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Behavioral/Cognitive

Speakers with Cerebellar Ataxia Do Not Adapt Speech
Segment Durations in Response to Durationally Altered
Auditory Feedback

Robin Karlin"* and ““Benjamin Parrell**

1Department of Speech, Language, and Hearing Sciences, University of Missouri, Columbia, Missouri 65211, 2Waisman Center, University of Wisconsin —
Madison, Madison, Wisconsin 53705, and 3Department of Communication Sciences and Disorders, University of Wisconsin — Madison, Madison,
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Sensorimotor adaptation (motor learning) is crucial to maintain movement accuracy. This is particularly true for temporal control,
as duration and initiation timing are perceived only after the movement and thus cannot benefit from mid-movement adjustments.
The cerebellum is critical for both sensorimotor adaptation and various temporal functions, but its role in temporal adaptation has
not been investigated. In this study, we examine the effect of cerebellar damage on temporal adaptation in speech, a natural but
complex task that requires millisecond precision. We use an altered auditory feedback paradigm to extend the perceived duration
of the vowel /¢/ in the word “best.” Neurobiologically healthy controls (12 male, 22 female) adaptively shorten their vowels, but
temporal adaptation is abolished in speakers with cerebellar damage (10 male, 24 female), who instead lengthen their vowels in
response to the lengthening perturbation. This departs from findings in the spatial domain, where cerebellar damage merely reduces
sensorimotor adaptation. A subset of speakers with cerebellar damage have lower perceptual acuity for vowel duration than controls;
however, perceptual deficits did not drive the lack of adaptation. We suggest that temporal adaptation in speech is abolished due to
cerebellar involvement in three aspects of temporal control: duration representation, temporal coordination, and temporal estima-
tion. As speech motor control is highly complex, future research is needed to determine if the lack of adaptation observed in this
study is due to combined demands on multiple cerebellar functions or critical damage to a single function that is common to all
temporal control.
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Significance Statement

Speech is a complex motor activity that requires millisecond-level accuracy, thus providing a unique window to temporal
control. When exposed to external perturbations that extend the perceived duration of vowels, speakers with cerebellar dam-
age totally failed to adapt their speech to oppose the perturbation. Although a subset of speakers with cerebellar damage also
had impaired perception of speech segment durations compared with controls, these perceptual deficits did not drive the lack
of adaptation in the group. The total lack of adaptation departs from previous studies of sensorimotor adaptation in spatial
control and emphasizes the critical role of the cerebellum in maintaining accurate movement timing.
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Introduction

Speech requires millisecond-level accuracy. Differences in the
duration of speech sounds mark lexical contrasts, signal
word or phrase boundaries, and convey other paralinguistic
information (Chen, 1970; Murray and Arnott, 1993; Byrd et al.,

Received Dec. 16, 2025; revised June 2, 2026; accepted June 16, 2026.

Author contributions: R.K. and B.P. designed research; R.K. performed research; R.K. analyzed data.

This work was supported by grants to B.P. (R01 DC017091) and R.K. (F32 DC019535) from the National Institute on
Deafness and Other Communication Disorders, as well as a core grant to the Waisman Center from the National Institute
of Child Health and Human Development (P50 HD105353) and an National Institutes of Health High-End
Instrumentation grant (510 0D030415). We also thank Kristie Spencer for providing dysarthria severity ratings.

2006; Shatzman and McQueen, 2006; Schertz and Clare,
2020; Maddieson, 2024). Ataxic dysarthria, the motor speech
disorder associated with cerebellar damage (CD), is strongly
associated with abnormal timing (Ackermann and Hertrich,
1997; Hartelius et al., 2000; Schalling and Hartelius, 2013;
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Spencer and France, 2016), suggesting that the cerebellum is
critical for temporal accuracy in speech. In this paper,
we leverage the unique temporal demands of speech to investi-
gate the contributions of the cerebellum to accurate temporal
control.

Movement accuracy is maintained in part by detecting and
responding to mismatches between predicted and received sen-
sory feedback. Errors can be corrected by compensating during
the same movement or adapting control for future movements
(Shadmehr and Krakauer, 2008). Studies in spatial control (e.g.,
examining the position of the hand in reaching tasks) show the
cerebellum is critical for adaptation: people with CD show
decreased adaptation in both nonspeech (Martin et al., 1996;
Straube et al., 2001; Maschke et al., 2004; Smith and Shadmehr,
2005; Morton and Bastian, 2006; Tseng et al., 2007) and speech
tasks (Parrell et al., 2017, 2021). Recent studies show that neuro-
biologically healthy speakers adapt speech sound durations
(Mitsuya et al., 2014; Floegel et al., 2020; Oschkinat and Hoole,
2020, 2022; Karlin and Parrell, 2022), indicating that, like spatial
control, temporal control uses sensory feedback loops. In fact,
because the duration of a movement can only be determined after
it ends, and the timing of movement initiation cannot be altered
after the fact, adaptation is particularly critical for temporal
control.

The process of adaptation requires both the detection of
errors and the selection of motor commands that will reduce
the error. In the temporal domain, both processes involve func-
tions that are thought to rely on the cerebellum. First, the cerebel-
lum is crucial for representation of temporal targets (Ivry, 1993;
Zelaznik et al., 2005; Gerwig et al., 2007; Dimitrova et al., 2008;
Timmann et al., 2008); degraded temporal targets may interfere
with accurate selection of a set of motor commands and/or com-
paring received duration with a target duration. Second, CD is
associated with increased perceptual thresholds for subsecond
durations of both speech and nonspeech stimuli (Ivry and
Keele, 1989; Ackermann and Hertrich, 1997; Ackermann et al,,
1999; Grube et al., 2010; Teki et al., 2011, 2012); CD could thus
impede detection of temporal errors. Finally, as the sequence of
speech sounds is formed by a precisely overlapping set of articu-
latory movements, the duration of any speech segment (discrete
unit of sound) may be affected by the initiation and/or offset tim-
ing of the surrounding movements. Evaluating the timing of
movement initiation requires interpreting sensory input through
a model of sensorimotor delay (Stetson et al., 2006; Sugano et al.,
2010, 2012). The cerebellum has been implicated both in theoret-
ical models of sensory delay (Miall et al., 1993) and experimental
assays of adaptation to new delays (Cao et al., 2017); as such,
deficits in delay calibration could impede the detection and/or
correction of temporal errors.

The current study investigates how the cerebellum contrib-
utes to accurate duration control, as mediated by sensorimotor
adaptation, perception of millisecond durations, and detection
of sensory delay. We test this by temporally altering auditory
feedback of speech and assessing changes in speech segment
durations in speakers with CD and neurobiologically healthy
controls. Given previous work on the heavy involvement of the
cerebellum in both spatial adaptation and temporal control, we
predict that speakers with CD will show impaired temporal adap-
tation of speech sound durations. To ensure that any changes in
adaptation or effects of auditory delays are not due to perceptual
deficits, we additionally assess potential CD deficits on the per-
ception of vowel durations, as well as on the reaction to sensory
delay.
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Materials and Methods

Participants

We compare a group of participants with cerebellar damage (CD) and a
group of age-matched, neurobiologically healthy controls. Participants
with CD have a previous diagnosis of ataxia and did not report any his-
tory of speech, hearing, or neurological disorders other than those related
to their ataxia diagnosis. The majority of participants were diagnosed
with a subtype of spinocerebellar ataxia, a group of genetic disorders
that affect the cerebellum and potentially other areas of the brain
(Seidel et al., 2012). Control participants were age matched on a popula-
tion basis to the CD group and did not report any history of speech, hear-
ing, or neurological disorders. (See Table 1 for details.)

Prior to data analysis, four controls and two speakers with CD were
excluded due to low performance on a composite cognitive assessment
score suggestive of mild cognitive impairment (Carson et al., 2018), alone
or in conjunction with low performance on other neuropsychological
assessments (for more details, see below, Statistical analysis). An addi-
tional four speakers with CD and two controls were excluded due to
an error in elicitation that led to the participant unnaturally extending

Table 1. Characteristics of included participants

Dysarthria MoCA +
Diagnosis Age Gender SARA severity CCAS
AOA2 46 F 24 2 26
CANVAS 70 F 20.5 3 23
Cerebellar tumor 52 F 9 0.5 26
SCA (unknown 25 F n 1 25
subtype)
SCA1 39 F 1 0 29
SCA2 69 F 8.5 2 28
SCA2 52 F 10 1 27
SCA2 69 M 10 2 23
SCA2 4 F 75 0.5 28
SCA2 65 M 1 1 27
SCA2 47 F 14 2 30
SCA2 60 M 12 1 25
SCA2 34 F 1.5 2 30
SCA2 68 F 175 2 24
SCA3 VAl F 30 3 27
SCA3 64 F 6 2 27
SCA3 59 M 25 0 29
SCA3 'y} F 9 0.5 27
SCA3 75 F 1 0.5 26
SCA3 35 F 1 0 30
SCA4 52 F 1 1 27
SCA4 35 M 10.5 0.5 23
SCAS 32 F 2 0 29
SCA5 56 F 125 1 28
SCA6 65 F 16 2 24
SCA6 74 M 9 1 23
SCA6 59 M 10 0.5 26
SCA6 65 F 1 0 27
SCA8 60 F 135 2 28
SCA8 39 M 25 0 26
SCA8 63 M 15.5 2 26
SCA8 73 F 19 2 26
SCA14 54 F 8.5 1 29
Idiopathic 53 M 27 2 24
Total (D Median=57.5, 10 M,24F 10.7 (7.5 26.6 (2.1)
SD =138
Total control Median=59.5 12 M, 22F — — 27.6 (1.8)
SD=145

SARA is rated from 0 (no symptoms) to 30.

Dysarthria severity is rated from 0 (no dysarthria) to 4. MoCA + CCAS rated from 0 to 30 (no cognitive
impairment).

AOA2, ataxia with oculomotor apraxia type 2; CANVAS, cerebellar ataxia with neuropathy and vestibular areflexia
syndrome; SCA, spinocerebellar ataxia; SARA, scale for the assessment and rating of ataxia; MoCA, Montreal
Cognitive Assessment; CCAS, cerebellar cognitive and affective syndrome.
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the vowel for ~1 s. One more control was excluded due to failure to fol-
low instructions. Four more speakers with CD were unable to complete
the task due to very severe dysarthria. The final dataset for this study thus
comprises 34 participants with CD (10 male, 24 female) and 34 neuro-
biologically healthy controls (12 male, 22 female).

Data was collected at the University of Wisconsin-Madison or the
University of California (San Francisco and Berkeley campuses). All pro-
cedures were carried out in accordance with the Institutional Review
Board at the University of California, San Francisco.

Apparatus

Task 1. Audio recordings were made with a Sennheiser MKE 600,
which was routed to a Scarlett 2i2 3rd generation audiobox and from
there to a desktop computer. Audio feedback, mixed with white noise,
was played back over Beyerdynamic DT 770 250 ohm closed-back circu-
maural headphones. Stimuli were displayed in white font on a black
background on a computer monitor ~2 feet away from the participant.
The task was implemented in MATLAB (MATLAB, 2023). The mea-
sured round-trip system delay between participant production and play-
back of auditory feedback was 16.0 ms.

In this task, the vowel /e/ in “best” was lengthened by an intended
maximum target of 60 ms. A maximum target of 60 ms was chosen as
it has previously been shown to provoke temporal adaptation in controls,
without being so overt that it promotes explicit awareness of the pertur-
bation (Karlin et al., 2021; Karlin and Parrell, 2022). Temporal perturba-
tion of specific segments was implemented with Audapter (Cai et al.,
2008; Tourville et al., 2013). Audapter produces targeted “time warping
events” via an online status tracking (OST) capability, which uses root
mean square intensity to detect changes in the acoustic signal, such as
segment boundaries (Cai et al., 2008). OST settings were individualized
for each participant during a pretest phase prior to the main production
task using Audapter Viewer (Naber et al., 2024). When an event such as
the onset of /e/ is detected, Audapter starts a slowdown period, which
slows down a specified slice of the audio signal by a given factor. In
this task, the slowdown period started 50 ms after the vowel onset was
detected, to avoid extending the formant transition and giving a percept
of “bwest”; the following 20 ms were played back at 0.25 original speed to
produce 60 ms of lengthening. After the slowdown, Audapter enters a
stasis period of a given duration, where the signal is played back unal-
tered, other than the delay induced by lengthening a prior slice of the sig-
nal. Audapter then enters a catch-up period, where it plays the signal
back at a specified accelerated rate until it catches up to true time. In
order to maintain durations for the remainder of the utterance, the stasis
period was set based on the duration of /est/ plus three standard devia-
tions, using a running average of the previous ten trials. Thus, the
catch-up period occurred after the participant had finished the target
word (see Fig. 1 for illustration of the perturbation), such that the final
/st/ of “best” was delayed but replayed with an unaltered duration.
Experimental code is available at https://ost.io/rfq75/.

The mean achieved perturbation of /e/ during the hold phase was
58.0 ms. A linear mixed effects model with participant as random intercept
indicates that there was no significant difference between groups (fs.01) =
0.54, p=0.59). The mean delay of the onset of /s/ was 58.1 ms; there was no
significant difference between groups (¢(70,00) = 0.26, p = 0.80). As intended,
the duration of /s/ was unaffected; the mean difference in the duration of
this segment between the input and output signals was 0.1 ms. There
was a significant difference between groups (¢(s0s) = —2.24, p=0.03) but
both groups received <1 ms of perturbation (CD mean=—0.7 ms, SD =
1.6 ms; control mean = 0.8 ms, SD = 3.5 ms).

Task 2. All participants also completed a perceptual task to assess
duration thresholds on the vowel in “best”. Stimuli were played ata com-
fortable volume over Beyerdynamic DT 770 250 ohm closed-back circu-
maural headphones. The stimuli were synthesized from a token of “best”
produced by a native speaker of American English. The vowel had a flat
intonational contour to avoid effects of pitch contour on duration per-
ception (Cumming, 2011). To avoid lengthening the formant transitions
at the beginning and end of the vowel, which could affect both the nat-
uralness and the duration percept of the vowel, the middle 73 ms of the
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vowel was programmatically altered using the duration manipulation
function in Praat (Boersma and Weenink, 2021) to produce tokens along
a continuum of vowel durations from 100 to 200 ms in 1 ms steps (orig-
inal token duration: 163 ms). Premade tokens were used to avoid poten-
tial pitfalls in manipulating the duration of tokens produced by the
participants themselves, as speakers are often unable to consciously con-
trol things such as the flatness of their pitch or the duration of their for-
mant transitions, both of which can affect duration percepts or produce
unnatural tokens when manipulated.

Experimental design
Task 1: sensorimotor adaptation of speech sound durations.

Participants produced the target word “best” on each trial. Based on pre-
vious studies that have shown that vowels show more robust adaptation
responses (Oschkinat and Hoole, 2020, 2022), we tested adaptation by
lengthening /e/, with consequent delay of /st/. A representative trial is
shown in Figure 1. The task consisted of 90 trials: a 20-trial baseline
phase, where participants heard veridical feedback; a 20-trial ramp phase,
where the perturbation was increased by 3 ms per trial; a 30-trial hold
phase, where each trial received maximum 60 ms perturbation; and a
20-trial washout phase, where the perturbation was abruptly removed,
such that participants received veridical feedback. Before the start of
the task, the experimenter instructed participants to say “best” “like
they are answering a question”.

Task 2: perceptual acuity of vowel duration. Participants completed a
3:1 adaptive staircase procedure, in which a correct response reduces the
difference between tokens by a given step size, and an incorrect response
increases the difference between tokens by that step size multiplied by
three. A 3:1 ratio targets performance accuracy of 79%. Correct responses
initially decreased the difference between tokens by 10 ms. The step size
was reduced to 5 ms (5 ms down; 15 ms up) after the first two reversals,
where reversal is defined as a trial that has the opposite correctness as the
trial before it—that is, an inaccurate trial following an accurate trial or an
accurate trial following an inaccurate trial.

The task for each trial was an AXB task, where tokens A and B are
different from each other, and participants respond whether the X token
is the same as A or B. Tokens were presented 1.25 s apart, with a jitter of
+100 ms to prevent the use of rhythmic timing circuits (Teki et al., 2011,
2012). The difference between tokens started at 100 ms, the maximum
possible. A 100 ms difference between tokens of 100 and 200 ms was cho-
sen as a starting point as it is well above the Weber fraction for temporal
perception in this range (Grondin et al., 2001); all participants were able
to hear this difference. Tokens were presented symmetrically around
150 ms: thus, for a stimulus difference of 100 ms, the shorter token
was 100 ms, and the longer token was 200 ms. The position (A vs B)
of the shorter and longer stimuli was determined randomly for each trial,
as was the correct answer. Participants continued the task until they
completed 100 trials or 30 reversals, whichever came first (all participants
reached 30 reversals before 100 trials). Experimental code is available at
https://ost.io/rfq75/.

Additional assessments. Participants with CD completed assess-
ments for CD symptom severity. For general motor symptoms, partici-
pants completed the Scale for the Assessment and Rating of Ataxia
(SARA; Schmitz-Hiibsch et al., 2006). For speech symptoms, participants
produced conversational speech, sentence repetition, passage reading,
and a picture description task, following the Bogenhausen Dysarthria
Scales for English (BoDyS-English; Ziegler et al., 2017; Staiger et al,,
2023). Participants also completed a motor speech assessment, including
diadochokinetic tasks (e.g., repetitions of “papapa...” or “pataka...”) and
a sustained phonation task. Speech diagnosis and severity rating was per-
formed by a licensed speech language pathologist with extensive experi-
ence working with ataxic dysarthria. Participants were rated on a scale
from 0 to 4, where 0 represents no apparent symptoms of dysarthria
and 4 represents severe dysarthria; no participants in our sample had
severe dysarthria. All participants with dysarthria only showed symp-
toms of ataxic dysarthria (ie., no other motor speech disorders).
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SARA ratings were performed by the experimental team. See Table 1 for
a summary of the participants in this study.

All participants also completed a cognitive assessment that consisted
of the Cerebellar Cognitive Affective/Schmahmann Syndrome scale
(CCAS scale; Hoche et al, 2018) and items from the Montreal
Cognitive Assessment (MoCA; Nasreddine et al., 2005) scale that did
not duplicate items from CCAS scale. Assessments were scored by the
experimental team. The reported MoCA score is the score of the items
from MoCA plus items from CCAS that duplicated MoCA items.
Individual scores for participants with CD and group-level statistics
for controls are reported in Table 1.

Participants also completed an automated Hughson-Westlake hear-
ing screening at 250, 500, 1,000, 2,000, and 4,000 Hz. Due to the rarity
and typical age range of the target disorder, we did not exclude partici-
pants based on hearing thresholds. Average hearing thresholds for
each group are available in Table SI. No participant used an assistive
hearing device (e.g., hearing aids).

Statistical analysis

Task 1. The audio from participants’ productions was first automat-
ically segmented using Montreal Forced Aligner (McAuliffe et al., 2017)
and then hand corrected to obtain the duration of each segment in the
target utterance. Raters were not blinded to group, as it is possible to dis-
cern the presence of ataxic dysarthria from looking at or listening to the
speech signal, which is required for data processing. Raters were also not
blinded to trial but were generally unaware of the hypotheses of the
study. Raters followed the segmentation guidelines below in performing
hand correction:

1. Onset of the vowel /e/ is marked where regular voicing and formant
structure start.

2. Onset of the /s/ is marked at the beginning of high frequency noise.

3. End of the /s/ (beginning of /t/) is marked at the beginning of a rapid
decrease in amplitude, denoting the increased constriction for /t/.

The last 10 trials of the baseline phase serve as a baseline of compar-
ison for changes across phases of the task. For the vowel /¢/, the last 10
trials of the hold phase serve as a measure of adaptation. Because the per-
turbation lengthened the vowel duration, any reduction in duration dur-
ing the hold phase must be due to adaptive rather than reactive changes;
since we perturbed the vowel by extending the end of the vowel past the
real endpoint (rather than advancing the start of the vowel), the speaker
has already moved onto producing /s/ when they receive the auditory
error for the vowel and thus cannot reactively adjust the duration of
the vowel within the trial (either lengthening or shortening). The first
10 trials of the washout phase serve as a measure of retention of adapta-
tion. For /s/, the last 10 trials of the hold phase serve as a measure of reac-
tion to delay, as there was no duration perturbation on this segment; the
first 10 trials of the washout phase serve as a measure of retention of delay
effects. Reported estimated means are the change in production com-
pared with baseline.

Statistical analyses were conducted with linear mixed effects models
using the lme4 package in R (Bates et al, 2014; R Core Team, 2024).
Models included random intercepts for participant. By-participant random
slopes for phase were not included due to failure to converge. Models were
built incrementally, starting from the null model, and then adding fixed
effects of phase [levels: baseline (intercept), hold, washout] and group [levels:
control (intercept), CD], as well as the interaction between the two. Fixed
effects were included in the final model if there was a significant improve-
ment in model fit, as per chi-square and p values provided by the analysis
of variance function to compare models (Kuznetsova et al., 2015). Effect sizes
and post hoc comparisons were calculated using the emmeans package
(Lenth, 2019); post hoc comparisons were corrected using the Tukey
method. Statistical code is available at https://ost.io/rfq75/.

Task 2. Thresholds are calculated as the average of the last 20 rever-
sals (Kollmeier et al., 1988; Kaernbach, 1991; Leek et al., 1992; Garcia-
Perez, 2011). One control participant had a perceptual threshold beyond
the third quartile plus 1.5 times the interquartile range for their group
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and was excluded from both perceptual analyses and correlation analyses
between perception and other tasks. Group-level differences were
assessed with an ANOVA.

Relationships between tasks. To examine the relationships between
speech production, speech perception, and severity of ataxia and dysar-
thria symptoms, we also conducted linear regressions using the Im()
function from the base stats package in R. To obtain a single measure
per participant for each speech production task, we took the mean
change from baseline from the last 10 trials of hold for both /e/ and /s/
durations. We used hold rather than washout because they both reflect
the maximum response in either learning (/¢/) or reaction (/s/), without
potential de-adaptation effects—recall that shortening responses in /e/
are necessarily adaptive, with no possible compensatory component.

For these correlation analyses, we shifted participants’ thresholds by
subtracting the minimum threshold in the study (21.75 ms). This ensures
an interpretable intercept for these models, rather than a methodologi-
cally and biologically impossible 0 ms threshold.

Since it is possible that participants with perceptual thresholds higher
than the magnitude of perturbation may not have perceived the feedback
error, we also conducted secondary analyses of temporal adaptation
where we divided speakers into two groups: those with high perceptual
thresholds (defined as at or above 60 ms, the magnitude of perturbation
for this study) and those with low perceptual thresholds (below 60 ms).
Two controls fell into the high perceptual threshold group. One is the
previously mentioned statistical outlier, who was removed from all per-
ceptual analyses. The remaining control with a high perceptual threshold
was removed from these secondary analyses only. Thus, these analyses
were grouped as a three-level factor: speakers with CD and high thresh-
olds; speakers with CD and low thresholds; and controls.

Results

Adaptive and reactive responses to temporal perturbation
Our primary goal is to determine the role of the cerebellum in
temporal adaptation of motor behavior, using the lens of sensor-
imotor adaptation of temporal properties of speech. In this study,
we follow previous work that has shown that neurobiologically
healthy speakers adapt the durations of speech segments in
response to auditory perturbations. Participants said the word
“best” in every trial; a duration perturbation that lengthened
the vowel /e/ was gradually introduced and then sustained at a
maximum of 60 ms for 30 trials (Fig. 14; analysis windows high-
lighted). Linear mixed effects models were used to test effects of
group (control vs CD) and phase (baseline, hold, washout) and
the interaction of these two factors.

Overall, the results indicate that only control speakers showed
adaptive shortening in response to the auditory perturbation
(Fig. 2A,B). Both the main factors phase (y()=68.62, p<
0.0001) and group (x¢1) = 11.94, p = 0.0005) significantly improve
model fit, as does the interaction between phase and group (&) =
133.97, p<0.0001). Speakers with CD had significantly longer
vowel durations in the baseline phase compared with controls
(Xt =218.55, p<0.0001; CD mean=235.7 ms, SD=51.0 ms;
control mean=198.8 ms, SD =42.6 ms), which likely reflects
the slowed speech that is common in ataxic dysarthria; however,
the groups show considerable overlap, and the group differences
are substantially smaller than the magnitude of the applied
lengthening perturbation (Fig. 2B). Compared with baseline,
control speakers had significantly shorter /e/ during both the
hold phase (—16.2+2.7 ms, p<0.0001, t=11.03, d=0.85) and
during the washout phase (—16.0 2.7 ms, p <0.0001, t=10.94,
d=0.84). There was no significant difference between the hold
and washout phases (p=0.86). In contrast, speakers with CD
did not show any evidence of adaptation. Rather, the vowel dura-
tion was actually longer during the hold phase than in the
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Experimental methods. A, Schematic of duration perturbation on the word “best” during the adaptation task, showing the lengthening of /¢/ (purple) and the delay of /st/ (orange).

B, Schedule of the duration perturbation during the adaptation task. ¢, Example responses from the AXB perceptual staircase task for the duration of /&/ in “best.” Reversals are indicated in red.
The perceptual threshold is calculated as the mean of the last 20 reversals and is marked with a red dashed line.

baseline (8.12 2.7 ms, p <0.0001, t = —5.53, d = —0.43); produc-
tions during the washout phase did not significantly differ from
baseline (—1.8 2.7 ms, p =0.81, t=1.25). There was a significant
difference between the hold and washout phases (p <0.0001).
Within each experimental phase, speakers with CD and controls
were significantly different from each other: control speakers
shortened their productions of /e/, while speakers with CD did
not in both the hold phase (p<0.0001, t=-6.40, d=-1.27)
and the washout phase (p=0.004, t=—3.74, d=—0.74).

Because we generated the duration perturbation by delaying
the end of the segment (rather than anticipating the beginning),
it could be the case that speakers were detecting and learning
something about the initiation timing of the /s/ following the
/e/, rather than only detecting and learning something about
the duration of the /¢/ per se. Crucially, models of sensory delay
would be required for making accurate predictions about the
timing of sensory input (and thus to detect deviations from those
predictions). As the cerebellum is thought to house these delay
models, CD may impair the ability to detect feedback delays,
leading to a failure to adapt in this group. To address this possi-
bility, we measured changes in the production of /s/, whose onset
was delayed by 60 ms in the auditory feedback participants
received because of the lengthening perturbation applied to the
vowel /¢/. As auditory feedback delays are known to cause online
(reactive) slowing reactions (Karlin and Parrell, 2022; Malloy
et al., 2022) and online reactions are generally not considered
to be the domain of the cerebellum (see, e.g., typical compensa-
tion rates in people with CD; Nowak et al., 2004; Parrell et al.,
2017, 2021; Houde et al,, 2019; Li et al,, 2019; Zimmet et al,,
2020; Slis and Parrell, 2025), if the CD group shows appropriate
compensatory slowing to the delayed onset of /s/, we can rule out
the possibility that the failure to adapt vowel duration in the CD
group arises from a failure to detect this delay.

Opverall, the results indicate that control speakers and speakers
with CD lengthened the production of /s/ during the hold phase
by an equivalent amount, indicating that both groups were able

to detect the feedback delay. Adding phase as a fixed effect sign-
ificantly improved model fit over the null model (y(,) = 357.11, p
<0.0001), but adding group did not (y;)=3.6, p=0.06). Both
control speakers and speakers with CD produced significantly
longer /s/ during the hold phase (control: 16.5+2.8 ms, t=
—8.85, d=—0.68; CD: 27.1 £2.8 ms, t=—14.62, d=—1.11; both
P <0.0001 compared with baseline). Neither group retained this
lengthening into the washout phase (Fig. 2C,D). During the
washout phase, both groups returned approximately to baseline
durations; controls slightly shortened /s/ compared with baseline
(—6.7£3.0 ms, t=3.66, p=0.004, d=0.28), while there was no
difference between baseline and washout productions for speakers
with CD (3.7 +2.8 ms, t = —20.4, p =0.32). Adding the interaction
between phase and group significantly improved model fit (x() =
21.79, p <0.0001). There was a marginal difference between groups
in both the hold phase (p = 0.09) and the washout phase (p = 0.10).
Together, these two patterns lend support to the idea that the fail-
ure to adapt vowel duration in the CD group is not due to a failure
to detect temporal delays.

Finally, we examined the relationship between adaptive beha-
vior (vowel length) and reactive changes (/s/ lengthening), as
measured from the end of the hold phase. In a linear regression
model that includes both group and change in /s/ duration as a
predictor of change in /e/ duration, there is not a significant rela-
tionship between change in /e/ and change in /s/ (p =0.18), nor is
there a significant interaction between group and change in /s/
duration (p=0.49). This aligns with previous findings in other
domains that the magnitude of feedback control-based responses
and predictive control-based responses is not correlated either in
controls (Franken et al., 2019; Raharjo et al,, 2021) or in CD
(Parrell et al., 2017).

Temporal perception of /&/

Previous literature has reported that perception of interval-
based durations is impaired in CD, reflected in higher percep-
tual thresholds for some duration contrasts in speech, but not
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others (Ivry and Gopal, 1993; Ackermann et al., 1997). To date,
perception of vowel duration has not yet been examined. As
sensorimotor adaptation is dependent on the detection of sen-
sory errors, it is possible that differences in sensorimotor adap-
tation we observed in Task 1 could have been driven by higher
sensory thresholds for vowel duration perception in the CD
group, leading to a failure to detect the duration error, rather
than by an impairment in adapting to this error per se. To
address this question, we first measured perceptual thresholds
for the duration of /¢/ in “best” using an adaptive staircase test.
Because all participants heard the same premade tokens, we
perform this analysis on raw ms thresholds, rather than on a
proportion of the duration of the stimuli. (For a proportional

analysis, which produces the same overall pattern of results,
see Text S1 and Fig. S1).

Consistent with previous reports in other perceptual domains,
the CD group had significantly higher perceptual thresholds for
vowels (M=47.8 ms, SD=14.9 ms) compared with controls
(M =37.7ms, SD=10.4 ms, F;s5=10.18, p=0.002, Cohen’s
d =0.78; Fig. 3A). There is substantial overlap between groups;
the difference between groups seems to be driven largely by a
large group of speakers with CD (10/34) with thresholds above
60 ms (the magnitude of perturbation for this study), compared
with just one control with a threshold above 60 ms (in addition to
one participant that was excluded from these analyses due to
being a statistical outlier).
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In the CD group, there is some contribution of perceptual
threshold to magnitude of adaptation in the vowel /¢/. A linear
regression model with group, threshold (normalized to the min-
imum threshold in the study), and their interaction as predictive
factors of /¢/ adaptation shows a significant interaction between
group and threshold; speakers with CD (but not control speak-
ers) show less shortening of /¢/ duration with higher thresholds
(8=0.52, p=0.04). In the model with the interaction term, the
effect of group is not significant (p=0.53).

The effect of threshold on adaptation magnitude seems to be
principally driven by the group of 10 speakers with CD with per-
ceptual thresholds above 60 ms; all speakers with high perceptual
thresholds numerically increased their vowel durations during
hold phase. To compare these two groups of participants with
CD, we ran a second linear mixed effects model looking at the
effect of phase and group on adaptation, this time separating

the high and low threshold participants with CD into two groups
to compare them to each other and to controls. For this analysis,
we also removed the remaining control participant with a thresh-
old above 60 ms (see Materials and Methods, Relationships
between tasks for more details).

This model showed statistical separation between controls,
speakers with CD and high thresholds, and speakers with CD
and low thresholds (significant model improvement with inter-
action term; x{y=183.66, p<0.0001). Speakers with CD and
lower perceptual thresholds did not significantly change their
productions during the hold phase (1.50 £ 3.01 ms, p =0.99 com-
pared with baseline; p =0.003 compared with CD speakers with
high thresholds; p=0.003 compared with controls). That is,
even if speakers with CD had adequate perceptual acuity to per-
ceive the perturbation, they still did not adapt. In contrast, speak-
ers with thresholds above 60 ms followed the perturbation and
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lengthened the vowel (24.0 + 4.66 ms, p <0.0001 compared with
baseline; p = 0.003 compared with CD speakers with low thresh-
olds, and p <0.0001 compared with controls; Fig. 3B,C). This is
not predicted by an inability to perceive that the vowel was too
long.

To examine the effect of threshold on adaptation in just the
group of speakers with CD and low thresholds, we ran another
linear regression model with just the group of CD speakers
with low thresholds and controls (high threshold control
removed). For these groups, there is no contribution of percep-
tual threshold to the magnitude of adaptation. Only group is
significantly predictive (f=-16.12, p=0.006 in a model with
group alone); adding threshold does not improve model predic-
tion (p=0.43), nor does the interaction between threshold and
group (p=0.36). In sum, perceptual thresholds do not predict
magnitude of adaptation per se; rather, thresholds above 60 ms
correlate with abnormal production behavior, possibly only in
speakers with CD.

Although learning in this task requires shortening, which can-
not be a reaction after receiving a sensory feedback error about
duration, the measure of change during the first 10 trials of wash-
out additionally avoids any possible contributions from reactions
to any other aspect of the perturbation (such as misalignments of
pitch, desire to speak clearly after an error, etc.). In the washout
phase, controls produced the vowel /e/ with a significantly
shorter duration compared with baseline (—14.34+2.61 ms; p <
0.0001) but with the same duration as hold (p = 1.00). In contrast,
speakers with CD and high perceptual thresholds produced /e/
significantly longer than during baseline (14.62+4.66 ms, p <
0.0001), but also significantly shorter than during the hold phase
(p=0.01). Speakers with CD but lower perceptual thresholds also
decreased /e/ duration between hold and washout (washout:
—8.72+3.01 ms, p<0.0001 compared with baseline and hold).
While this is a statistically significant result, given the lack of
any evidence of change in vowel duration in the hold phase in
this group (Fig. 3C), it is unclear if this measure truly reflects
adaptation. Nevertheless, we ran an additional linear model
examining the relationship between change from baseline in
washout productions and perceptual thresholds. When added
as a second predictor alongside group, perceptual threshold
does not explain additional variability in /e/ productions during
washout (p =0.16); however, the interaction between group and
threshold is significant. For speakers with CD, higher thresholds
are associated with increases in vowel duration (f=0.65,
p =0.02), which again is driven by the group of speakers with
thresholds above 60 ms. In contrast, higher thresholds in controls
are associated with decreases in vowel duration (f=-1.01,
p =0.04)—ie, there is an inverse relationship between acuity
and magnitude of learning in controls. As for the hold phase,
this further supports the idea that there is no relationship between
perceptual acuity and sensorimotor adaptation of speech segment
duration.

As even speakers with CD with lower thresholds were still
unable to adapt vowel duration, these results strongly suggest
that the failure of the CD group to adapt their vowel durations
was not due to an inability to detect the applied temporal error,
but perhaps an inability to control duration more generally.
Further examination of this group also reveals generally higher
variability in /e/ duration, particularly during the hold and wash-
out phases (Fig. 3C). As a simple measure of individual variabil-
ity, we calculated the standard deviation of vowel durations in the
analysis windows for each participant. Variability is highest in
the group with CD and high thresholds (hold mean: 18.56 ms,
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washout mean: 18.52 ms), followed by the group with CD but
lower thresholds (hold mean: 15.95ms, washout mean:
14.42 ms), and finally lowest in control speakers (hold mean:
11.02 ms, washout mean: 11.93 ms).

In addition, although we used a cutoff of a 60 ms perceptual
threshold for this study because it is the same as the magnitude
of perturbation in Task 1, a k-means clustering analysis (k=2)
on the perceptual thresholds of the CD speakers yields one clus-
ter with all 10 speakers with thresholds above 60 ms, plus one
additional speaker with a threshold of 58.3 ms. It should also
be noted that 60 ms was selected as the perturbation magnitude
based on previous studies with healthy controls (Karlin and
Parrell, 2022), not in anticipation of any characteristics of the
present population. Thus, ~60 ms may be a meaningful percep-
tual threshold independent of the specifics of the auditory pertur-
bation in Task 1, though further support would be needed to
confirm this idea. Speakers with CD and high thresholds also
generally have higher SARA scores compared with the rest of
the CD group (Fig. S2; for additional information about the char-
acteristics of this group of participants, see Text S2). The higher
perceptual thresholds and temporal variability may both be gene-
ral symptoms of more severe ataxia and possibly more extensive
cerebellar damage, rather than causally linked to each other.

Correlations of temporal behavior to overall dysarthria
severity

Since precise timing is required for accurate speech production,
we would predict a relationship between dysarthria severity
scores (reflecting at least partly atypical temporal patterns) and
our measure of vowel adaptation, which measures the ability to
maintain temporally accurate speech. Indeed, there is a signifi-
cant correlation between dysarthria severity score and magnitude
of /e/ change (R*=0.15, p =0.03); speakers with less severe dys-
arthria are somewhat more likely to adapt than individuals
with more severe dysarthria. Interestingly, however, the data
strongly suggests that having any dysarthria is correlated with
lack of adaptation, rather than dysarthria severity gradiently pre-
dicting adaptation ability. In our sample, six speakers were
judged to have no symptoms of dysarthria; their mean change
from baseline was —13.6 ms (SD = 8.9 ms), which is numerically
similar to the model estimate of —16.0 ms for controls; all speak-
ers in this group had shorter vowels at the end of the hold phase
compared with baseline. The remaining speakers (n =28) have a
mean change from baseline of 12.7 ms (SD =21.1 ms); even the
group of speakers with negligible dysarthria symptoms (n=7)
has a mean change from baseline of 9.7 ms (SD=9.5ms;
Fig. 4A).

Conversely, there was no significant relationship between dys-
arthria severity and perceptual acuity (R*=0.08, p=0.11;
Fig. 4B). This reinforces the idea that any deficits in perceptual
acuity of duration in CD are not a driving factor in durational
impairments in speech production in this population.

No relationship between overall ataxia symptoms and
temporal behavior

The overall lack of temporal adaptation in the CD group, even
among participants that had perceptual thresholds below 60 ms
(the magnitude of perturbation in this study), suggests that tem-
poral deficits occur independently of other deficits in ataxia. We
thus assessed the relationship between general ataxia severity and
temporal adaptation. There was not a significant correlation
between SARA scores (speech subscore removed) and changes
in /e/ duration (R*=0.06, p=0.15; Fig. 5A). Given that the CD
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group overall showed no adaptation, this indicates that abolition
of temporal adaptation can accompany even just mild to moder-
ate ataxia symptoms in the rest of the body.

One possible explanation for this lack of relationship is that
we extracted temporal measures from the speech domain, which
principally relies on movements of the tongue, lips, jaw, and lar-
ynx, while SARA scores are principally influenced by movements
of the arms, hands, legs, and torso. Given the somatotopic orga-
nization of the cerebellum (Nitschke et al., 1996; Grodd et al.,
2001; Glickstein et al., 2011), it is possible that the lack of rela-
tionship here is simply due to different degrees of degeneration
in the areas of the cerebellum that are responsible for speech

articulators versus areas that are responsible for other motor
effectors. However, there is a significant correlation between
SARA scores (with the speech component removed) and overall
dysarthria severity (R* = 0.66, p < 0.0001; Fig. 5B), suggesting that
somatotopy is not the driving factor behind the separation of
(speech) timing behavior and general ataxia symptoms.
Instead, this is likely a reflection of a shared impairment in spatial
aspects of movement control in both ratings—e.g., an overall ten-
dency toward dysmetria would result in higher scores in the
manual precision tasks in SARA, as well as a percept of more
severe articulatory imprecision in speech. This is a particularly
likely interpretation for the population in this study, which is
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principally composed of patients with degenerative disorders,
rather than focal lesions. Together with the lack of strong rela-
tionship between dysarthria severity and temporal behaviors,
this suggests that the timing functions investigated in this study
comprise a distinct cerebellar domain from spatial control.

Discussion

Overall, these results indicate that speakers with CD cannot
adapt vowel duration in response to perceived errors; as a group,
they even showed a statistically significant following response.
This contrasts with age-matched, neurobiologically healthy con-
trols, who do adaptively shorten their vowels in response to
lengthening perturbations. These results strongly suggest that
adapting movement timing relies critically on the cerebellum,
similar to the spatial domain. Strikingly, the absence of adapta-
tion in the CD group departs from previous studies on spatial
control in both speech and nonspeech: although multiple studies
in those domains have demonstrated decreased sensorimotor
adaptation in people with CD (Martin et al., 1996; Straube
et al., 2001; Maschke et al., 2004; Smith and Shadmehr, 2005;
Morton and Bastian, 2006; Tseng et al., 2007; Golla et al., 2008;
Schlerf et al., 2013; Parrell et al., 2017, 2021) or transiently dis-
rupted cerebellar function (Jenkinson and Miall, 2010;
Weightman et al.,, 2021), complete abolishment of adaptation
has not been previously documented.

One potentially appealing explanation for this difference is
that the cerebellum is involved in both the perceptual and learn-
ing components of temporal adaptation, but only the learning
component of spatial adaptation. In this study, speakers with
CD as a group had impaired temporal perception of vowels com-
pared with controls, and there was a correlation between percep-
tual thresholds and adaptation magnitude in the CD group.
However, both the group difference and the within-group corre-
lation were driven by 10 participants with thresholds above
60 ms, which was the magnitude of perturbation. All 10 showed
following responses, whereas participants with CD but adequate
acuity still failed to adapt. This pattern would not be predicted if
perceptual deficits drove deficits in temporal adaptation: first,
perceptual deficits should generate no response, rather than a fol-
lowing response. Second, adequate acuity should generate some
adaptation, rather than no adaptation.

In this study, an alternative to perceiving duration errors
could be perceiving errors in initiation time for /s/, because the
elongation perturbation of the vowel /e/ also produces delayed
auditory feedback for the following /s/. This, in turn, could reflect
an error in timing the initiation of /s/. If models of sensory delay
are contained in and maintained by the cerebellum (Miall et al.,
1993; Cao et al.,, 2017), speakers with CD could have inaccurate
delay models, leading them to not notice the delay. Although
we did not explicitly test perceptual thresholds for delay, both
speakers with CD and controls showed robust lengthening in
response to the delayed /s/ and immediately returned to baseline
when delay was removed. The statistically identical behavior
between groups suggests that controls and speakers with CD
could detect the delay to the same degree. This, combined with
the duration perception results, indicates that the abolition of
temporal adaptation in speakers with CD is not driven by percep-
tual impairments. However, even if speakers with CD can detect
delays, they may not be able to update movement timing
accordingly.

Several other explanations might account for the difference in
adaptation impairment in spatial versus temporal control. One
possibility is that adapting to an elongation perturbation required
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shortening vowel production, which may be intrinsically more
difficult for speakers with CD given their generally slower move-
ments. In spatial adaptation studies, there is no physical limit for
corrective movements. In this study, if participants were already
speaking as quickly as possible, it would be difficult to further
shorten their speech sounds. However, the words in this task
were produced in isolation, which invokes slower speech (with
longer vowel durations) compared with speech in full phrases.
Baseline durations also overlapped between groups, suggesting
that speakers with CD did not have particularly slow speech
movements. Given this, it is unlikely that they were speaking at
their maximum rate and thus unlikely that adaptation was pre-
vented solely due to limits on speed. A speech rate constraint
also would not explain the statistically significant following
response in the CD group.

Another possibility is that the presence of dysarthria induces
changes in speech motor control strategies that result in longer
speech durations in the presence of errors, masking any adapta-
tion in this group. For example, speakers with dysarthria may be
more attuned to errors in their speech and slow down when they
perceive an error, either globally as an attempt to speak more
clearly and/or to give more time for feedback-based spatial cor-
rections. Although slowing down may enable improved spatial
accuracy as movements have more time to correct for errors
(see Text S3 and Fig. S3 for spatial changes), this strategy is mal-
adaptive for the lengthening perturbation applied here; slowing
down would override adaptive shortening. This account could
explain the unexpected following (lengthening) behavior seen
in the CD group and would fit with the preserved adaptation
in individuals with CD but without dysarthria. However, the
lengthening was mostly seen in individuals with perceptual dura-
tion thresholds above the applied perturbation, suggesting that
individuals with more typical thresholds did not slow down
but merely failed to adapt. Moreover, the increased vowel dura-
tion observed in the CD group (~3% of baseline) is substantially
smaller than increases seen in clear speech (~33%; Mefferd and
Dietrich, 2020). Taken together, this suggests that attempts to
speak more clearly are not driving the failure to adapt in the
CD group.

A major barrier to explaining the lack of temporal adaptation
in speakers with CD is poor understanding of the functions
involved in producing speech timing. Although models of speech
production often consider timing (Browman and Goldstein,
1986; Saltzman, 1986; Bohland et al., 2010; Tourville and
Guenther, 2011), none elaborate on achieving durational targets.
In contrast, models of timing production are more developed for
manual control (Wing and Kristofferson, 1973; Ivry and Keele,
1989; Zelaznik et al., 2005). These models provide three candi-
date functions to explain the lack of temporal adaptation we
observed in speakers with CD.

The first two candidates affect the representation of temporal
targets, which in speech may be concrete millisecond targets and/
or derived from abstract targets like coordination between move-
ments. In either case, the cerebellum is likely involved. In models
of rhythmic tapping, interval representation serves as an internal
“clock” to trigger movement and is impaired in people with CD
(Wing and Kristofferson, 1973; Ivry, 1993; Ivry et al,, 2002). A
similar “clock” could be recruited to signal the end of a held
movement, such as speech movements with a plateau (Smith,
1992; Burroni et al., 2025). Specifically, duration representation
may contribute to a temporal error calculation when implement-
ing a motor plan, a direct analog of reducing the error between
the desired and current states in state feedback models of spatial
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control (Todorov and Jordan, 2002; Scott, 2004; Parrell et al.,
2019). That is, even after a spatial target is achieved, movement
release is triggered only after the temporal interval has passed
and temporal error is minimized. Poor duration representation
may impair accurately triggering the release.

Second, timing in complex movements like speech may be
represented as coordination between multiple effectors. Despite
the apparently linear sequence of speech segments, speech move-
ments are coordinated with precise temporal overlap. In this
study, the key coordination is when the /s/ movements occur rel-
ative to the vowel /¢/: starting the /s/ early would produce a short
vowel, while starting the /s/ late would produce a long vowel.
Diedrichsen et al. (2007) demonstrated that people learned dura-
tion targets by starting the second movement after a fixed per-
centage of the first movement—though instructions and
feedback during learning referenced milliseconds—and that the
cerebellum was critical to determine when the target proportion
of movement was completed. Thus, CD could impair duration
production via impaired coordination.

A third factor is that movement itself takes time, which varies
based on factors such as distance to target and demands on spa-
tial precision (Hancock and Newell, 1985; Zelaznik et al., 1988;
Lammert et al,, 2018). Thus, in tasks that coordinate target
achievement across effectors, calculating temporal error is not
as simple as waiting for the target interval/proportion to elapse
but rather requires temporal estimation. Recent studies suggest
that speakers estimate the time needed to complete movements
given the current estimated state of the effectors (Karlin, 2018,
2022; Shaw and Chen, 2019). People with CD have impaired per-
formance in similar tasks like projectile interception (Bares et al.,
2007, 2011), indicating that the cerebellum is crucial for temporal
estimation. Decreased ability to estimate the correct initiation of
movements could further impair duration production and
adaptation.

In summary, we showed that CD abolishes temporal adapta-
tion in speech, a uniquely natural task that coordinates multiple
effectors with millisecond-level precision. Although we found
that CD impairs perception of speech durations, these deficits
did not drive the lack of adaptation. It is unclear if abolished tem-
poral learning is unique to speech, perhaps due to a unique com-
bination of demands, or if CD critically impairs all temporal
adaptation. To fully resolve this question, future work is needed
examining the role of cerebellar timing functions in the adapta-
tion of simple and complex timing tasks.
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