synchronization paradigms with finger-tapping, we demonstrated
expected differences in synchronization consistency across stimuli for both cerebellar patients and HC?. This
discrepancy may be explained by the greater motor complexity of walking compared to tapping, as walking
requires continuous postural control and bilateral coordination. These demands may have placed a greater strain
on an already compromised event-based timing system.

The following is a second explanation to account for the results of similar consistency between stimuli for
patients only. Patients engaged in temporal prediction as seen by the relative phase angle. This is an indication
that temporal predictions were accurately estimated for both stimuli. The differentiation was apparent in the
motor output, both in synchronization consistency and gait dynamics. HCs but not cerebellar patients exhibited
a highly anti-persistent gait dynamics when walking to metronomes, consistent with previous literature*!. Anti-
persistent gait dynamics have been attributed to the clear-cut attention to errors in step-to-beat alignment
which are quickly corrected to maintain alignment®2. It can be argued that patients did not display similar gait
dynamics to those of HCs when walking to metronomes because they were unable to incorporate the perceived
errors in the adjustment required for the motor plan of the next step.

Methodological considerations and study limitations

A major limitation of the current study is the heterogeneity in diagnosis and etiology among participants with
cerebellar dysfunctions, which may involve distinct patterns of cerebellar involvement and reflect different
underlying pathophysiological mechanisms. While such heterogeneity does reflect a common reality within
this population®® and understanding the contribution of specific pathological mechanisms is of clear interest
and value, this lies outside the scope of the current study. To meaningfully address the influence of distinct
pathophysiological mechanisms on cerebellar impairment, larger sample sizes — ideally obtained through
multicenter collaborations — would be required to enable stratified subgroup analyses. In our sample, even
among the more represented subgroups, such as those with cerebellar stroke, variability persists in the form
of lesion location. As a result, subgroup analysis is not feasible within the current cohort. Instead, we aimed
to characterize participants based on clinical functional outcomes to allow meaningful comparison at the
motor behavioral level. All participants in the cerebellar group demonstrated comparable profiles in terms of
dynamic balance, preserved lower extremity strength, and absence of spasticity. Therefore, despite differences in
etiology, we interpret the experimental results as reflective of coordination impairments. Noteworthy, that this
study included participants with mild ataxia, and as such, caution is advised when generalizing the findings to
moderate to severe ataxia.

Metronomes were not included in experimental session one to avoid introducing biases when testing
spontaneous synchronization. Instead, music was used as the stimulus, following established protocols for
assessing spontaneous synchronization’®*’. Although music selection varied across participants, it was
standardized using a curated dataset used in previous studies?®*> with annotated beats, 4/4 rhythms and
categorized by genre®® while the genre selection was kept consistent within and between sessions per participant.

Clinical implications
Instructed coupling paradigms with varying tempi and walking durations could serve as a valuable outcome
measure for assessing auditory-motor abilities in cerebellar ataxia. Synchronization consistency and accuracy,
as well as instrumental gait analysis offer unique clinical insights and information that complements existing
functional tests, potentially detecting impairments even in those with mild ataxia. This approach may hold a
significant clinical value.

Based on our results for patients with mild ataxia, we recommend the personalization of the paradigm
components: (a) to challenge and train predictive temporal processing, it is important to use stimuli with
appropriate rhythmic complexity (b) for adaptation of motor commands and execution, it is recommended
to individualize training tempi based on the preferred walking cadence and incorporating either higher or
lower tempi, either gradually or alternating between thresholds. Incorporating technology-supported adaptive
alignment algorithms (e.g. in personalized biofeedback systems) into clinical setting may become feasible in the
near future, given the rapid advancements in engineering and artificial intelligence.

Future directions

Auditory-motor synchronization paradigms (potentially combined with technology supported adaptive
algorithms) can be embedded into task-oriented rehabilitation approaches, such as walking. While the current
study does not provide direct evidence of neural mechanisms, theoretical accounts suggest that this type of
training could target two key mechanisms: first, activating networks specific to walking, including central
pattern generators (spinal inter-neuronal network), as well as cortical and subcortical networks?; second,
engaging the cerebro-cerebellar predictive networks involved in perceptual and temporal processing, motor
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planning and execution. Notably, this hypothesis requires further empirical validation. Overall, to demonstrate
the effectiveness of the above-mentioned interactions on gait coordination and ataxia, randomized clinical
intervention studies are warranted.

Conclusion

The performance of cerebellar ataxia patients across the three auditory-motor coupling paradigms during
walking provides empirical evidence supporting theoretical accounts of predictive control deficits in this
population. The findings suggest pronounced feedforward control deficits in PwCA, impairing their ability
to adjust motor plans, rather than their ability to anticipate temporal information. Results also suggest that
personalized adjustments to perceptual and motor thresholds supplemented by technology-assisted solutions
may offer a means to compensate for feedforward deficits. This approach warrants further investigation and
holds potential for integration into rehabilitation strategies for persons with mild ataxia.

Methods

Participants

This case-control study was approved by the Medical Ethical Committee of Hasselt University and the local
ethical committee of C.H.U. Charleroi and Erasme Hospital in Brussels (B1152021000003), the National
MS Center Melsbroek and Noorderhart rehabilitation and MS center Pelt (B1152020000011). The study was
registered in the European clinical trial registry (NCT04887753, NCT04639401). A written informed consent
was obtained from all participants. All methods were carried out in accordance with relevant guidelines and
regulations.

Persons with cerebellar impairment and age and gender matched HCs were recruited from the above
mentioned hospitals and rehabilitation centers. Additionally, HCs were recruited through social media
advertisements. The following inclusion criteria were used for cerebellar impaired persons: presence of
cerebellar impairment diagnosed by neurologist evidenced through MRI imaging (presence of a lesion and/
or degeneration), or a minimum score of 1 on the Scale of Assessment and Rating of Ataxia®*ability to walk for
three minutes without rest. Participants were excluded when in the presence of: cognitive impairment impeding
understating instructions, uncorrected hearing impairment, impaired rhythm perception (as assessed by the
rhythm subscale of the Montreal Battery of Evaluation of Amusia®) and pregnancy. Eligible participants were
invited to participate in two sessions: a descriptive assessment session and the experimental sessions. All sessions
were conducted by the same assessor, who was not blinded to the patient group and controls.

Descriptive assessment

General demographic and disease information, the subscale of rhythm of the Montreal Battery of Evaluation
of Amusia®®and the following motor tests were collected: The Modified Ashworth Scale (MAS)® to assess the
muscle tone, the Motricity Index (MI)®’ to assess the muscle strength, the Scale for Assessment and Rating of
Ataxia (SARA), to evaluate the presence of ataxia®the 6-Minute Walking Test (6MWT) to evaluate walking
capacity®®the Dynamic Gait Index® to evaluate dynamic balance, the Timed Up and Go test to functional
mobility”’. The following patient reported outcomes were collected: The Modified Fatigue Impact Scale’! to
assess the impact of fatigue on motor, cognitive and psychosocial functioning, and the Hospital Anxiety and
Depression Scale’” to detect the presence of depression or anxiety.

Experimental paradigms

Participants were invited to participate in three experimental sessions held one week apart. In each session,
prior to commencing with the conditions, participants were asked to walk three minutes in silence at their
comfortable tempo to quantify baseline cadence for each session. All walking trials were conducted in a quiet
room with an 8 by 10 m square walking pathway.

Experimental session one: spontaneous auditory-motor coupling

Participants were asked to walk to seven musical stimuli for three minutes each. This session excluded
metronomes, as their distinct beats prevent investigation of spontaneous coupling. The stimuli were differentiated
by tempi, which were at —12%, —8%, —4%, 0%, 4%, 8% and 12% of their individual preferred walking cadence.
Participants were told to simply walk, while listening to the music, without any instruction to synchronize. Each
tempo entailed walking for five seconds in silence, followed by three minutes with the auditory stimuli, with a
sufficient five minutes sitting rest period in between.

Experimental session two: instructed auditory-motor coupling

This experimental session was similar to experimental session one, with two differences (a) participants walked
to two blocks of auditory stimuli, once to metronomes and once to music at the seven different tempi, (b)
participants were familiarized and instructed to synchronize their steps to the beats of the auditory stimuli. As
in previous studies***>the song “Sanctum” by the artist “Shades of the Abyss” and an online metronome was used
to familiarize and instruct participants on synchronizing. The song ‘Sanctum’ was only used for familiarization,
and was not included in the experimental trails.

Experimental session three. adaptive auditory-motor coupling

Participants walked to five trials for eight minutes each: in silence, and with music and metronomes; with an
adaptive alignment algorithm (adaptive condition) and without an adaptive alignment algorithm (non-adaptive
condition). As in the previous session, they were instructed to synchronize their steps to the beats, and the

Scientific Reports |

(2025) 15:28053 | https://doi.org/10.1038/s41598-025-12316-9 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

tempo of the stimuli was individualized to their preferred walking cadence. However, participants were not
informed about the presence of two different alignment algorithms. The non-adaptive condition was similar to
the session above: participants had to synchronize to the auditory stimuli. While during the adaptive condition,
stimuli tempo was matched continuously to the average walking cadence every ten seconds at a relative phase of
—30°, ensuring that the stimulus was perceived as perfectly in sync. When a deviation from the target tempo was
detected, the algorithm continued to sync but additionally applied a small phase offset, causing the participant
to perceive the beats as slightly before or after their own footfall. Thereafter, this allowed the participant to
adjust their cadence towards the target cadence based on their preferred walking cadence. The choice for the
relative phase of —30° was based on negative mean asynchrony, a phenomenon where individuals synchronize
movements slightly ahead of an auditory beat due to predictive timing mechanisms observed during finger-
tapping! and walking®>”* synchronization tasks. Thus, it was leveraged in our algorithm, which has been
successfully tested and shown to be feasible in HCs”*.

Randomization. In experimental session one, the tempi were randomized. In experimental session two, the
auditory blocks were randomized, as well as the different tempi administered within each block. In experimental
session three, the order of the five trials were randomized. All randomizations were conducted using a computer-
generated algorithm.

Equipment
Delivering the auditory stimuli occurs by means of an interactive music player called the D-jogger”® consisting of
headphones (DefenderShield airtube earbuds), two sensors strapped to the ankles (NGIMU, x-io technologies
limited) and a laptop (Dell Latitude laptop, Core i5-1145, Windows 10 Pro, ASIO low-latency soundcard)
containing the custom made software. An existing music database was used as in previous studies’**4*° In
addition, D-jogger logged auditory and step information for computing gait-music synchronization and gait
dynamics outcome measures.

Measuring gait: Participants were equipped with two portable APDM sensors strapped on the ankles (OPAL,
USA, https://www.apdm.com/wearable-sensors/) to measure spatio-temporal gait parameters as in previous
research0:4445,

Outcome measures

Primary outcome measures

Resultant Vector Length (RVL). This expresses the stability of the relative phase angles over time. A unimodal
distribution implies a high resultant vector length, whereas uniform and bipolar distributions result in a low
resultant vector length. The measure ranges from 0 to 1, where 1 indicates high synchronization consistency over
time at a given relative phase angle.

Relative phase angle (rPA). The rPA is a measure expressed in degrees and measures the timing of the footfall
relative to the beat. This can be either negative (i.e. corresponding to negative mean asynchrony'with the footfall
occurring before the beat), or positive (with the footfall occurring after the beat). To ensure that the computed
rPA reflects meaningful synchronization, we tested whether the distribution of phase angles within each trial
was uniform using the Rayleigh test’®. A uniform distribution suggests that no consistent phase relationship
was maintained throughout the trial—i.e., no true synchronization with the beat—making the resulting rPA
non-representative of actual synchronization accuracy. Therefore, trials that failed to show non-uniformity
(Rayleigh test p>0.05) were excluded from analysis. After applying this criterion, 380 out of 420 trials were
retained for analysis in experimental session two (28 trials from patients and 12 from controls were excluded).
In experimental session three, 103 out of 105 trials were retained, with 2 trials excluded (both from the patient
group).

Both measures were processed with the CircStats toolbox (Berens, 2009). For details of these metrics and

formula for calculations, please see previous publications®2.

Secondary outcome measures
Gait dynamics:

Alpha was computed as the metric to quantify the anti-persistence of the gait pattern in terms of gait
dynamics”’. It is delineated by a numerical value within the range of 0 to 1. A value below 0.5 signifies more
variability in the inter-step-intervals over time. While values>0.5 indicates low variability in the consecutive
inter-step-intervals over time and a persistent and predictable gait pattern associated with healthy gait?.
Supplementary Material 1 provides details on how alpha was computed using detrended fluctuation analysis”’.

Spatiotemporal gait parameters:

The mean and coefficient of variation (CV) of cadence (steps/min), gait speed (m/s) and stride length (m),
double support (%), step duration (ms) were computed from the baseline conditions and each experimental
trials. For each variable (mean and CV), a percentage change from the baseline was computed using the following
formula.

percentage change = (observationTrial - observationBaseline)/observationBaseline))*100.

Statistical analysis

The descriptive data were tested for normality using the Shapiro-Wilk test, and subsequently, analyzed using
an unpaired t-test (if normally distributed), or by Wilcoxon Two-Sample test (if non-normally distributed).
Mixed model analysis of variance (ANOVA) was utilized, as outlined below. To assess differences of baseline
gait parameters between groups across the experimental sessions, a model was built per spatiotemporal
parameters (mean and co-efficient of variation) with factors of Group (HC vs. PWCA) and Session (experimental
sessions one, two, three). To assess the experimental results, models were built per primary and secondary
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outcome measure with the following factors: Experimental session one, with Group (HC vs. PWCA) and Tempi
(—12%,—-8%,—4%,0%,4%,8%,12%) and Session (spontaneous music conditions vs. instructed music conditions).
Experimental session two, the model above was used, but Stimuli (music vs. metronomes) was replaced with
Session. Experimental session three, with Group (HC vs. PwCA), Stimuli (music vs. metronomes), Algorithm
(adaptive vs. non-adaptive) and Time (minutes 1-2, minutes 3—4, minutes 5-6, minutes 6-8). To quantify gait
dynamics, alpha was computed using detrended fluctuation analysis**. Alpha was included in the above-
mentioned ANOVAs, with the condition ‘silence’ added as a level in Stimulus (music, vs. metronomes vs. silence).
The factor Time was not incorporated, as the measure was calculated over the complete time-series. Tukey’s HSD
test of multiple comparisons was performed to analyze significant interactions. In all the above models, repeated
measures were handled by specifying participant ID as a random effect, allowing for random intercepts. All
other factors in the models were entered as fixed effects. The residuals of all models were checked and verified for
heterogeneity. All analyses were performed using SAS JMP Pro with a significance level set to <0.05.

Data availability

Data can be requested from Hasselt University, through dr. Lousin Moumdjian (corresponding author) or Prof.
dr. Peter Feys (principal investigator of the laboratory where the research is conducted) upon request, provided
that the request includes a motivation of the investigations that will be conducted, and complies to the standards
of the ethical approval.
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