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Intact Correction for Self-Produced Vowel
Formant Variability in Individuals
With Cerebellar Ataxia Regardless
of Auditory Feedback Availability
Benjamin Parrell,a Richard B. Ivry,b Srikantan S. Nagarajan,c and John F. Houded
Purpose: Individuals with cerebellar ataxia (CA) caused by
cerebellar degeneration exhibit larger reactive compensatory
responses to unexpected auditory feedback perturbations
than neurobiologically typical speakers, suggesting they
may rely more on feedback control during speech. We test
this hypothesis by examining variability in unaltered speech.
Previous studies of typical speakers have demonstrated a
reduction in formant variability (centering) observed during
the initial phase of vowel production from vowel onset to
vowel midpoint. Centering is hypothesized to reflect feedback-
based corrections for self-produced variability and thus may
provide a behavioral assay of feedback control in unperturbed
speech in the same manner as the compensatory response
does for feedback perturbations.
Method: To comprehensively compare centering in individuals
with CA and controls, we examine centering in two vowels
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(/i/ and /ɛ/) under two contexts (isolated words and connected
speech). As a control, we examine speech produced both with
and without noise to mask auditory feedback.
Results: Individuals with CA do not show increased
centering compared to age-matched controls, regardless
of vowel, context, or masking. Contrary to previous results
in neurobiologically typical speakers, centering was not
affected by the presence of masking noise in either group.
Conclusions: The similar magnitude of centering seen with
and without masking noise questions whether centering is
driven by auditory feedback. However, if centering is at
least partially driven by auditory/somatosensory feedback,
these results indicate that the larger compensatory response
to altered auditory feedback observed in individuals with
CA may not reflect typical motor control processes during
normal, unaltered speech production.
There is widespread agreement that speech produc-
tion relies on a combination of feedback control
and feedforward (or predictive) control (Guenther,

2016; Parrell & Houde, 2019; Parrell, Lammert, et al.,
2019; Parrell, Ramanarayanan, et al., 2019). Feedback
control entails generating motor commands based on sensory
feedback (for speech, auditory and somatosensory) and
enables speakers to alter ongoing motor actions when sen-
sory feedback does not match expectations (so-called
sensory errors). Feedforward control, on the other hand,
entails generating motor commands based on either pre-
planned movements (so-called open-loop control) or a predic-
tion of the state of the body at any given point (predictive
control) and enables speakers to produce movements without
the need to monitor afferent sensory feedback. For a review
of control mechanisms in speech, see Parrell, Lammert, et al.
(2019). Feedforward control is critical for accurate, fluent
speech production given that delays in detecting and respond-
ing to unexpected sensory feedback range from 20–30 ms for
somatosensory errors to 150–200 ms for auditory errors (for
a review, see Parrell & Houde, 2019). Notably, for the latter,
the delay is longer than the duration of a majority of speech
sounds in connected speech. Given these constraints, feedfor-
ward control is thought to play the dominant role in speech,
with only minor contributions from the feedback control
system (Guenther, 2016).
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To assess the feedforward and feedback control sys-
tems, the most prevalent experimental approach is to per-
turb the auditory feedback a speaker hears. In these studies,
a participant’s speech is recorded, altered, and played back
through headphones in near real time. Feedback control
can be probed by examining responses to feedback per-
turbations that are delivered on an unpredictable sched-
ule (e.g., variation in direction of the perturbation). With
unpredictable perturbations, the online compensatory re-
sponse speakers make to oppose the perturbation is reflec-
tive of feedback-based control (Purcell & Munhall, 2006b;
Tourville et al., 2008). In general, speakers have been shown
to change their ongoing speech to oppose the perturbation
within 150–200 ms of perturbation onset (Cai et al., 2012;
Tourville et al., 2008). Although there is considerable vari-
ability in this compensatory feedback response (e.g., Daliri
et al., 2020; Parrell et al., 2017; Purcell & Munhall, 2006b),
the predominant observation that transient feedback perturba-
tions cause compensatory responses in ongoing speech shows
that feedback control plays some role in speech production.

Feedforward control can be probed by examining a
speaker’s response to consistent perturbation that is main-
tained across trials to allow the feedforward system to learn
or adapt over repeated exposure to oppose the perturbation.
This approach has been used to show that speakers adapt
their speech to oppose perturbations to vowel formants
(Houde & Jordan, 1998, 2002; Purcell & Munhall, 2006a),
vocal pitch (Jones & Munhall, 2000), and the spectral center
of gravity of fricatives (Shiller et al., 2009). As with compen-
satory feedback responses, there is substantial variability
between individual speakers in the magnitude of their adap-
tive responses (e.g., Munhall et al., 2009; Parrell et al., 2017;
Purcell & Munhall, 2006a), but the fact that speakers alter
their speech to oppose the auditory perturbation and retain
these changes even after the perturbation is removed pro-
vides compelling evidence that the feedforward control
system relies on auditory feedback to tune and maintain
accurate speech production.

In previous work, we reported that individuals with
ataxia caused by cerebellar degeneration (CA) exhibit changes
in both the feedforward and feedback control systems for
speech. Similar to what has been observed in studies of
arm movements (Donchin et al., 2012; Martin et al., 1996;
Schlerf et al., 2013; Smith & Shadmehr, 2005; Tseng et al.,
2007), locomotion (Morton & Bastian, 2006), and saccades
(Xu-Wilson et al., 2009), individuals with ataxia showed
a marked impairment in adaptation to a persistent per-
turbation of vowel formants (Parrell et al., 2017). At the
same time, this same population shows increased online,
compensatory responses to perturbations of vowel formants
(Parrell et al., 2017) and pitch (Houde et al., 2019; Li et al.,
2019), though these compensatory response still only par-
tially counteract the perturbation.

These experimental results are consistent with the
hypothesis that cerebellar degeneration causes impair-
ments in the accuracy of feedforward control while sparing
the feedback control system. The increased compensatory
response may be indicative of increased reliance on feedback
control to maintain performance accuracy in the face of
impaired feedforward control, a hypothesis that has been
proposed with respect to upper limb movements in individ-
uals with ataxia (Day et al., 1998). A similar deficit in accu-
rate feedforward control, as well as a potentially increased
reliance on feedback control, has been suggested to be the
cause of the speech symptoms seen in ataxic dysarthria,
the motor speech disorder associated with cerebellar ataxia
(CA; Hartelius et al., 2000; Spencer & Dawson, 2019;
Spencer & France, 2016; Spencer & Slocomb, 2007).
Computationally, the larger feedback-based response
can be modeled as an increased gain on the sensory er-
ror that drives feedback-based corrections (Houde &
Nagarajan, 2011; Parrell, Ramanarayanan, et al., 2019;
Scott, 2004; Shadmehr & Krakauer, 2008; Todorov &
Jordan, 2002; Tourville & Guenther, 2011). It is currently
an unresolved question as to what causes this change in
feedback gains. As suggested above, it may emerge as the
system reorganizes to adapt to the impairments in feed-
forward control. Alternatively, the change may be caused
by cerebellar degeneration directly; within the framework
of the DIVA (Directions Into Velocities of Articulators)
model, the cerebellum is included in the feedback control
pathway (Guenther, 2016; Tourville & Guenther, 2011). The
change could also reflect a combination of these mechanisms.

The hypothesis that speakers with CA rely more on
feedback control than neurobiologically typical speakers is
motivated by the enhanced response exhibited by these in-
dividuals in response to auditory perturbations. This work
is predicated on the assumption that responses to altered
auditory feedback give insight into neural mechanisms un-
derlying feedback control during typical, unaltered speech.
However, it is important to recognize that feedback responses
to unexpected experimentally imposed auditory perturba-
tions may not reflect typical speech behavior.

Establishing whether the increased feedback sensitiv-
ity seen in this population in perturbation studies extends to
their normal speech is important for a variety of reasons.
First, changes in feedback control have been suggested to
be a partial contributor to the speech symptoms associated
with ataxic dysarthria (Spencer & Dawson, 2019; Spencer
& France, 2016; Spencer & Slocomb, 2007). However, it
is currently unknown if feedback control during natural
speech is different in this population compared to neurobio-
logically typical speakers. Second, understanding whether
findings from studies using altered feedback reflect typical
speech production mechanisms is important for our under-
standing of speech motor disorders more generally. While
the use of experimentally imposed perturbations has been
used to study a variety of disorders, including individuals
who stutter (Cai et al., 2012; Daliri et al., 2018; Kim et al.,
2020; Sares et al., 2018) or have Parkinson’s disease (Abur
et al., 2018; Huang et al., 2016, 2019; Mollaei et al., 2016,
2013), apraxia of speech (Ballard et al., 2018), or hyper-
functional voice disorders (Stepp et al., 2017), the results
from these studies have not been validated in unaltered
speech production. In part, the challenge with translating
results from altered auditory feedback studies to unaltered
Parrell et al.: Vowel Centering in Cerebellar Ataxia 2235
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speech production is methodological: It is difficult to mea-
sure the relative contributions of feedforward and feedback
control during unperturbed speech.

A potential method to measure feedback control dur-
ing natural speech has been established by Niziolek and col-
leagues (Niziolek & Kiran, 2018; Niziolek et al., 2013, 2015).
They found that acoustic variability decreases from vowel
onset to vowel midpoint, a phenomenon referred to as cen-
tering. Although the precise cause of centering has not been
definitively established, two pieces of evidence suggest that
it may reflect a correction for self-produced errors. First,
magnetoencephalography (MEG) signals recorded from au-
ditory cortex differentiate productions that are initially far
from the median production from trials near the median
(Niziolek et al., 2013). Productions near the median show
a large suppression of the M100 component of the MEG
signal compared to passively hearing those same produc-
tions, consistent with cancellation of the predicted sensory
consequences of one’s own movement (Houde et al., 2002;
Kort et al., 2014). In contrast, productions far from the me-
dian show less suppression, suggesting they may be treated
as sensory errors, similar to the response to (unpredicted)
errors induced by altered auditory feedback (Chang et al.,
2013; Kort et al., 2014). Second, auditory masking noise
has been shown to reduce the magnitude of centering, sug-
gesting at least a partial role for auditory feedback–based
corrections in this phenomenon (Niziolek et al., 2015).

While the reduction in variability in centering is con-
sistent with auditory feedback–based corrections that ad-
just the ongoing production to more closely approximate
the vowel target, this is not the only possible explanation
of the phenomenon. It is also possible that centering relies
on somatosensation-based feedback correction, a feedfor-
ward controller that is able to predict variability at vowel
onset, or feedforward control with smaller targets at vowel
midpoint compared to vowel onset (Keating, 1990). Thus,
in addition to testing for potential changes in centering in
individuals with CA, we additionally include an assay of
the role of auditory feedback in centering.

The goal of this study is to examine feedback control
in speakers with CA during real-world, unaltered speech.
We use the centering measure to test whether individuals
with CA have an increased use of feedback control during
normal, unperturbed speech. Based on previous studies
showing increased compensatory responses to auditory
feedback perturbations in this population, we hypothesize
that individuals with ataxia will show increased centering
compared to matched control participants. To increase the
generalizability of the results, we assess centering not only
in the typical case of single, isolated words (Niziolek &
Kiran, 2018; Niziolek et al., 2013, 2015), but also in short
multiword utterances. To evaluate the role of auditory
feedback in centering, we also include a condition in which
speech is produced in the presence of masking noise. Given
that masking precludes online changes in production based
on auditory feedback control, we further hypothesize that
the ataxic and control group will perform similar in the
masking condition (no centering) and differ only in the
2236 Journal of Speech, Language, and Hearing Research • Vol. 64 •
no-mask condition (larger centering in the ataxic group).
The masking condition additionally allows us to test the
extent to which centering is driven by auditory-based feed-
back control.
Method
Participants

Two groups of participants were recruited for the
current experiment: individuals with clinically diagnosed
ataxia due to cerebellar degeneration as confirmed by ra-
diological assessment (n = 16, 12 women and four men,
age = 55.3 ± 9.9 years) and age- and gender-matched neuro-
logically healthy controls (n = 15, 12 women and three
men, age = 56.5 ± 10.7 years). Of the 16 individuals with
diagnosed cerebellar degeneration, nine were diagnosed
with sporadic spinocerebellar ataxia (SCA), three with
SCA2, two with SCA6, one with SCA14, and one with
SCA15. Individuals with cerebellar degeneration were assessed
for ataxia severity using the International Cooperative Ataxia
Rating Scale (ICARS; Trouillas et al., 1997), which in-
cludes a gross measure of speech impairment. There is no
standard medication used in the treatment of ataxia, and
no patients reported taking any medications related to their
neurological condition at the time of participation. None
of the participants reported any history of hearing, speech,
or neurological disorders other (Nasreddine et al., 2005)
than CA. The participants also completed the Montréal
Cognitive Assessment as a brief assessment of cognitive
function. Two of the participants in the SCA group scored
below 23 on the Montréal Cognitive Assessment exam, a
score indicative of moderate cognitive impairment (Carson
et al., 2017). These participants were included in the main
experiment (and the pattern of results did not differ in
when the analyses were performed without these two par-
ticipants). Full participant information can be found in the
Appendix. All protocols were approved by institutional
review boards at the University of Delaware and the Uni-
versity of Wisconsin–Madison.
Behavioral Task
Participants sat in front of a computer screen. They

were fitted with closed-back, over-the-ear headphones
(Beyerdynamic DT 880). Speech was recorded through a
separate head-mounted microphone (AKG C520) linked
to a computer via a USB audio interface (Scarlett 2i2).
Digitized speech signals were processed with MATLAB.

On each trial, a word or short phrase was displayed,
and the participant was instructed to read the word(s)
on the screen out loud. Each word was visible for 2.5 s,
followed by an intertrial interval in which the screen was
blank for 1 s. On half of the trials (randomly selected),
speech-shaped noise was presented over the headphones
at approximately 85 dB, with the noise commencing 0.5 s
prior to the visual presentation of the stimulus word and
lasting until the end of the trial. This noise served to mask
2234–2247 • June 2021
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the participants’ speech (see below for details on speech
and noise amplitudes).

One of the known effects of speaking in the presence
of loud noise is an increase in the amplitude of speech. Be-
cause this increase in amplitude could allow the speaker to
hear their own voice even in the presence of 85 dB SPL
masking noise, the participants were instructed to maintain
a constant speech amplitude during the experiment. A vi-
sual guide (described below; see Figure 1) was provided to
assist them in maintaining a relatively constant amplitude.

Amplitude Control
Prior to the experiment session itself, a target speech

amplitude was determined for each participant. To set this
target, participants spoke the word “Ed” 5 times, while
85-dB masking noise was played over the headphones. They
were instructed to speak at a volume that was comfortable,
yet quiet enough such that they did not hear themselves
speaking given the presence of the masking noise. If, after
the five productions, the participant indicated they could
not hear themselves speaking, the target amplitude was set
to the maximum amplitude of the production of “Ed” clos-
est to the average of the five trials. If the participant re-
ported they could hear themselves or if the experimenter
deemed the productions too quiet (e.g., whispered), the
process was repeated until an appropriate amplitude target
could be determined.

During the experiment, a visual amplitude scale was
shown to the right of the speech stimuli. The target ampli-
tude was indicated by a horizontal line at the center of the
scale. After each trial, a colored bar appeared on the scale,
reflecting the maximum amplitude of the production. If
the amplitude was within 25% of the target, the bar was
green. If it was outside this range but within ± 50%, the
bar was yellow. If the produced amplitude differed from
Figure 1. Illustration of experimental paradigm. (A) Trial stru
word on every trial (left). Participants read those words o
provided with visual feedback about their speech volume
on 50% of trials. On these trials, the masking noise was pla
First, a target speech amplitude was set for each participan
not hear their own speech under the speech-shaped mask
completed a 16-trial practice block to get used to the visu
was repeated if needed until participants could produce s
participants completed the main experiment.
the target by ± 50%, it was red and displayed at the top or
bottom of the scale. Participants were instructed to use this
information to help control their volume. The feedback bar
remained visible during the intertrial interval.

Once the target amplitude was determined, a 16-trial
training block was conducted to familiarize the participants
with the visual amplitude scale. The block consisted of two
trials of each of the four stimuli, each presented in clear
and masking conditions. The training block was repeated
for participants who, by the end of this block, had difficulty
achieving amplitudes that fell within 25% of the target. All
of the participants were able to maintain a relatively even
amplitude by the second training block.

Conditions and Stimuli
The stimulus set consisted of four items (see Table 1),

formed by the factorial combination of the vowel in the tar-
get word, /ɛ/ or /i/, and whether the target word was pre-
sented in isolation (one word) or in a short sentence (three
words). For the three-word sentences, the target word was
always the final word in the sentence. The vowels in the
three-word sentences were all front vowels with an alternat-
ing high–low–high or low–high–low patterns. This pattern
was chosen to maximize the amount of tongue movement
between successive words.

The experimental session was composed of 480 trials,
60 repetitions of each of the four stimuli, presented in both
masked and clear conditions. The order of stimuli and
masking conditions was randomized for each participant.

Data Processing
For single-word utterances, onset and offset of the

target vowels (/ɛ/ in Ed and /i/ in eat) were automatically
labeled using a participant-specific amplitude threshold.
cture. Participants were prompted with a stimulus
ut loud. At the end of the trial, participants were
(right). Speech-shaped masking noise was present
yed throughout the trial. (B) Experiment structure.
t at a comfortable speaking level where they could
ing noise used on some trials. Second, participants
al feedback about speech amplitude. This block
peech within the target region on most trials. Last,

Parrell et al.: Vowel Centering in Cerebellar Ataxia 2237
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Table 1. Stimuli used in the one- and three-word conditions.

Vowel 1 word 3 words

/ɛ/ Ed Dad sees Ed.
/i/ eat He says eat.

Note. The target words where centering was measured appear in
italics.
The labeled time points were examined using the speech
waveform and spectrogram and manually adjusted when
the automatic method was judged to have misidentified
one or both of these points. Vowel onset was determined
as the point at which periodicity in the waveform was visi-
ble, along with vowel formants in the spectrogram. Vowel
offset was determined as the point where vowel formants,
particularly the second formant (F2) and above, were no
longer visible. Onset and offset for the target vowels in the
three-word sentences were manually labeled using the same
criteria, as the amplitude threshold method would detect
only the first vowel (e.g., “dad” in “Dad sees Ed”). Vowel
onset was identified as the first glottal pulse following the
drop in high-frequency energy associated with the end of
[z] in sees (Dad sees Ed) or says (He says eat). Vowel offset
was identified as the point with a drop in the high-frequency
energy associated with F2 (and higher formants).

The first (F1) and second (F2) vowel formants were
tracked within the labeled vowel time period using Praat
(Boersma & Weenink, 2019), using speaker-specific values
for the number of linear predictive coding coefficients. These
automatically tracked formant values were visually inspected
using Wave Viewer (Niziolek & Houde, 2015). Where the
vowels were judged to be incorrectly tracked, the linear pre-
dictive coding order or pre-emphasis value was adjusted.
Trials with tracking errors that were not able to be corrected
were discarded. These errors occurred in 8.5% of trials for
the CA group and 2.4% of trials for the control group. The
higher portion of errors for the CA group is likely due to
voice quality changes (harsh or breathy voice) often seen
in these individuals (Duffy, 2013).

Dependent Variables
The primary dependent variables were vowel duration,

variability at onset, and centering. These were measured
and calculated separately for each of the eight conditions
(4 productions × 2 contexts, no mask/mask) on an individual
basis. Duration was calculated as the time between vowel
onset and vowel offset, as defined above. To calculate ini-
tial variability, the median F1 and F2 values were calcu-
lated during the first 50 ms of the vowel. Initial variability
was defined as the average Euclidean distance, across trials,
between each trial and the median point of all trials in that
condition in the F1/F2 space. Midpoint variability was cal-
culated the same way, using the middle 50% of the vowel
around the vowel midpoint. Centering was then defined
as the change between the measures of initial and midpoint
2238 Journal of Speech, Language, and Hearing Research • Vol. 64 •
variability (average initial distance − average midpoint dis-
tance; see Figure 2A). To control for the effects of coarticu-
lation or surrounding speech segments on initial variability,
centering was calculated separately for each word in each
context.

This global measure of centering captured the over-
all reduction in distance to the median. Motivated by the
work of Niziolek and colleagues (Niziolek & Kiran, 2018;
Niziolek et al., 2013, 2015), we also calculated an addi-
tional measure of centering. Using MEG, Niziolek et al.
(2013) observed that the M100 response in the auditory
cortex is lower for vowel productions relatively far from the
median at vowel onset (peripheral trials) compared to pro-
ductions near the median (center trials). Relevant to our
present purposes, peripheral productions showed greater
overall movement from onset to midpoint than center pro-
ductions. This suggests that error correction may be greater
on peripheral trials or may only occur on these trials. Given
this, we include a separate measure of peripheral centering,
using only peripheral trials (see Figure 2B). These were de-
fined as the quartile of trials (approximately 15 trials) farthest
from the median of the initial distance as defined above. For
these trials, peripheral centering was calculated as in the
global analysis (i.e., change in the distance to the median
from vowel onset to vowel midpoint).

Lastly, vowel amplitude was measured to assess pos-
sible changes due to masking noise. Vowel amplitude was
defined as the peak amplitude, in dB, during each target
vowel. We note that absolute amplitude values cannot be
compared across participants since the target amplitude for
each individual was set in a subjective manner. Thus, am-
plitudes were normalized on an individual basis by sub-
tracting the mean amplitude during the one-word trials
with no masking noise. These normalized values were used
for subsequent analysis.

Statistical Analysis
To test for hypothesized effects on centering, a linear

mixed-effects model was constructed in R (R Core Team,
2013) with the lme4 package (Bates et al., 2015). The model
included the centering values as the dependent variable,
with group (CA vs. control), masking condition (masking
vs. clear), sentence length (one word vs. three words), and
vowel (/ɛ/ vs. /i/) as fixed effects. Interaction terms between
group and the other main effects were also included. Ran-
dom effects of participants were included as random inter-
cepts and slopes for main effects. Similar models were built
for peripheral centering, vowel duration, and vowel ampli-
tude. For amplitude, this model failed to converge, and a
model with no random slopes was used. To test for a possi-
ble relationship between centering and initial variability
(Niziolek et al., 2013), a model was constructed with cen-
tering as the dependent variable and fixed effects of initial
variability and group, as well as their interaction. Again,
random effects were modeled with the inclusion of random
intercepts and random slopes for main effects. In order to
evaluate the potential effects of speech or overall ataxia
2234–2247 • June 2021
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Figure 2. Illustration of centering measurements for all trials and in peripheral trials. Example data from one participant shown. (A) Centering
is defined as the reduction is distance to the vowel median in first (F1)/second (F2) formant space from vowel onset (teal) to vowel midpoint
(orange). Individual trials are shown as two connected dots. Circles represent the average distance at vowel onset and midpoint. (B): The
peripheral trials analysis was limited to the 25% of trials farthest from the vowel median at vowel onset (the excluded, more centralized vowels
are shown in gray). Colors as in (A).
severity, additional models were constructed for each depen-
dent measure for the CA group only. Instead of group, these
models included fixed effects of both the speech subscore
and overall ICARS scores. Statistical significance for all
models was assessed with the lmerTest package (Kuznetsova
et al., 2017).
Results
Laboratory studies with altered auditory feedback in-

dicate that individuals with CA may exhibit increased reli-
ance on feedback control. To examine if increased reliance
is also observed in this population during normal speech
production, we assessed the magnitude of centering or the
degree to which vowel production becomes less variable
over time. We predicted that the magnitude of centering
would be larger in the CA group compared to that observed
in the control group, consistent with greater corrections to
self-produced variability. We expected this difference would
be reduced or abolished when the speech was produced in
the presence of masking noise, given the assumption that
the noise would preclude auditory-based feedback control.

Consistent with previous reports (Hartelius et al.,
2000; Kent & Kent, 2000; Kent et al., 2000, 1997), vowel
duration was longer in the CA group compared to the con-
trol group (see Figure 3A; 259 ± 85 ms vs. 208 ± 40 ms),
F(1, 29) = 7.2, p = .01. Also in accord with previous stud-
ies (Draegert, 1951; Hanley & Steer, 1949; Lane & Tranel,
1971; Summers et al., 1988), vowel duration was longer for
both groups under masking noise compared to clear speech
(252 ± 76 ms vs. 217 ± 62 ms), F(1, 29) = 104.7, p < .0001.
There was no interaction between masking and group,
F(1, 29) = 1.7, p = .20. The duration of the target vowel
did not differ between the one- and three-word utterances,
F(1, 29) = 0.1, p = .83, nor did this factor interact with
group: interaction, F(1, 29) = 3.1, p = .09. Durations were
shorter for /i/ than for /ɛ/ (210 ± 52 ms vs. 258 ± 81 ms),
F(1, 29) = 24.2, p < .0001, and this difference was slightly
larger for the CA group (64 ± 71 ms) than for the con-
trols (31 ± 27 ms), although this difference was not signif-
icant, F(1, 29) = 3.1, p = .09.

In terms of variability, the CA group was slightly more
variable than controls (see Figure 3B; mean distance to vowel
median, 39 ± 12 mels vs. 33 ± 11 mels), F(1, 29) = 5.2, p =
.03. There was an effect of utterance length, F(1, 29) = 7.6,
p = .01, such that vowels were more variable in the three-
word utterances (38 ± 13 mels) than the isolated words
(33 ± 10 mels). There were no effects of masking noise,
F(1, 29) = 0.005, p =.95, or vowel, F(1, 29) = 0.003, p = .96,
on variability, nor any significant interactions between
these factors and participant group (all F < 1.1, p > .31).

Turning to our main dependent variable of interest,
centering was significantly larger than 0; two-tailed t tests:
CA, t(15) = 6.0, p < .0001; controls, t(14) = 5.1, p < .0002.
Critically, the amount of centering did not differ between
the two groups (see Figure 4A; CA: 6.3 ± 9.7 mels; controls:
6.4 ± 9.5 mels), F(1, 29) = 0.004, p = .95. Although centering
was larger in three-word utterances compared to one-word ut-
terances, F(1, 29) = 6.0, p = .02, there was no interaction be-
tween utterance length and group, F(1, 29) = 0.6, p = .43,
suggesting a similar effect of utterance length on both groups.
There was no effect of vowel, F(1, 240) = 0.6, p = .44. More-
over, the similar responses in the two groups were seen across
masking noise and vowels, as indicated by nonsignificant
interaction effects between these terms and participant group
(all F < 1.1, p > .3).

As described in the Method section, we also performed
a secondary analysis restricted to the 25% of productions in
which the vowel formants were initially farthest from the
Parrell et al.: Vowel Centering in Cerebellar Ataxia 2239
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Figure 3. Vowel duration and initial vowel variability. (A) Vowel duration by group. The cerebellar ataxia (CA) group is shown in blue, and
controls are in red. Group means are shown in large, darker circles with standard errors; individual data are shown in small, light color circles.
(B) Initial variability by group. Variability is measured as the average distance of all productions of a vowel to that vowel’s median in first (F1)/
second (F2) formant space. Colors and symbols as in (A). The CA group produced longer and more variable vowels. Vowel duration, but not
variability, increased under masking noise for both groups.
median values (see Figure 4B). This analysis accounts for
the possibility that only these “peripheral” trials may be
considered to be errors by the speech sensorimotor system
and drive corrective changes. The pattern of results from
Figure 4. Centering. (A) Centering among all productions. The cerebellar a
means are shown in large, darker circles with standard errors; individual d
trials only. Colors and symbols as in (A). There is no difference for either mea
greater for the three-word utterances than in single words for both analyses
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these peripheral trials was broadly similar to that observed
for the full data set: There was no difference between the
two participant groups, F(1, 29) = 0.4, p = .52, nor any in-
teractions between participant group and the other factors,
taxia (CA) group is shown in blue, and controls are in red. Group
ata are shown in small, light color circles. (B) Centering in peripheral
sure of centering between the two groups. Centering is significantly
.
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all F < 0.5, p > .49. There was a significant effect of utter-
ance length for the peripheral trials, such that there was
more centering in three-word utterances (28 ± 16 mels)
compared to single words (17 ± 10 mels), F(1, 29) = 10.6,
p = .003. In summary, both the primary and secondary
analyses failed to support the hypothesis that feedback con-
trol, as inferred from centering, is increased in individuals
with CA.

The degree of centering has been shown to be re-
lated, across individuals, to the amount of initial variability
(Niziolek & Kiran, 2018; Niziolek et al., 2013). We ob-
served this relationship in our data set (see Figure 5A),
F(1, 243) = 313.6, p < .0001. There was no effect of group,
F(1, 173) = 0.3, p = .57, nor interaction of Group × Initial
Variability, F(1, 243) = 0.48, p = .49, indicating that the
relationship was similar for the CA and control groups.
The overall linear mixed-effects model with main effects
of initial variability, group, and their interaction, had a
marginal R2 of .67 (a model fitted with only the signifi-
cant predictor of variability had a marginal R2 of .68).

We also considered how production differences be-
tween the two groups might impact our estimates of cen-
tering. First, the longer vowel durations for the CA group
might distort centering effects given there is more time to
implement a corrective action. However, an analysis that
included duration as a factor in the model also revealed
no group effect on centering, F(1, 28) = 1.2, p = .29, nor
interaction of group and utterance length, masking noise,
or vowel (all F < 0.6, p > .44). Second, given the positive
correlation between variability and centering, and greater
Figure 5. Centering and variability. (A) Relationship between centering and
and controls are in red. An estimate of the regression derived from a mixe
intervals shown in dashed lines. Centering is highly correlated with initia
(B) Normalized centering as a percentage of initial variability. Colors as in (
errors, and individual data are shown in small, light color circles. Normalize
variability in the CA group, we derived a normalized mea-
sure of centering by dividing the basic centering score by
initial variability (see Figure 5B). As with the other mea-
sures of centering, there was no group effect on this mea-
sure, F(1, 29) = 0.2, p = .70, nor did this factor interact
with any other factors (all F < 0.87, p > .36).

Surprisingly, we failed to observe a centering difference
between the no-mask (6.0 ± 0.8 mels) and masked (6.7 ±
0.9 mels) feedback conditions (see Figure 6A), F(1, 29) =
0.5, p = .47). This null effect is at odds with prior studies
showing centering is reduced when auditory feedback is
masked (Niziolek et al., 2015) and, indeed, challenges the
core assumption that centering provides a measure of audi-
tory feedback control. However, it may also indicate that
our masking method was incomplete in eliminating feedback
control from auditory feedback. People generally increase
speech amplitude when exposed to loud masking noise
(Draegert, 1951; Hanley & Steer, 1949; Lane & Tranel,
1971; Summers et al., 1988), and this effect was observed
in our data: Normalized amplitude was considerably higher
in trials with masking noise than in trials without masking
(see Figure 6B; 6.8 ± 8.4 dB vs. −2.1 ± 2 dB), F(1, 211) =
118.6, p < .0001. Moreover, this increase under masking
noise was larger in the CA group than in controls (14.0 ±
9.6 dB vs. 3.4 ± 5.2 dB), F(1, 211) = 41.3, p < .0001. Thus,
despite the visual feedback, the CA participants, but not
the control group, did produce louder speech under masking
noise. It is not clear if this increase in amplitude would be
large enough to perceive speech over the 85 dB SPL masking
noise. In particular, the lack of a masking effect cannot be
initial variability. The cerebellar ataxia (CA) group is shown in blue,
d-effects linear model is shown as a solid black line with confidence
l variability, and there is no difference between the two groups.
A). Group means are shown in large, darker circles with standard
d centering is similar across groups.
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Figure 6. Effect of noise masking. (A) Centering for the cerebellar ataxia (CA) group (blue) and controls (red), as a function of masking condition.
Group means are shown in large, darker circles with standard errors; individual data are shown in small, light color circles. There is no difference in
the amount of centering when producing speech with and without masking noise. (B) Amplitudes are normalized to each participant’s mean
amplitude when producing isolated words without masking noise. Colors and symbols as in (A). Both groups produce louder speech under
masking noise, and this increase was larger in the CA group.
explained by this potential increase, as we would then expect
a decrease in centering under masking in the controls (who
showed a minimal increase in amplitude) compared to the
CA group (who produced much louder speech). This pat-
tern was not found.

Dysarthria severity, as indexed by the relatively gross
measure of the ICARS speech subscore, was significantly
related to vowel duration, F(1, 13) = 19.6, p = .0007, such
that individuals with more severe symptoms produced longer
vowel durations. There was no significant relationship be-
tween either the speech severity (as indexed by the ICARS
speech subscore) or general ataxia severity (full ICARS score)
and any of our other dependent measures (all p > .29).

Discussion
Individuals with CA have been shown to have an in-

creased compensatory feedback response for externally in-
troduced auditory errors during speech production. Based
on this work, we hypothesized that these individuals may
have an increased reliance on feedback control compared to
neurobiologically typical individuals. To test this hypothesis,
we examined whether a similar increase in feedback sensitiv-
ity is seen in these individuals during normal, unperturbed
speech production. As a measure of feedback sensitivity, we
quantified the degree of centering or reduction in variability
from vowel onset to vowel midpoint in a group of individ-
uals with CA and a group of age-matched, neurobiologically
typical controls. As expected, the individuals with CA pro-
duced longer and more variable vowels. However, we found
2242 Journal of Speech, Language, and Hearing Research • Vol. 64 •
no evidence that these individuals make larger corrections
in response to self-produced variability than neurobiologi-
cally typical controls. This result held whether we measured
centering as a reduction in overall variability, as the reduc-
tion in variability of only those trials that are initially far
from the vowel median or as a normalized value based on
initial variability. In addition, we found that centering was
not affected by blocking auditory feedback with masking
noise in either individuals with ataxia or controls.

We see three possible explanations for this pattern of
results. First, our primary dependent measure of centering
may not be an appropriate assay of the feedback control
system in speech. Second, individuals with CA may not have
any changes in feedback control for speech relative to neuro-
biologically typical individuals. Third, individuals with CA
form a heterogeneous group, and our relatively limited sample
may not have included enough speakers with altered feed-
back control. We address each of these possibilities in turn.

The first explanation we have for the lack of any en-
hancement in centering in individuals with CA may be that
the centering measure itself is not assessing auditory-based
feedback control. Previous work has argued that centering
is at least partially driven by feedback control based on
both neurological (Niziolek et al., 2013) and behavioral
(Niziolek et al., 2015) data. From a neurological perspec-
tive, analysis of MEG signals indicates that productions
far from a vowel’s median location in F1/F2 space (the
“peripheral” trials, as analyzed in this study) show less
suppression in auditory cortex during speech than trials
near the median location. This is similar, but smaller in
2234–2247 • June 2021
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magnitude, than the so-called release from auditory sup-
pression seen when auditory feedback of speech is exter-
nally perturbed (Chang et al., 2013; Houde et al., 2002;
Kort et al., 2014, 2016). This suggests that peripheral tri-
als generate sensory prediction errors, which would drive
feedback-based corrections. Strikingly, participants who
show a larger difference in auditory suppression between
center and peripheral trials also show more centering, sug-
gesting that this behavior may be driven by these sensory
errors. Behaviorally, previous work showed that centering
is modulated by the availability of sensory feedback, such
that centering is reduced, though not eliminated, as the
amplitude of auditory masking noise increases (Niziolek
et al., 2015). These results indicate at least a partial role
for auditory feedback as a driving factor in centering.

However, these results are challenged by the lack of
any modulatory effect of masking noise on centering in
the current study. That is, if centering is unaffected by the
presence of masking noise that blocks auditory feedback, it
is unlikely to be driven by auditory feedback under normal
conditions. Of course, this does not prevent a role for so-
matosensory feedback in driving this process. Mechanical
perturbations that are processed through somatosensory
feedback are known to drive both corrective speech be-
haviors in online control (Abbs & Gracco, 1984; Fowler &
Turvey, 1981; Gracco & Abbs, 1985; Kelso et al., 1984;
Shaiman & Gracco, 2002) and changes to feedforward con-
trol (Lametti et al., 2012; Tremblay et al., 2003).

There are a number of differences between the cur-
rent study and Niziolek et al.’s (2015) study that should be
examined more carefully. Our study used a by-trial design,
where masking noise was present on a random selection of
trials, while Niziolek et al. used a blocked design for masking
noise. This may have affected the current results in three
ways. First, it seems that people are unable to prevent louder
speech under unexpected masking noise, even when given
explicit feedback about speech amplitude after each trial,
as indicated by the louder vowels produced under masking
noise in this study. The louder speech produced may have
caused speech to be at least somewhat audible even in the
masking condition. Second, a blocked design may cause
longer term changes in behavior, as the system is able to
predict whether auditory feedback will be available, which
was not the case in our study. The frequent presence of noise
in the current study may have led participants to rely less on
auditory feedback across all trials, reducing the overall
magnitude of centering but mitigating any potential modu-
lation by the masking noise. Whatever the explanation for the
unexpected (lack of an) effect of masking noise in the current
study, further work is needed to isolate the source or sources
of centering in speech production to determine to what ex-
tent this behavior reflects the feedback control system.

The second possibility is simply that individuals with
CA have an intact feedback control system for speech motor
control but do not exhibit higher feedback gains or increased
reliance on this system during normal speech production.
This explanation receives some support from a recent study
on limb control in this population (Zimmet et al., 2020).
This study used a combination of experimental results from
a visuomotor tracking task and with computational model-
ing to show that feedback gains are equivalent in individuals
with CA and matched neurobiologically typical controls.
Critically, this study did not find any enhancement of feed-
back gains in the individuals with ataxia, consistent with
the hypothesis that cerebellar atrophy predominantly affects
the predictive/feedforward control system.

While this explanation of the data is both straightfor-
ward and consistent with current results from the limb con-
trol system, it may be difficult to square previous results
using altered auditory feedback paradigms that show in-
creased compensatory changes for unexpected perturbations
of both vowel formants and pitch (Houde et al., 2019; Li
et al., 2019; Parrell et al., 2017). We see a few possibilities
here. One is that large auditory errors of the kind intro-
duced in altered feedback studies are treated differently by
the speech motor system than smaller errors that occur nat-
urally. There is some evidence that the size of sensory errors
does affect how much the system relies on or weights those
errors (Wei & Körding, 2009), but it is generally thought
that larger sensory errors lead to a down-weighting of sen-
sory feedback. However, this pattern may be different in in-
dividuals with CA. This hypothesis could be tested directly.

Alternatively, the difference may stem from a distinc-
tion between sensory errors and positional or targeting er-
rors. Auditory perturbations introduce a difference between
expected and perceived sensory signals. These perturbations
are, by definition, unpredictable based on the output of the
speech sensorimotor system and thus result in sensory pre-
diction errors, a mismatch between the predicted sensory
consequences of an utterance and the resultant auditory
feedback. This may differ from errors that occur during the
course of typical speech, where the acoustic signal is a pre-
dictable consequence of articulator movement (even when
that movement is incorrect). While the source of an auditory
error does not matter in some models of speech production,
such as DIVA (Guenther, 2016; Tourville & Guenther,
2011), it is relevant in other models based on state feedback
control, such as the State Feedback Control and Feedback
Aware Control of Tasks in Speech models proposed by our
group (Houde & Nagarajan, 2011; Parrell, Ramanarayanan,
et al., 2019). In state feedback control, sensory prediction
errors, along with a prediction about the state of the speech
system, are used to generate a weighted estimate of the
speech system state. Separately, this state estimate is com-
pared against the movement target to generate a targeting
error. Thus, separate feedback gains are applied to the sen-
sory prediction errors and to the difference between the
current state of the articulators and their desired positions
(Scott, 2004; Shadmehr & Krakauer, 2008; Todorov &
Jordan, 2002). According to these models, an increased
gain on sensory errors without any change on targeting errors
would result in larger compensatory responses to perturbed
feedback but would have a limited effect on real-world
speech when auditory feedback is well predicted and sen-
sory errors are close to 0. This could be the case for speech
in individuals with ataxia.
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Lastly, it is possible that the experimental results show-
ing increased feedback sensitivity to auditory perturbations
in individuals with ataxia are unreliable. For pitch control,
this seems unlikely, given the large effects seen in multiple
studies (Houde et al., 2019; Li et al., 2019). However, for the
compensation to formant perturbations used to assess oro-
motor speech control, this may be the case. While our previ-
ous results in this paradigm did show a significant increase
in this compensatory response in individuals with CA
(Parrell et al., 2017), the effect was relatively modest com-
pared to the response seen in pitch. If this effect is indeed
small, we may be unlikely to detect it with the sample size
in this study. Alternatively, there may be no group-level
enhancement in feedback control, and our previous result
did not reflect the true population. Further work in this
area could sort out these possibilities.

Of course, this raises the question of why sensory gains
should be higher for pitch control than oromotor control in
speech. It may simply be the case that pitch control inher-
ently relies more on auditory feedback than the oromotor
system. This is consistent with the fast degradation of pitch
control following the onset of postlingual deafness, but a
much slower loss of fine control of the oral articulators
(Lane & Webster, 1991; Svirsky et al., 1992). Thus, it may
be that changes in feedback control in individuals with CA
are domain specific and potentially task specific. We are
currently examining this question by testing how feedback
control of vocal pitch may be affected in this population in
the absence of external auditory perturbations.

A final explanation for the lack of any difference in
centering between groups seen in the current study is that
cerebellar degeneration may have heterogeneous effects on
the speech motor control system. This has been suggested
in a number of studies examining the clinical symptoms
seen in ataxic dysarthria, the motor speech disorder associ-
ated with cerebellar damage (Hartelius et al., 2000; Spencer
& Dawson, 2019; Spencer & France, 2016; Spencer &
Slocomb, 2007). Broadly speaking, it seems as though
some patients produce more variable speech than normal
and some less variable speech than normal, especially for
temporal control. Spencer and colleagues have suggested,
as one possibility, that the underlying cause of both groups
of symptoms may be impairments in predictive/feedforward
control that are consistently associated with cerebellar dam-
age across motor domains. As a compensatory mechanism,
some individuals may subsequently increase their reliance
on sensory feedback to guide motor actions, with the effect
of reducing spatial errors but consequently severely affect-
ing the timing of speech (Spencer & France, 2016; Spencer
& Slocomb, 2007). However, it is not known how prevalent
these different subtypes are in general, nor how they may
be associated with different subtypes of SCA. While some
progress has been made in this area (Spencer & Dawson,
2019; Spencer & France, 2016), the number of patients ex-
amined in these studies is very small (< 10). Thus, given the
heterogeneity in feedback control expected in this popula-
tion, it is possible that our sample did not include a large
portion of individuals with altered feedback control. This
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could be addressed in the future by testing a large sample of
the population and identifying, a priori, which participants
are expected to show changes in feedback control based on
an analysis of dysarthria symptoms.

An additional potential limitation of the current
study is that participants’ hearing thresholds were not di-
rectly assessed. Thus, it is possible that individuals with
CA had less sensitive hearing overall, which may have
counteracted any potential increase in centering that might
be driven by increased feedback usage. However, all partic-
ipants were screened for any reported hearing problems,
none reported any history of hearing issues, and ages were
matched between individuals with ataxia and controls.

In summary, we tested whether individuals with CA
show increased feedback sensitivity during unperturbed
speech production by examining the magnitude of center-
ing or reduction in vowel variability from vowel onset to
vowel midpoint. We found no difference in the magnitude
of centering when auditory feedback was blocked with
loud masking noise, contrary to previous results. The lack
of the expected decrease in centering under masking noise
questions whether auditory feedback plays a prominent
role in this behavior, as has previously been suggested.

Separately, we found no evidence for any difference
in the magnitude of centering between individuals with
CA and age-matched neurobiologically typical controls.
Although our results indicate that centering is not driven
by auditory feedback, it remains possible that centering is,
at least partially, under feedback-based control (e.g., through
somatosensation). If this is the case, the results would sug-
gest that individuals with ataxia have an intact, but not in-
creased, feedback control response for oromotor control in
speech. This is consistent with results from limb control
but unexpected given previous results from altered auditory
feedback studies in speech.

The difference between feedback control in altered
and unaltered speech in individuals with ataxia may sug-
gest that speech produced under conditions of altered audi-
tory feedback may not reflect typical speech production, at
least in this population. This has implications for our un-
derstanding of the potential sources of speech symptoms
observed in this population (Spencer & Slocomb, 2007)
and, more broadly, highlights the importance of testing
theories derived from studies using feedback alterations
in more typical speech production contexts. However, some
caution is warranted in drawing strong conclusions from the
current results given the critical comparison here between
feedback control in unaltered and perturbed speech is a
post hoc comparison between experiments with different
participants and, especially, given the unanticipated finding
of a lack of modulation of centering magnitude by mask-
ing noise.
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Participant Information for Individuals With Cerebellar Ataxia
These include ataxia type, speech severity scores from the International Cooperative Ataxia Rating Scale (ICARS) assessment (0–8),
overall ataxia severity scores from the ICARS assessment (0–100), and results of the Montréal Cognitive Assessment (MoCA).
ICARS speech ICARS total MoCA

2 20 29
5 18 22
2 36 26
2 38 23
1 21 26
2 32 28
3 50 21
1 21 29
1 24 24
3 31 27
1 31 26
5 43 24
1 12 26
6 24 26
2 47 20
0 21 27
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