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The cerebellum plays a key role in temporal processing, as demonstrated by sensorimotor synchronization paradigms. This study 
extends findings by investigating behavioral and neural adaptation to unpredictable auditory perturbations. Sixteen persons with 
cerebellar impairment and sixteen healthy controls performed a listening (60 seconds) and a finger-tapping task (465 seconds) to a 
metronome set at 1.67 Hz: the first 60 seconds were without perturbations, followed by 40 perturbations (±10% period changes). Event-
related frequency adjustments (ERFA) were derived from finger-tapping and electroencephalography recordings, yielding 3 event-related 
frequency adjustments: one behavioral and two neural (perceptual and sensorimotor components). Mean behavioral adaptation to 
the perturbations was similar in both groups (P < 0.001). Neural tracking was evident in the sensorimotor component but not in the 
perceptual component in both groups, for both positive (P = 0.005) and negative (P = 0.003) directions. Neural tracking was significantly 
reduced in persons with cerebellar impairment compared to healthy controls, particularly in response to n egative perturbation in the
sensorimotor component (P = 0.02). Persons with cerebellar impairment demonstrates spared yet dissociative adaptation with intact
behavioral yet hindered neural dynamics. The results suggest parallel yet distinct mechanisms for processing covert and overt responses
underlying sensorimotor adaptation. Findings indicate a potential use of spared behavioral adaptation mechanisms in the rehabilitation
of persons with cerebellar impairment through rhythm-based interventions.

Keywords: adaptation; cerebellum; EEG; entrainment; event-related fr equency adjustments.

Introduction 
The cerebellum is a subcortical structure anatomically and func-
tionally well differentiated and is strongly connected with mul-
tiple bra in regions including thalamic nuclei and cerebral cortex
(Voogd 2003). The cerebellum is known for its role in temporal pro-
cessing (Ivry et al. 2002; Mitoma et al. 2018; Bares et al. 2019; Gatti 
et al. 2021), facilitating sensorimotor coordination (Molinari et al. 
2007). To study the cerebellum’s role in the abovementioned func-
tions, perceptual and sensorimotor synchronization paradigms 
are often used. These paradigms involve perceptual activities like 
listening to rhythmic patterns, and sensorimotor tasks such as 
finger-tapping to paced auditory rhythms. These tasks evaluate 
the following mechanisms: for the listening tasks, these are the 
perceptual processes involved in extracting temporal regularities
from rhythmic structures, forming mental models of these tem-
poral structures and generating temporal predictions (van der 
Steen and Keller 2013). The sensorimotor synchronization tasks, 
on the other hand, involve not only these perceptual processes 
but also additional adaptive mechanisms. These mechanisms 

engage the motor system to respond to the internalized temporal
structures and achieve synchronization (van der Steen and Keller 
2013). 

Perceptual processing of rhythm in cerebellar pathology 
has been previously investigated using the frequency tagging 
approach, which examines the neural response to beat per ception
using electroencephalography (EEG) recordings during auditory
listening tasks (Nozaradan et al. 2011; Nozaradan et al. 2012a; 
Nozaradan 2014; Nozaradan et al. 2015). This method has been 
applied to individuals with cerebellar and basal ganglia lesions, 
and findings indicated that individuals with cerebellar lesions 
were able to encode the beat at regular tempi but failed to do
so at faster tempi (Nozaradan et al. 2017). This is in line with 
evidence for the cerebellum’s role in the precise encoding of
temporal events (Ivry et al. 2002; Kotz et al. 2014; Molinari et al. 
2007). Furthermore, finger-tapping tasks requiring adaptation to 
periodic perturbations in rhythmic stimuli have b een used to
assess sensorimotor synchronization abilities (van der Steen et al. 
2015; Schwartze et al. 2016). These studies demonstrated that 
individuals with cerebellar lesions can correct errors through
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period but not phase adjustments, highlighting deficits in 
adaptation mechanisms (Schwartze et al. 2016). 

On a neural level, in the context of rhythm processing, neural 
entrainment is defined as the unidirectional sync hronization of
neural oscillations to an external rhythmic stimulus (Haegens 
and Zion Golumbic 2018; Lakatos et al. 2019). Its theoretical 
foundations are grounded in the dynamic attending theory (Large 
and Snyder 2009; Large et al. 2015), and it has been empirically 
demonstrated during sensorimotor synchronization tasks (Rosso 
et al. 2021a; Rosso et al. 2022). Recently, neural entrainment has 
been quantified in healthy controls (HCs) by the event-related 
frequency adjustment (ERFA), within a finger-tapping experimen-
tal paradigm wher e participants are presented with rhythms
incorporating dynamic frequency changes (Rosso et al. 2023a). 
ERFA quantifies the frequency adaptations in an oscillatory signal 
required to respond to these c hanges at both behavioral and
neural levels (Rosso et al. 2023a). This is a novelty, as ERFA allows 
the comparison of both behavioral and neural responses derived 
from the same computational framework applied to distinct sig-
nals. In addition, ERFA provides the possibility to distinguish 
the contributions of perceptual and sensorimotor processes to 
neural responses by means of spatial filters. Specifically, baseline 
measurements can be conducted to isolate these processes: a 
listening task to assess perceptual processing and a tapping task 
in response to auditory stimuli to evaluate sensorimotor process-
ing. These baseline tasks enable the extraction of distinct neural 
entrainment components, whose dynamics can subsequently be 
analyzed within the context of the complete sensorimotor task. 
This approach provides insights into the specific contributions 
of the p erceptual and sensorimotor processes, particularly in
adapting to period changes randomly occurring within a rhythmic
task. Overall, this methodology helps to address the limitations
of the aforementioned studies, which, despite providing valuable
insights into cerebellar functioning, still have notable constraints.
These include the inability to capture adaptive oscillatory dynam-
ics underlying stimulus processing over time (i.e. neural entrain-
ment) (Rajendran and Schnupp 2019), and the use of gradually 
changing tempi, r esulting in predictable perturbations.

This study aims to investigate behavioral and neural entrain-
ment in persons with cerebellar impairment (PwCI) compared 
to HCs. Particularly, we focus on examining the behavioral and 
neural adaptations in response to unpredictable perturbations in 
rhythm, encompassing both faster and slower perturbations dur-
ing the synchro nization task in this population, and to quantify
the adaptive responses as ERFAs. Based on evidence of impaired
auditory processing in neurological patients compared to HCs
(Vanbilsen et al. 2023) and deficits in encoding at very fast tempi in 
cerebellar patients (Nozaradan et al. 2017), we hypothesized that 
cerebellar patients would exhibit reduced behavioral adaptation 
and neural tracking compared to HCs, particularly for the faster 
perturbations. We anticipated observing this response at both the 
behavioral and neural levels. However, we hypothesized that the
neural adaptation would be more prominent in the sensorimotor
component rather than the perceptual component, as previously
observed in HCs (Rosso et al. 2023a). 

Materials and methods
Participants 
This case–control study was approved by the Medical Ethical Com-
mittee of Hasselt University and the local ethical committee of 
C.H.U. Charleroi and Erasme Hospital Brussels (B1152021000003), 
the National MS Center Melsbroek and the Rehabilitation 

and MS center Noorderhart (B1152020000011). The study was
registered in the European clinical trial registry (NCT04887753,
NCT04639401).

Participants recruited were PwCI and HCs. The following 
inclusion criteria were used for cerebellar impaired persons: the 
presence of cerebellar impairment diagnosed by a 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 (SARA). Participants were 
excluded when presenting: cognitive impairment impeding
understating of instructions, uncorrected hearing impairment,
beat amusia, and pregnancy. Eligible patients were asked to
sign the informed consent and were invited to participate in
two sessions: a descriptive testing session and an experimental
session.

The descriptive session
Descriptive tests were collected in a separate session and included 
general demographic and disease information. The subscales of 
the rhythm of the Montreal Battery for Amusia were conducted
to evaluate amusia (Peretz et al. 2003). Additionally, the following 
tests were conducted: SARA, to evaluate the presence of ataxia 
with simple motor commands (stance, sitting, gait and others
(Schmitz-Hubsch et al. 2006) and Nine Hole Peg Test (9HPT) 
to evaluate manual dexterity of both hands, defined as the 
ability to manipulate small objects using fine hands movement
(Oxford Grice et al. 2003). To evaluate cognitive functioning, the 
CCAS/Schmahmann syndrome scale was administered. This scale 
is specific to the cerebellar population, developed to evaluate the 
presence of the cerebellar cognitive affective syndrome (Hoche 
et al. 2018), by evaluating the following domains: executive 
function, memory and learning abilities, linguistic abilities and
visuo-spatial abilities (Hoche et al. 2018). 

The experimental session
Experimental set-up 
Participants were sitting in a comfortable chair, facing a table with 
the custom-made pad containing a strain gage pressure sensor to 
record finger-tapping onsets. Metronomes were presented audi-
torily via DefenderShield® air tube earbuds, and the volume was 
set by the participants before starting the experimental tasks . EEG
signal was recorded with an ANT-Neuro eego™ mylab system at 
a sampling rate of 1 kHz. Each participant wore an EEG headset
with 64 electrodes (64-channel waveguard™ original with Ag/AgCl 
electrodes). A referential montage was chosen, with “Cpz” set as 
reference for all the electr odes. Impedances were monitored in the
eego™ software environment and kept below 20 kΩ. The stimuli 
sequences were played by a software designed specifically for 
the experiment, developed in Max MSP 8 (Cycling “74, USA), and 
run on the stimulation computer (Windows 10, Intel core i7 8th
gen, Focusrite Rednet PCIExpress ASIO low-latency soundcard).
Perturbations” sequences were randomized for each trial.

Experimental tasks 
Participants underwent one listening task without perturbations 
and one finger-tapping task with perturbations as shown in Fig. 1. 
The stimuli used throughout the experiments were metr onomes
set at 100 bpm (1.67 Hz).

The “listening task” lasted 60 seconds and was used to record 
brain activity as a baseline in the absence of movement, in order to 
design a spatial filter to extr act a perceptual component attuned
to the stimulation frequency (Rosso et al. 2023a). To ensure par-
ticipants paid attention to the stimuli during this listening task, a
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Fig. 1. An overview of the experimental paradigm. A metronome was used as stimuli, and presented at a frequency of 100 beats per minute (1.67 Hz). 
Participants conducted a listening (60 seconds) and a finger-tapping (465 seconds) task. The finger-tapping tasks included a 60-second perturbation fr ee 
period, followed by 405 seconds including perturbations lasting 3-secons windows. In total 40 perturbations were presented, divided into 20 perturbations 
in the negative direction (period change of −10%) and 20 perturbations in the positive direction (period change of +10%). Participants were instructed to 
synchronize their finger taps with the metronome throughout the entire trial. The period changes shown here are conceptual toy examples, illustrati ng 
the expected transient adjustments in response to perturbations. The examples are not meant t o be faithful to the actual response trajectories.

clear shift in the rhythm was inserted at the end of the listening 
task. We instructed participants to sit comfortably, with their 
hands stretched on the table next to the tapping pad. In order to 
ensure their active listening, we asked them to stay still and to tap 
as quickly as possible once when they detected a change in the
stimuli, which occurred shortly after 60 seconds. All participants
successfully identified and responded to this shift, confirming
their engagement in the listening task.

Participants then underwent a “finger-tapping task” with 
period (i.e. tempo) changes. The finger-tapping task lasted 465 sec-
onds in total, starting with 60 seconds without perturbations 
to induce a stable behavior al synchronization and a stable
sensorimotor oscillation attuned to the stimulus frequency (Rosso 
et al. 2023a). This was followed by 405 seconds during which 
perturbations were intermittently intr oduced. Period changes
consisted of +/− 10% step change with respect to the baseline 
tempo (100 bpm, 1.667 Hz), sustained for 3 seconds before 
returning to the baseline tempo in a second step. In total, 40 
perturbations w ere presented in a randomized order throughout
the task, consisting of 20 negative and 20 positive changes.

Please see the Supplementary audio files containing short 
excerpt of the metronome stimuli illustrating period perturba-
tions in both positive and negative directions. During the finger-
tapping task, participants were informed that there would be 
changes in the rhythm of the metronomes and were instructed 
to continuously synchr onize in response to the changes in the
rhythm they heard. We also instructed them to limit body

movements as much as possible to minimize noise in the EEG
signal.

Behavioral anal ysis
Asynchrony and inter -tap-intervals
For each participant, the absolute tap-beat asynchrony and the 
inter-tap-interval (ITI) were computed separatel y for trials with-
out perturbations, and trials with perturbations.

Absolute asynchrony was defined as the time difference 
between each tap and its corresponding beat as the following:

Asynchronyi = Tapi − Bea ti

Absolute Asynchronyi =| Asynchrony i |

And the mean and standard deviation (SD) of the absolute 
asynchron y was computed as the following:

Mean Absolute Asynchrony = 
1 
N 

N∑
i=1 

| Asynchronyi |

SD Absolute Asynchrony 

=
√√√√ 1 

N − 1 

N∑
i=1

(
| Asynchronyi | − | Asynchrony |

)
ˆ2
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Fig. 2. Data processing, ERFA computation and statistical analysis workflow. This workflow replicated methodology from previous work22. Step 1.  An  
attunement phase was conducted under active listening and finger-tapping during a perturbation-free auditory metronome for 60 seconds. Using 
these two datasets, two spatial filters were designed per participant to extract a purely perceptual (without movement) and a sensorimotor (with 
movement) entrained oscillatory components, respectively. Step 2. Participants underwent 405 containing alternating time-windows of perturbation-
free and perturbated events. Examples of negative (red) and positive (green) perturbation windows are represented illustrating how the metronomes’ 
onset were manipulated and how neural components and finger-taps were expected to entrain. The entrained oscillatory components were narrow-
band filtered around the metronome’s center frequency and Hilbert-transformed to produce analytic signals and extract phase timeseries. These were 
then unwrapped to prevent phase resets, differenced and scaled to Hz to produce instantaneous frequency timeseries, namely an estimate of the 
oscillation’s frequency at every timepoint. Step 3. Instantaneous frequency timeseries were segmented based on perturbation windows, and aggregated 
by perturbation direction. The average of the ev ent-based segments provided the outcome measure ERFA: one for the behavior and two for the neural 
components (perceptual and sensorimotor). The continuous lines in Step 3 illustrate the response expected when ERFA curve tracks the stimulus 
dynamic and direction. The dashed lines represent the stimulus dynamic during negative (red) and positive (green) perturbations. Step 4. Orthogonal 
polynomials with a linear and a quadr atic term were used to model the ERFAs. Data were then fitted in a linear mixed model, with random effect of
participants and fixed effects of group, direction and, only for the neural ERFA, components.

ITI was calculated as the time difference between successive 
taps, and thereafter the mean and SD was computed as the
following:

ITIi = Tapi+1 − Ta pi

Mean ITI = 
1 

N − 1 

N−1∑
i =1

ITIi

SD ITI =
√√√√ 1 

N − 2 

N−1∑
i=1

(
| ITIi | − |  ITI |

)
ˆ2

Interpolation 
Finger-tapping data were subsequently interpolated with the aim 
of obtaining instantaneous frequency time series to align with 
the neural ERFAs, expressed in the same unit of measure (Hz). 
The intervals between the remaining timestamps were linearly 
interpolated fr om 0 to 1 at a 1 kHz sampling rate. The resulting
ramp wave was scaled to 2π , providing an estimate of the finger-
taps phase with a temporal resolution of 1 ms. Instantaneous 
frequency time series were computed as the first derivative of
the unwrapped phase angles time series (Boashash 1992), and 
converted to Hz with the following formula (Cohen 2014): 

Hzt = 
s (φt − φt−1 ) 

2 π

Unwrapping was necessary for removing discontinuities in the 
time series caused by phase resets.

EEG anal ysis
Figure 2 provides a summary of the workflow involving the signal 
processing steps leading to the computation of ERFA curves. This 
workflow is a direct replication of one previously developed and
validated in recent work (Rosso et al. 2023a). 

Data-processing 
EEG data were pre-processed using a set of functions from
the Fieldtrip toolbox (Oostenveld et al. 2011) for Matlab for the 
visual inspection of bad channels, whose removal was conducted 

manually for each participant. A six-order Butterworth high-pass 
filter with a 1 Hz cut-off was applied to remove slow drifts; a 
low-pass sixth-order Butterworth filter with a 40 Hz cut-off to 
remove high-frequency muscular activity; a fourth-order notch 
filtered at 50 Hz to remove power-line noise up to the third 
harmonic. Notch filtering was included despite the low-pass
cut-off at 40 Hz to fully replicate the previous analysis pipeline
to suppress any residual power line noise, as it is common
practice and does not negatively impact signal quality (Rosso 
et al. 2023a). Subsequently, independent component analysis 
(ICA) as implemented in the “runica” “Fieldtrip” algorithm was 
conducted to remove artifactual components by means of visual 
inspection of both topographical maps and activation time series. 
The reference “CPz” and the bad channels’ time series were 
excluded from the input matrix. Components which exhibited the 
stereotypical frontal distribution generated by blinks and lateral 
eye movements, or bilateral temporo-mastoidal distribution with 
periodic peaks in the activation time series plausibly generated 
by heart beats were removed. Extra components were removed 
in instances where recurrent artifacts with clearly abnormal 
amplitude were detected. The dataset was inspected prior to
ICA decomposition and following ICA back-projection to assess
the quality of the artifact removal. Rejected bad channels were
reconstructed after artifact removal, by computing the average
activity from neighboring electrodes indicated by the template
provided by ANT Neuro for 64-channel waveguard™ original caps .

Generalized Eigendecomposition 
Source separation was conducted via gener alized Eigendecompo-
sition (GED) (Cohen 2022) to extract the perceptual and the senso-
rimotor components attuned to the rhythmic stimulus frequency. 
GED allows to optimize the signal-to-noise ratio between the 
entrained component and the broadband neural activity, working 
as a spatial filter to separate sources and reduce data dimension-
ality. The spatial filter consisted of a set of vectors W (weights)
calculated by solving the following:

RW� = SW

where S is the covariance matrix of the narrow-band signal; R is
the reference covariance matrix of the broad-band signal; � is
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the set of eigenvalues. The eigenvector associated with the largest 
eigenvalue was taken as a spatial filter, transposed and multiplied 
by the br oadband data matrix to reconstruct the time series of our
target entrained components.

GED identifies eigenvectors W that best separate the signal (S) 
covariance from the reference (R) covariance matrix. The S covari-
ance matrix was computed from the narrowband signal, the R 
covariance matrix was here computed from the broadband multi-
variate signal. In order to narrow-band filter the data, we designed 
our filter as a Gaussian function in the frequency domain, with 
center at 1.667 Hz and a width of 0.3 Hz at half of the maximum. 
We then filtered the broadband data at all channels via element-
wise multiplication between broadband signal and wavelet kernel 
in the frequency domain, and transformed the resulting narrow-
band signal back in the time domain with inverse fast Fourier 
transform. Covariance matrices were computed within 600 ms
time windows locked to the finger-taps onsets, and grand aver-
age S and R covariance matrices were computed. The individual
matrices whose z-normalized Euclidean distance from the grand
average exceeded the 2.23 z-scores, and the grand average S and
R recalculated. 1% regularization was applied to R.

GED was applied separately for each individual participant to 
optimize the spatial filter accounting for individual variability in 
the scalp projections of the underlying oscillatory components. 
The spatial filter for the Perceptual component was computed 
from 60 seconds of listening task, while the spatial filter for the 
Sensorimotor component was computed from the first 60 seconds 
of the finger-tapping task (non-perturbated). T he actual compo-
nents time series (y) were computed by multiplying the eigenvec-
tor (w) associated with the highest eigenvalue by the broadband
EEG data (X) recorded during the 405 seconds of perturbation task:

y = wT X 

The associated spatial activation pattern, namely the spatial 
projection of the component o ver the scalp, was computed as
follows:

a = wT S

Finally, to extract reliable phase timeseries from the GED com-
ponents, these were narrow-band filtered using the same Gaus-
sian filter (center at 1.667 Hz; full width at half-maximum of 
0.3 Hz). The analytic signal was computed via Hilbert transform,
which enabled to compute its phase. Provided phase timeseries,
instantaneous frequency was calculated:

Hzt = 
s (φt − φt−1) 

2π

Supplementary Fig. 1 shows the quality of the GED source 
separation a pplication in both groups.

ERFA 
Provided the instantaneous frequency timeseries computed over 
the continuous recording, ERFA curves were computed for both 
neural components (extracted via GED from the EEG signal) and 
behavioral time series (from f inger-tapping) in order to express
changes in instantaneous frequency in response to stimulus per-
turbations (Rosso et al. 2023a). ERFAs were expressed as the 
percentage of frequency change per unit time, relative to the base-
line frequency preceding the perturbation. Behavioral, perceptual 
(neural) and sensorimotor (neural) ERFAs were computed for each
perturbation, in each condition, for each participant.

ERFA curves were derived by averaging these dynamic 
frequency changes across events, separately for positive (+10%
change) and negative (−10% change) perturbations. In order to 
compute the statistical significance of the frequency changes, a 
baseline ERFA was computed as the average frequency change 
in the stable periods preceding the perturbations (0% change). 
P erturbation onsets were identified based on the timestamp logs
of the events. ERFA time windows were defined from −500 to 
+3,000 ms with respect to the perturbation onset, aggregated 
per perturbation type and direction, baseline-normalized and 
averaged. Baseline normalization was performed by subtracting 
the average of the 500 to 0 ms interval from the rest of the ERFA, 
dividing by the target stimulation frequency (i.e. 1.667 Hz) and
multiplied by 100. The resulting ERFA is expressed in percent
change with respect to the baseline stimulation frequency.

Since the neural oscillatory components were attuned to the 
stimulation frequency (1.667 Hz) and filtered with a 0.3 Hz band-
width, the filter enabled the extraction of reliable instantaneous 
phase timeseries while allowing for frequency deviations within 
the filter’s passband. Systematic deviations from the baseline 
stimulation frequency were expected as the result of the ±10% 
tempo perturbations introduced during the task. While the stimu-
lation frequency was fixed at 1.667 Hz, the entrained neur al oscil-
lations were hypothesized to adjust dynamically in response to
the perturbations before returning to the baseline. This approach
enabled us to capture event-locked adjustments in neural and
behavioral frequency during the perturbation windows.

In order to ensure the same number of events across partici-
pants, the final perturbation was excluded for all participants due 
to occasional missing log data. Thus, ERFA curves were averaged 
across the initial 19 perturbations, aggregated per type (negative 
and positive). Negative perturbation responses were sign-flipped
to enable direct magnitude comparison with positive perturba-
tions in our statistical model (Jantzen et al. 2018; Rosso et al. 
2023a). Further methodological details of the ERFA paradigm are 
described in previous work involving healthy participants (Rosso 
et al. 2023a). 

Statistical anal ysis
To analyze descriptive tests, a two-sample Wilcoxon test was 
applied to the responses across groups as data were not normally 
distributed. To analyze the effects of experimental conditions on 
mean and SD of asynchrony and ITI, a linear mixed effects model 
was fitted per outcome, with participant as a random effect, and 
main effects of Group (PwCI and HC) and Trials (no perturbation 
and perturbation). Specific to the ERFAs, the response variables 
were the behavioral, the neural perceptual, and the neural senso-
rimotor ERFAs. We a lso analyzed the SD of the behavioral ERFAs in
order to quantify the variance of responses across groups and per-
turbation directions. ERFA curves were expected to track the stim-
ulus dynamics, expressed in terms of instantaneous frequency.
Therefore, as shown in Fig. 2 step 3, the ERFA curves were expected 
to have a gradual and sustained response to period changes as 
a response to tracking the stimulus dynamic and direction. F or
the analysis of the experimental conditions, growth curve anal-
ysis (Mirman 2017) was used to model the changes in instanta-
neous frequency of the neural entrained component. Orthogonal 
polynomials model the changes in the instantaneous frequency
of the entrained components (ERFA) within 3-second perturbed
windows (Mirman 2017; Rosso et al. 2021b; Rosso et al. 2023b). 
We defined our model as a second-order polynomial function, 
consisting of the following terms: an intercept corresponding to 
the average of the curve, a linear term corresponding to the slope
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Fig. 3. Experimental flow-chart reporting inclusion and exclusion criteria and the data collection and analysis.

of the curve (Ot1, first order), and a quadratic term corresponding 
to the depth of its parabolic curvature (Ot2, second order) (Rosso 
et al. 2023a). 

A linear mixed model was fit to each type of ERFA using RStu-
dio, with random effect of participants and fixed effects of Group 
(PwCI and HC), Direction (Positive and Negative) and Component 
(Sensorimotor and Perceptual). The latter factor operationalized 
the distinction between the two neural ERFAs. The model esti-
mates were based on the following reference levels: Null (absence 
of perturbation) for Direction, HCs for Group, and Perceptual for 
Component. Post-hoc analysis with Bonferroni correction was 
conducted when interaction effects were significant, in or der to
interpret the directionality of the result relative to the baseline.
The significance level of 0.05 was used as statistical threshold. The
following formulas were used for the models fitted to behavioral
and neural ERFAs, respectively (in R syntax):

Behavioral ERFA ∼
(
Time + Time2

)
∗ Direction ∗ Group 

+
(
Time + Time2

∣∣∣ Subject
)

+
(
Time + Time2

∣∣∣ Subject : Direction : Group
)

Neural ERFA ∼
(
Time + Time2

)
∗ Component ∗ Direction ∗ Group 

+
(
Time + Time2

∣∣∣ Subject
)

+
(
Time + Time2

∣∣∣ Subject :Component :Direction :Group
)

The study sample was estimated based on our previous work 
applying the same experimental paradigm to HCs (Rosso et al. 
2023a). An a priori power analysis was conducted on the neural 
sensorimotor ERFA on the positive period perturbation. To achieve 
a power of 0.75 with an alpha of 0.05 and a beta of 0.25, the
analysis determined that 15 participants per group were needed
to ensure adequate statistical power.

Results 
Participants 
The study (see flow chart in Fig. 3) included 16 PwCI, encompass-
ing a range of diagnosis including cerebellar stroke, 

spinocerebellar ataxia type six, anterior-venous stenosis mal-
formation, cerebellar lesion due to an ischemic, inflammatory or 
neuropathic cause and multiple sclerosis. All participants except 
one exhibited mild ataxia, as reflected by their SARA scores 
(median: 3.0, interquartile range: 2.0–7.0). One participant scored
zero on the SARA, indicating the absence of ataxia. The individual
medical diagnosis and ataxia rating, as assessed by the SARA, are
presented for each participant in Table 1. 

Nine HCs were recruited and included in the study, and data 
from seven HCs were randomly selected from our previous study 
which applied the same experimental procedure and analysis
as the current study (Rosso et al. 2023a). Behavioral data was 
analyzed in all participants, while EEG data were analyzed in 14 
PwCI and 15 HCs, due to technical errors during the recording
(nPwCI = 1, nHC = 1) and left-handed dominance (nPwCI = 1).

As seen in Table 2, groups significantly differed in age, but not 
on gender or on the rhythm subscale test for assessing Amusia. 
The two groups significantl y differed at baseline in terms of the
presence of ataxia (SARA total score z =−3.70, P = 0.0002), and on 
the 9HPT of the right and dominant hand (z = −2.61, P = 0.008). 
The results of the CCAS/Schmahmann syndrome scale test indi-
cated that 8 patients failed on 3 or more tests.

Asynchrony and ITIs
Figure 4A shows the mean and SD for asynchrony (Fig. 4A) 
and ITIs (Fig. 4B) across perturbation and perturbation-free 
trials for both groups. There were no significant main effects 
or interactions for the mean asynchrony or the mean ITI. In 
contrast, a significant main effect of Group was found for the 
SD of asynchrony (F[1, 22.1] = 9.20, P < 0.0006), with the patient 
group exhibiting greater variability than HCs. In addition, in both 
groups, asynchrony variability was significantly higher during 
perturbation trials compared to non-perturbation trials (F[1, 
18.5] = 59.39, P < 0.0001). A similar pattern was observed for the
SD of ITI, indicating a higher tapping variability in patients than
controls (F[1, 7.8] = 14.56, P < 0.005). In addition, in both groups,
higher tapping variability during the perturbation trials compared
to the perturbation free trials (F[1, 9.0] = 66.55, P < 0.0001) was
found.

ERFA 
Below, the results of the ERFA curves for the behavioral (finger-
tapping) and neural (EEG) data are presented. Figure 5 illustrate 
results visually for PwCI and HCs. Table 3A and 3B provides an
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Table 2. Descriptive results with mean and SD for demographic, motor, cognitive and amusia tests divided by group (cerebellar p atients
and HCs).

Cerebellar patients (n = 16) HCs (N = 16) t-test or Wilcoxon test 
or χ2 (P-value)Mean ± SD Mean ± SD 

Age (year) 59.25 ± 12.92 48.19 ± 17.05 t = –2.06, P = 0.05 
Gender (female; male) 8; 8 10; 6 χ2 = 0.508, P = 0.48 
Montreal battery for evaluation of amusia, rhythm subscalec 12.92 ± 1.80 13.14 ± 1.46 Z = 0.04, P = 0.97 
Scale for assessment and rating of ataxia; total scorec 4.63 ± 6.11 0.00 ± 0.00 Z = –3.70, P = 0.0002b 

Nine hole peg test; right hand (seconds)c 26.48 ± 7.42 20.52 ± 2.14 Z = –2.61,P = 0.008b 

Nine hole peg test; left hand (seconds)c 30.76 ± 14.29 22.78 ± 2.43 Z = –1.90, P = 0.06 
Cerebellar cognitive affective scale; total score 78.93 ± 30.78 – – 

aP < 0.05. bP < 0.01. cThese tests include n = 9  H  C.

Fig. 4. (A) Group-level means and SDs for asynchrony across 
perturbation-free and perturbation trails. Error bars indicate the 
standard errors of the mean (SEM). (B) Group-level means and SDs for 
ITIs across perturbation-free and perturbation trails. Error bars indicate 
the standar d errors of the mean (SEM).

overview of the statistical results observed on the behavioral and 
neur al ERFA measures respectively.

Behavioral ERFA (mean)
A significant main interaction effect was found between the 
quadratic component (Ot2) a nd the two directions: positive
(estimate = −86.05, SE = 9.55, P < 0.001) and negativ e (esti-
mate = −86.96, SE = 9.39, P < 0.0001), indicating that both groups 
adapted their finger-taps in accordance to the perturbation 

direction (i.e. faster for the positive tempi, and slower for the
negative direction).

Behavioral ERFA (SD)
A significant main effects of Direction was found for the Negative
perturbation (estimate =−18.81, P < 0.0001), indicating a lower 
variability in the ERFA time course during the Negative perturba-
tions. A signif icant interaction between the linear component
(Ot1) and Negative perturbation Direction (estimate = −25.61, 
P = 0.02) indicated that the slope of the ERFA response—reflecting 
the initial rate and direction of adaptation—was with less vari-
ability in linear responses during the Negative direction. A three-
way interaction was found between the linear component (Ot1), 
perturbation direction, and g roup (estimate = 33.10, P = 0.03)
showing that PwCI exhibited greater variability in their linear
response during Positive perturbation direction compared to HCs.

Neural ERF A
A significant two-way interaction effect was found between 
the quadratic component (Ot2) and Dir ection for Positive
and Negative (positive: estimate = −10.96, SE = 4.17, P = 0.009; 
negative: estimate = −12.49, SE = 4.17, P = 0.003), indicating that 
both groups entrained at a neural level with the stimuli according
to the perturbation’s direction.

A significant two-way interaction effect was found between 
Group and Direction, indicating that PwCI responded with a less 
pr ominent parabolic curve than HC for the Negative direction
(Estimate =−1.96, SE = 0.60, P = 0.001).

A significant three-way interaction effect was found between 
the quadratic component Ot2 and the sensorimotor component,
in both perturbation directions (positive: estimate = −16.55, 
SE = 5.90, P = 0.005; negative: estimate = −17.62, SE = 5.90, 
P = 0.002). This indicates that, compared to the Perceptual 
component, the Sensorimotor component increased the parabolic 
curv ature when perturbations occurred, regardless of the
Direction.

A significant three-way interaction effect was found between 
the quadratic component Ot2, the cerebellar group and in both 
perturbation directions (positive: estimate = 14.38, SE = 5.99, 
P = 0.016; negative: estimate = 14.39, SE = 5.99, P = 0.016). This 
indicates the presence of lower frequency adjustment in 
PwCI compared to HCs, regardless of direction. post-hoc tests 
revealed a significant interaction between group and component
(estimate = 1.291, SE = 0.299, z ratio = 4.325, P < 0.0001), indicating
that PwCI (meanEstimate= 0.459, SE = 0.214) has less prominent
frequency adjustment in the sensorimotor component compared
to HCs (meanEstimate = 1.750, SE = 0.208).
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Fig. 5. Grand averages of ERFA curves. Grand averages of the ERFA curves for period changes for both the groups. The x-axis represents time, and the y-axis 
represents the percentage of frequency change from the pre-stimulus baseline following the perturbation onset. The figures on the top panel represent 
grand averages for HCs, distinguished by behavioral and neural ERFA (with the two components, perceptual and sensorimotor). The figures on the bottom 
panel represent grand averages for PwCI, distinguished by behavioral and neural ERFA (with the two components, perceptual and sensorimotor). Positive 
perturbations correspond to the green lines, while negative perturbations correspond to the red lines. The auditory stimuli presented is represented 
by the dashed lines, while the results observed is represented by the solid lines, with shadings illustrating the standard error of the means. Neural 
ERFA responses appear smoother and return to baseline earlier compared to their behavioral counterparts due to temporal smoothing introduced by 
narrow-band filtering of EEG data, an inherent artifact of the filtering necessary for accurate instantaneous frequency estimation. Importantly, this 
smoothing does not a ffect the validity of the results, as statistical comparisons are carried out separately for the neural and behavioral domains.

A significant four-way interaction was found between the 
linear component Ot1 and the sensorimotor component in the 
positive direction for the cerebellar group (estimate = −16.94, 
SE = 7.94, P = 0.03). This indicates, that compared to HCs, PwCI 
exhibit a more prominent linear adaptation to perturbations in
the positive direction than the negative direction.

Discussion 
The present study aimed to investigate the behavioral and neu-
ral entrainment of PwCI in response to period perturbations in 
auditory rhythms, compared to HCs. To achieve this, an experi-
mental paradigm designed was applied to quantify the behavioral
and neural dynamics underlying rhythmic tracking, using the
ERFA as an outcome measure (Rosso et al. 2023a). This study 
investigated the ability to adapt to unpredictable perturbations, 
which differentiates it from previous works focusing on cerebellar 
patients’ a bility to synchronize to more predictable incremental
period changes (Repp 2005; Nozaradan et al. 2012b; Nozaradan 
2014; Nozaradan et al. 2017). The unpredictable nature of our 
perturbations makes ERFA a particularly informative measure, 
since it consists of the frequency adjustment o f an oscillatory
signal in response to a period change (i.e. adaptation).

The study included PwCI of various aetiologies, most of whom 
exhibited mild ataxia as assessed by the SARA, except for one 
participant who showed no ataxia. The patient group differed 
significantly from controls in the variability of asynchrony and
inter-tap intervals, reflecting deficits in timing and incoordination
associated with cerebellar dysfunction (Manto 2009; Marsden 
and Harris 2011; Cabaraux et al. 2023). The responses of higher 
variability in the cerebellar group align with previous study results 

on sensorimotor synchronization in cerebellar patients (van der 
Steen et al. 2015; Schwartze et al. 2016), further supporting the 
presence of subtle timing and coordination deficits, albeit the mild 
or no clinical presentation of ataxia as assessed by the SARA.

Contrary to our hypothesis, we did not find any significant 
differences between groups for the mean behavioral ERFAs. This 
informs us that behaviorally, patients adapted their finger taps 
to both perturbation directions, achieving a performance compa-
rable to that of the HCs. Thus, they had spared ability to detect 
and consequently adapt their finger-tapping to unpredictable
changes in auditory rhythms. One explanation for this result
can be rooted in auditory recognition, which has been shown
to be spared in patients with cerebellar patients (McLachlan 
and Wilson 2017). Particularly, the authors argued that the cere-
bellum is involved in the implicit learning of spectro-temporal 
information, used for sound and speech recognition. The stimuli 
used in this experiment, being the metronomes, are very simple 
sounds, and thus previously stored sound information could have
been used by the patients to automatically recognize incoming
sounds and predict subsequent events (McLachlan and Wilson 
2017). Another explanation of the spared behavioral response 
can be placed and explained by the concept of rhythmicity, as a 
previous study demonstrated that patients with cerebellar degen-
eration showed sparing of a temporal prediction fr om cues that
were embedded in a rhythmic structure, compared to cues that
were presented as a single interval (Breska and Ivry 2018). These 
assumptions can be tested further by future studies investigating 
these paradigms in PwCI, using stimuli that vary in both auditory 
recognition difficulty and rhythmic complexity. Examples of such
stimuli can be found in music, which allows for variation in
complexity.
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Table 3A. Model summary of the behavioral ERFAs: differences across groups (e.g. cerebellar patients vs. HCs), direction (negative vs. 
positive), and component type (sensorimotor vs perceptual). Categorical predictors are dummy-coded, with estimates shown for each 
level relative to the baseline (e.g. cerebellar relative to healthy). Negative direction indicates a slowing down of the rhythm, and positive 
direction indicates a speeding up. Ot1 r efers to the linear component of the polynomial fit, while Ot2 reflects the quadratic curvature 
term of the polynomial fit. Columns report the estimated effect (Est.), standard error (SE), t-value (t), and P-value (P).

Outcome measure Predictors Estimate SE t-value P-value 

Behavioral ERFA (mean) Positive (+) 7.86 1.14 6.92 <0.001b 

Negative (−) 8.73 1.12 7.82 <0.001b 

Ot1 –8.85 9.35 –0.95 0.34 
Ot2 5.01 6.82 0.74 0.46 
Cerebellar 0.13 1.23 0.11 0.91 
Ot1:Positive (+) 22.87 12.00 1.91 0.056 
Ot1:Negative (−) 14.25 11.78 1.21 0.22 
Ot2:Positive (+) –86.05 9.55 –9.01 <0.001b 

Ot2:Negative (−) –86.96 9.39 –9.26 <0.001b 

Ot1:Cerebellar 13.46 13.21 1.01 0.31 
Ot2:Cerebellar –5.46 9.64 –0.57 0.57 
Cerebellar:Positive (+) 0.42 1.58 0.26 0.79 
Cerebellar:Negative (−) –1.06 1.58 –0.67 0.5 
Ot1:Cerebellar:Positive (+) –2.45 16.74 –0.15 0.88 
Ot1:Cerebellar:Negative (−) 13.57 16.65 0.81 0.41 
Ot2:Cerebellar:Positive (+) –3.08 13.30 –0.23 0.82 
Ot2:Cerebellar:Negative (−) 21.30 13.28 1.60 0.11 

Behavioral ERFA (SD) Ot1 14.47 7.68 1.89 0.06 
Ot2 –8.55 5.91 –1.45 0.15 
Positive (+) 0.95 2.85 0.33 0.74 
Negative (−) –18.81 2.85 –6.59 <0.0001b 

Cerebellar 3.71 2.81 1.32 0.19 
Ot1:Positive (+) –14.44 10.77 –1.34 0.18 
Ot1:Negative (−) –25.61 10.77 –2.38 0.02a 

Ot2:Positive (+) –11.45 8.35 –1.37 0.17 
Ot2:Negative (−) 6.47 8.35 0.77 0.44 
Ot1:Cerebellar –7.94 10.71 –0.74 0.46 
Ot2:Cerebellar –5.35 8.23 –0.65 0.53 
Positive (+):Cerebellar 0.77 3.98 0.19 0.85 
Negative (−):Cerebellar –7.42 3.98 –1.87 0.06 
Ot1:Positive (+):Cerebellar 33.10 15.01 2.21 0.03a 

Ot1:Negative (−):Cerebellar 8.35 15.01 0.56 0.58 
Ot2:Positive (+):Cerebellar 7.26 11.64 0.62 0.53 
Ot2:Negative (−):Cerebellar 16.85 11.64 1.45 0.15 

aP < 0.05. bP < 0.01. 

A higher variability of the behavioral ERFA responses was 
observed in the positive compared to the negative perturbation 
direction in all participants during the initial adaptation phase, 
and this was more pronounced in the patient group. High vari-
ability in motor contr ol can reflect active exploration by sen-
sorimotor circuits, enabling the motor system to discover and
refine performance through adaptation (Dhawale et al. 2017). 
Adapting to the positive perturbation direction likely required 
greater variability because faster rhythmic contexts compress 
the temporal window for motor planning and execution. The 
more pronounced variability observed in PwCI compared to HCs
during the initial phase of adaptation to positive perturbations
may be attributed to coordination impairments characteristic of
cerebellar dysfunction (Manto 2009; Marsden and Harris 2011). 

Consistent with our hypothesis and previous study (Rosso et al. 
2023a), the neural tracking for period changes was found to be 
more prominent in the sensorimotor component as compared to 
the perceptual one, in both groups. The additive contribution of 
the sensorimotor component could potentially be explained by 
bottom-up resources (i.e. due to the presence of the proprioceptive 
feedback from the finger ta ps). Previously, it has been demon-
strated that somatosensory feedback, during paced finger-tapping
movements, is supported by the activation of the sensorimotor

cortex (Pollok et al. 2002). Specific to the sensorimotor compo-
nent, the results indicate that HCs showed better tracking within 
the sensorimotor component compared to the cerebellar patient
group (see Fig. 5). An explanation for this may be linked to the 
adaptation and temporal tracking activity governed by a top-down 
control using feedforward contr ol, which is typically impaired in
cerebellar patients (Bastian 2006). 

Results of the period changes also show an interaction effect 
of the perturbation’s direction, resulting in worse neural tracking 
for the negative direction in cerebellar patients compared to 
HCs. This may be indicative of different functioning of inhibition 
processes between the groups . In order to track slower rhythms,
a person’s comfortable motor response needs to be inhibited, as
shown in studies applying the stop paradigms (Band and van 
Boxtel 1999). In our study sample, eight patients failed three or 
more tests on the CCAS/Schmahmann syndrome scale (Schmah-
mann 2019), which may be supportive of our interpretation. A 
further continuation of this line of thought can be linked to 
the cerebellum’s role in forward models, and the hindering of
motor performance when feedback is altered (Popa and Ebner 
2018). It has been demonstrated that the cerebellum is involved 
in motor learning, particularly in creating hier archical generative
models used to predict actions (Manto et al. 2012; Popa and Ebner
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Table 3B. Model summary of the neural ERFAs: differences across groups (cerebellar patients vs. HCs), direction (negative vs. positive), 
and component type (sensorimotor vs perceptual). Categorical predictors are dummy-coded, with estimates shown for each level 
relative to the baseline (e.g. cerebellar relative to healthy). Negative direction indicates a slowing down of the rhythm, and positive 
direction indicates a speeding up. Ot1 r efers to the linear component of the polynomial fit, while Ot2 reflects the quadratic curvature 
term of the polynomial fit. Columns report the estimated effect (Est.), standard error (SE), t-value (t), and P-value (P).

Outcome measure Predictors Estimate SE t-value P-value 

Neural ERFA Ot1 1.24 2.76 0.45 0.65 
Ot2 0.51 3.14 0.16 0.87 
Sensorimotor 0.01 0.42 0.03 0.96 
Positive (+) 1.67 0.42 4.00 <0.0001b 

Negative (−) 1.85 0.42 4.43 <0.0001b 

Cerebellar 0.43 0.46 0.94 0.35 
Ot1:Sensorimotor –1.24 3.90 –0.32 0.75 
Ot2:Sensorimotor 0.70 4.17 0.17 0.87 
Ot1:Positive (+) –1.41 3.90 –0.36 0.72 
Ot1:Negative (−) 0.59 3.90 0.15 0.88 
Ot2:Positive (+) –10.96 4.17 –2.63 0.009b 

Ot2:Negative (−) –12.49 4.17 –2.99 0.002b 

Positive (+):Sensorimotor 1.09 0.59 1.85 0.07 
Negative (−):Sensorimotor 1.08 0.59 1.82 0.06 
Ot1:Cerebellar –6.10 3.97 –1.54 0.12 
Ot2:Cerebellar –5.36 4.51– –1.19 0.23 
Cerebellar:Sensorimotor –0.21 0.60 –0.36 0.72 
Cerebellar: Positive (+) –0.83 0.60 1.38 0.17 
Cerebellar:Negative (−) –1.96 0.60 –3.25 0.001b 

Ot1:Positive (+): Sensorimotor 6.63 5.52 1.20 0.23 
Ot1:Negative (−):Sensorimotor –4.04 5.52 –0.73 0.46 
Ot2:Positive (+):Sensorimotor –16.55 5.90 –2.81 0.005b 

Ot2:Negative (−):Sensorimotor –17.62 5.90 –2.99 0.003b 

Ot1:Cerebellar:Sensorimotor 4.69 5.61 0.83 0.40 
Ot2:Cerebellar:Sensorimotor 3.66 5.99 0.61 0.54 
Ot1:Cerebellar:Positive (+) 10.79 5.61 1.92 0.05 
Ot1:Cerebellar:Negative (−) –0.74 5.61 –0.13 0.89 
Ot2:Cerebellar:Positive (+) 14.38 5.99 2.40 0.02a 

Ot2:Cerebellar:Negative (−) 14.39 5.99 2.40 0.02a 

Cerebellar:Positive (+):Sensorimotor –1.53 0.85 –1.80 0.07 
Cerebellar:Negative (−):Sensorimotor –0.20 0.85 –0,24 0.81 
Ot1:Cerebellar:Positive (+):Sensorimotor –16.94 7.94 –2.13 0.03a 

Ot1:Cerebellar:Negative (−):Sensorimotor 10.62 7.94 1.33 0.18 
Ot2:Cerebellar:Positive (+):Sensorimotor 6.35 8.48 0.75 0.45 
Ot2: Cerebellar:Negative (−):Sensorimotor 11.87 8.48 1.40 0.16 

aP < 0.05. bP < 0.01. 

2018). Thanks to its cognitive contributions, feedforward models 
are used during task performance for learning. Thus, impaired 
inhibition in the cerebellar gr oup may also contribute to this loop,
selectively apparent during the negative tempi.

The results for tracking faster tempi were also inconsistent 
with our original hypothesis, which was based on a pre vious
study suggesting that cerebellar patients experience difficulties
in tracking fast tempi (Nozaradan et al. 2017). To elaborate, the 
authors compared neural encoding of the rhythm across cerebel-
lar patients and HCs, based on the frequency-tagging approach, 
measuring the amplitude of the responses expected at frequen-
cies corresponding to stimulation frequencies (Nozaradan 2014; 
Nozaradan et al. 2017). The study showed a reduced relative 
amplitude at beat frequency in the cerebellar patients especially 
at the fastest tempo (x4 of the original tempo)—which requires 
rapid and temporally precise event encoding. It is note worthy that
we cannot draw a direct comparison with our study, as they used a
tempo with a factor of ×4 (Nozaradan et al. 2017), thus an extreme 
case, compared to our +10% of the original tempi of 100 beats per
minute.

A dissociation was observed between the behavioral and neural 
responses. That is, while we observed a spared behavioral adap-
tation in cerebellar patients comparable to that of HCs, we found 
reduced neural tracking activity. Given that no group differences 
were observed in the tracking response of the finger-taps (i.e. 
behavioral ERFA) compared to that of the neural sensorimotor 
component ERFA, one may also argue that covert and overt pro-
cesses may operate in parallel, utilizing different mechanisms 
to achieve alignment. This distinction could be explained by 
the task requiring two different intertwined temporal processing 
mechanisms based on event and continuous cyclic timing. The 
involvement of the cerebellum has been shown to be essential
for event timing, where temporal information can be defined by
isolated intervals (e.g. here, the perturbations) and is independent
of whether the tasks are motoric or perceptual. In contrast, it has
been shown that the cerebellum is not necessary when temporal
information is defined by the dynamic, cyclic event (Ivry et al. 
2002; Spencer et al. 2003; Teki et al. 2011; Breska and Ivry 2016). 
Moreover, the contribution of the motor system and higher-order 
top-down systems can also be weighed into temporal processing
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(Rimmele et al. 2018) and temporal attention (Zalta et al. 2020). 
The motor system is critically implicated in timing and time
perception (Coull et al. 2011; Teki et al. 2011; Kotz et al. 2016; 
Merchant and K. 2016) and periodic beat-based timing. Particu-
larly, it is underpinned by striato-thalamo-cortical circuits. Stud-
ies have confirmed previous results showing that overt motor
activity optimizes auditory periodic temporal attention (Moril-
lon et al. 2014; Morillon and Baillet 2017). Furthermore, neural 
responses elicited in auditory cortical areas could be modulated 
by higher-level associative areas and/or motor areas (Patel and 
Iversen 2014; Large et al. 2015). For instance, temporally precise 
two-way communication between auditory and motor regions 
seemed to be occurring in the form of functional connections
based on beat perception (Patel and Iversen 2014). Moving to 
another model, beat perception is proposed to be underpinned by 
neural entrainment at beat frequency emerging as the non-linear 
product of the coupling between the rhythmic auditory input and
a network of neural non-linear oscillators within a network of
sensory and motor areas (Large et al. 2015). 

Overall, the evidence for preserved adaptation in cerebellar 
patients supports the idea that timing is mediated not by specific 
structures, but rather by functional neural networks including
structures such as the cerebellum, basal ganglia, supplementary
motor area and others (Coull et al. 2011; Mioni et al. 2020). 

This finding is relevant, as rhythm-based interventions have 
been shown to improve movement coordination and timing accu-
rac y, making them a promising tool for neurological rehabilitation
(Rodriguez-Fornells et al. 2012; Schaefer 2014; Bella et al. 2017; 
Moumdjian et al. 2019; Hutchinson et al. 2020; Braun Janzen et al. 
2021; Ruotsalainen et al. 2022). Therefore, the findings of our 
study suggest the potential to leverage rhythm-based interven-
tions to enhance motor function in PwCI. We note, however, that 
our sample consisted of PwCI with mild impairment, so caution
should be adopted to generalize these results to moderate or
severe impairments.

Study limitations and future directions
A limitation of the present study is the significant age difference 
between the cerebellar and control groups. To account for 
this potential confound, we conducted additional analyses 
testing for age by group interaction effects on each ERF A
measure (behavioral, perceptual, and sensorimotor), separately
for positive and negative perturbation directions. As shown in
Supplementary Table 1, none of the interactions reached statis-
tical significance, indicating that the observed group differences 
in ERFA responses were not confounded by age. A limitation of 
ERFA lies in its applicability to different types of perturbations 
with different intrinsic characteristics. Specifically, ERFA is well-
suited for perturbations that elicit sustained responses, such as
period changes, as it effectively quantifies frequency adjustments
over time, and thus conversely, it is less effective for transient
responses.

ERFA, as an outcome to quantify behavioral and neural tracking 
of rhythmic stimuli, captured the adaptation processes taking 
place during the sensorimotor synchronization task. One may 
further expand these investigations to the underlying anticipation 
processes required during sensorimotor synchronization tasks. 
These can be computationally modeled to detail the predictive 
processes employed during the correcting of err ors in response to
the perturbations applied in this paradigm. One example of such
a computational model is the Adaptation Anticipation model of
sensorimotor synchronization (van der Steen and Keller 2013). 
The experimental paradigm can also be extended by including 

a perturbation paradigm within the listening task. While a 
paradigm as such holds methodological challenges, it may allow 
further refined comparisons between perceptual and sensorimo-
tor components. Lastly, studies can investigate adaptation across 
groups according to task difficulty, such as b y manipulating
the magnitude of perturbations. This may provide additional
fine-grained information regarding the role of the cerebellum
in adaptation processes within sensorimotor synchronization
tasks.

Conclusion 
We observed spared mean behavioral tracking yet distinct neural 
tracking in PwCI, comparable to that of HCs when adapting to ran-
domly occurring period perturbations in auditory metronomes. 
The neural sensorimotor component only significantly differenti-
ated between groups, where patients showed worse tracking than 
HCs, especially for negative compared to positive directions. Given 
the spared mean behavioral adaptation abilities in the cerebellar 
patients, in contrast with the hinder ed neural dynamics, our
results suggest the presence of parallel yet distinct mechanisms
for processing of covert and overt responses underlying sensori-
motor adaption.
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