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ARTICLE INFO ABSTRACT
Article History: Purpose: Individuals with Parkinson’s disease (lwPD) frequently suffer from
Received October 3, 2024 speech articulation impairments that result in reduced intelligibility. While some
Revision received April 16, 2025 studies have previously investigated auditory feedback and feedforward mecha-
Accepted December 9, 2025 nisms as potential explanations behind these impairments, they have done so
using only acoustic measures, which may not be sensitive enough to capture
Editor-in-Chief: Rita R. Patel small changes. The current study assessed the sensorimotor control of speech
Editor: Kelly Richardson articulation in IwPD and control speakers (CS) by measuring both acoustic and
kinematic responses to either predictable or unexpected errors in auditory feed-
https://doi.org/10.1044/2025_JSLHR-24-00697 back while participants were speaking.

Method: We employed two formant perturbation tasks: a predictable (upward)
vowel perturbation task and an unexpected (upward and downward) vowel pertur-
bation task. A total of 33 IwPD on levodopa and 25 CS performed the tasks, while
their speech was recorded acoustically with a microphone and kinematically with
sensors placed on the tongue and the jaw. We analyzed acoustic (first and second
formant frequencies) and kinematic (jaw and tongue height and backness) correlates
of vowel perturbation task responses using generalized additive modeling.

Results: In the predictable vowel perturbation task, IwPD and CS did not differ in
their responses in kinematic or acoustic measures. In the unexpected vowel per-
turbation task, we found differences between the two groups in both acoustics
and kinematics for the downward perturbation, but not for the upward perturba-
tion. For the unexpected downward perturbation, IwPD responded more slowly
and to a lesser degree than did CS when vowel trajectories were modeled using
the second formant and kinematic tongue body height.

Conclusions: IwPD showed a reduced ability to correct unexpected errors in
auditory feedback both acoustically and kinematically but retained the ability to
update their speech sensorimotor maps based on predictable errors in auditory
feedback. This study expands on existing assessments of language- and speech-
related impairments in Parkinson’s disease by highlighting important potential dif-
ferences in sensorimotor control of speech articulation.

Speech impairments are common in Parkinson’s disease
(PD), occurring in 70%-90% of individuals throughout the course
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respiration, phonation, and articulation, can be affected in
individuals with PD (IwPD; Broadfoot et al., 2019; Pinto
et al., 2004), our focus is on impairments in the articulatory
subsystem. These tend to occur later in the disease when the
motor symptoms worsen (e.g., Skodda et al., 2012) and are
closely tied to perceived speech impairment (Convey et al.,
2024; Johansson et al., 2023; Kim & Choi, 2017; McRae
et al., 2002; Skodda et al., 2012) and reduced intelligibility
(Anand & Stepp, 2015; Stipancic & Tjaden, 2022; Thompson
& Kim, 2024), which can severely impact IwPD’s ability to
communicate effectively (Miller, 2017). The origin of speech
impairments in PD in general (Moreau & Pinto, 2019), and
articulation impairments in particular, remains unknown, and
multiple levels of impaired underlying mechanisms could be at
fault, including impaired sensory (auditory or somatosensory)
processing, motor learning, and motor execution. The current
study focuses on investigating these in the context of potentially
diminished integration of auditory feedback, as it has previ-
ously been proposed that speech impairments in PD are a
result of speech motor representations that deteriorate due to
consistently misprocessed auditory information (Arnold et al.,
2014; Moreau & Pinto, 2019).

Fluent articulation necessitates planning speech in
advance (“feedforward control”), smoothly executing the
planned motor actions (“motor execution”), and integrating
the relevant incoming sensory information (“feedback con-
trol”). As explained by one influential neurocomputational
model of speech motor control, the Directions Into Veloci-
ties of Articulators (DIVA) model (Tourville & Guenther,
2011), feedforward control ensures that we can plan the
timing and gain of the articulator movements based on
existing speech sound maps, as well as initiate these move-
ments in a timely and coordinated manner. At the same
time, feedback control ensures that we process all relevant
incoming auditory and somatosensory information.

One of the characteristics of impaired speech articula-
tion in PD is diminished articulatory movements, which have
been reported kinematically and acoustically, indicating issues
with motor execution and potential underlying impairment in
feedforward control. For example, lingual movements can be
smaller, with decreased movement velocities and longer move-
ment duration for IWPD compared to control speakers (CS;
Kuruvilla-Dugdale et al., 2020; Thies et al., 2023). Similarly,
jaw and lip movements and velocity can be significantly
reduced in IwPD (Forrest et al., 1989; Kearney et al., 2017;
Kuruvilla-Dugdale et al., 2020; Walsh & Smith, 2012). Acous-
tically, the vowel space has generally been found to be smaller
in IwPD compared to CS (Kuo & Berry, 2023; Skodda et al.,
2011; Whitfield & Goberman, 2014), although some studies
have found no differences (e.g., Houle et al., 2024).

These articulation issues are possibly exacerbated by
some known issues with the somatosensory feedback for
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the articulators. For example, IWPD have shown impaired
proprioception of the jaw and a decreased ability to localize
sensory input on the tongue (Schneider et al., 1986), as well
as reduced acuity of the tongue tip (Chen & Watson, 2017),
compared to controls. It is furthermore unclear how bradyki-
nesia (i.e., slowness of movement) and rigidity, as two of the
leading PD symptoms, influence articulation. While one study
by Caligiuri (1987) found no significant direct relationship
between labial rigidity and impaired orofacial movement dur-
ing a fast syllable repetition task, other studies have found
more severe speech impairments in IwPD who suffer from
bradykinesia, rigidity, and postural and gait difficulties (e.g.,
Tykalova et al., 2022). This, then, would indicate rigidity and
bradykinesia as potential influencing factors in the previously
reported decreased movement velocities of the articulators.

IwPD are furthermore impacted by sensory impair-
ments at the auditory level. At a domain-general level,
IwPD display higher instances of hearing loss compared to
age-matched peers (e.g., Shetty et al., 2019), as well as
aberrant auditory processing in the auditory cortex and
associated areas. For example, prior studies using electro-
physiological measures have shown both a reduced ability
to detect small auditory changes and impairments in learn-
ing novel auditory information (see a review in Jafari et al.,
2020). For speech, among others, IWPD show some impair-
ments in the perception of loudness (Clark et al., 2014; Ho
et al.,, 2000) and prosody (e.g., Lima et al.,, 2013). These
impairments (see also a review by De Groote et al., 2020)
do not seem to extend to spectral and temporal features
related to speech articulation, however. For example, IWPD
display similar perceptual acuity to formants as CS (Abur
et al., 2021; Ravizza, 2003).

It therefore remains unclear how feedforward control,
motor execution, and feedback control interact in the case
of articulation impairments in PD. This, however, can be
directly investigated. Integration of sensory feedback for
speech motor control is often assessed using feedback per-
turbation paradigms that induce errors in either auditory or
somatosensory feedback (Guenther, 2016; Houde & Jordan,
1998). There are two main types of auditory feedback per-
turbation paradigms: The perturbation can be applied either
in a gradual and predictable manner, assessing the speaker’s
ability to integrate auditory feedback for motor learning and
adapt feedforward commands (“adaptive responses”), or in a
sudden and unexpected manner, assessing the speaker’s
ability to immediately detect and correct errors (“reflex-
ive responses”). Both types of auditory feedback pertur-
bation paradigms can be applied to assess feedback and
feedforward control of articulation (by shifting vowel for-
mants) or voice (by shifting fundamental frequency).

Most auditory feedback perturbation studies with IwPD
have targeted only the laryngeal subsystem by perturbing the
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fundamental frequency. For a detailed discussion of sensorimo-
tor impairments at the laryngeal level, see Abur et al. (2021).
Fewer studies have assessed articulatory sensorimotor control
in IwPD by perturbing vowel formants (the first and second
formants [F; and F>]). These studies have shown that IwPD
off medication show reduced reflexive vowel formant responses
compared to CS (Mollaei et al., 2016; 15 IwPD/15 CS), sug-
gesting an impaired ability to correct errors in auditory feed-
back and integrate incoming auditory information. IwPD off
medication likewise show reduced adaptive vowel formant
responses (Mollaei et al., 2013: nine IwPD/mine CS, but not
sex balanced), indicating motor learning impairments. Con-
versely, IWPD on medication have shown reflexive and adap-
tive responses similar to those of CS (Abur et al., 2021; 28
IwPD/28 CS), suggesting that levodopa (the drug most com-
monly prescribed for IwPD’ motor symptoms; Zach et al.,
2020) has a largely ameliorating effect on the integration of
auditory feedback for vowel formants and should thus also
help with articulation impairments.

As IwPD take levodopa to be able to function in
their daily lives, examining IwPD on medication is crucial
for ecological validity and has important implications for design-
ing better speech therapies (Thies et al., 2021; Weerathunge
et al., 2022). Importantly, however, it is not entirely clear
which aspects of articulatory motor control are impaired in
IwPD on medication and whether acoustic measures are sen-
sitive enough to capture the potential differences between
IwPD and CS. For example, current results from the single
prior published formant perturbation study of IwPD on
medication (Abur et al., 2021) seemingly provide evidence
for preserved integration of auditory feedback for articula-
tion in IwPD on medication. However, this finding does
not entirely align with findings from acoustic and kine-
matic studies of articulation in PD on medication. For
example, articulation, when measured acoustically, does not
seem to be impacted by levodopa (Houle et al., 2024; Rusz
et al., 2016; Skodda et al., 2010; Tykalova et al., 2022), even
when other (motor) function improves (Tykalova et al.,
2022: 60 IwPD/30 CS). Conversely, the tongue body is more
flexible for vocalic movements after levodopa intake, even if
this is not detectable at the acoustic level (Thies et al.,
2021: 16 IwPD). In line with this, IWPD have been shown
to compensate for an impairment in one articulator by an
increased use of another (Mefferd & Dietrich, 2019; 17
IwPD/17 CS).

Thus, there is a discrepancy between results from
acoustic and kinematic studies of articulation and studies
assessing the integration of auditory feedback for formants.
The former clearly show articulatory impairments of IwPD,
while the latter show similar functioning in IwPD and CS.
However, as formant perturbation studies so far only cap-
tured acoustically measured responses but not the underly-
ing movements executed in order to obtain these responses,

it remains unclear whether IwPD perform similarly to
CS or take advantage of compensatory behaviors. In
other words, to fully investigate auditory feedback inte-
gration for formants, it is necessary to go beyond only
acoustic information.

Collecting kinematic data can shed new light on this,
as it allows us to look at changes in the speech movements
themselves and in the associated vowel acoustics. In the
case of vowel formants, it is generally assumed that tongue
height is inversely related to F;, while F> is related to
changes in both tongue height and backness (Lee et al.,
2016; Thompson & Kim, 2019). Jaw height, conversely,
determines the degree of vowel openness (Lindblom &
Sundberg, 1971), which is associated with F;. However, this
is also dependent on target vowels, as changes in tongue
and/or jaw posture may have greater acoustic consequences
within some regions of the vocal tract compared to others
(i.e., quantal effects; Gick & Moisik, 2015; Stevens, 1989).
For example, during the production of /a/, the jaw can be
lowered to various degrees without a noticeable change in
Fy and F; (Perkell & Cohen, 1989).

The relationship between formants and jaw/tongue
positions is therefore imperfect, as each speech sound can
be produced with multiple configurations of the vocal tract
and still result in the same acoustic output (i.e., motor
equivalence; Perrier & Fuchs, 2015; Stevens, 1989). There is
a trading relationship between kinematic strategies that can
change acoustic output: As exemplified above, both tongue
and jaw height changes can result in changes to Fj, but
dependent on the vowel in question, differences in kinemat-
ics may not necessarily be audible or measurable in the
acoustics (as also shown in Thies et al., 2021). This was
also demonstrated in the only prior study investigating
kinematic responses to an auditory vowel formant pertur-
bation (Max et al., 2003: eight typical young speakers), in
which speakers showed motor-equivalent adaptations in
overall gestures but not any specific articulator trajectory.
In the case of IwPD, impaired articulation without impaired
auditory feedback integration could at least partly be explained
through quantal effects and kinematic differences in mag-
nitude that are not apparent from the acoustics. To deter-
mine where articulation impairments in IwPD stem from,
kinematic measures of speech motor control across indi-
viduals are therefore necessary as they allow us to assess
whether IwPD respond to auditory perturbations in ways
that are not acoustically measurable and whether articulatory
strategies differ between IwPD and CS, which would be in
line with some kinematic studies that have shown the com-
pensatory behavior of the tongue in IwPD (e.g., Kearney
et al., 2017; Mefferd & Dietrich, 2019).

The goal of the current study was therefore to assess
the sensorimotor control of articulation in IwPD by probing
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both the auditory feedforward and feedback systems while
simultaneously accounting for changes on both the acoustic
and kinematic levels. Specifically, by assessing adaptive
responses to a predictable auditory feedback perturbation,
we can assess how well IwWPD and CS integrate auditory
feedback for motor learning. In order to successfully adapt
their speech, a speaker needs to detect the perturbation (feed-
back control), update their internal maps (feedforward con-
trol), and execute a new plan (motor execution). Conversely,
by assessing reflexive responses to an unexpected perturba-
tion, we can determine whether the immediate integration of
auditory feedback is affected and whether the compensation is
existent but potentially slower due to difficulties in motor exe-
cution. Here, the speaker does not need to update their inter-
nal maps; however, they do need to quickly integrate auditory
feedback and execute corrective responses at a much faster
rate (i.e., within the same vowel as opposed to across multiple
repetitions of vowels).

Based on prior studies by Abur et al. (2021), we
expect no differences between IwPD and CS in the acoustic
output. There are no prior studies directly investigating the
kinematics of responses to auditory feedback perturbation
of formants. However, based on prior kinematic studies
showing smaller speech movements in IwPD (e.g., Raines
& Mefferd, 2024; Walsh & Smith, 2012) and IwPD taking
advantage of compensatory movements (e.g., Kearney et al.,
2017; Mefferd & Dietrich, 2019), we potentially do expect
some impairments in IwPD’s movement execution to be
kinematically detectable compared to CS. These could show
as compensatory movements in both tasks (i.e., IWPD use
different kinematic strategies to achieve the same acoustic
result as that of controls) but would more easily be detect-
able in the unexpected perturbation task, which relies on
quickly implemented changes in speech movements.

Materials and Method

This study was approved by the Medical Ethics
Review Board of the University Medical Centre Groningen
(NL72589.042.21) prior to participant recruitment taking place.

Participants

A total of 33 IwPD participated in the study, includ-
ing 18 men (M,e = 71.6 £ 5.6 years) and 15 women
(Mee = 66.6 + 8.6 years). In addition, 25 CS participated,
including 14 men (M,,. = 67.9 + 8.4 years) and 11 women
(Maee = 69.2 £ 5.4 years). All participants were native
speakers of Dutch, underwent a cognitive screening using
the Montreal Cognitive Assessment (MoCA; Nasreddine
et al., 2005), and were included only if they were still capable
of giving consent (i.e., reaching the required score of 22/30
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points on the MoCA; Karlawish et al., 2013). The partici-
pants additionally completed a hearing screening at cutoffs
for older adults (25 dB at 250, 500, and 1000 Hz; 40 dB at
2000 and 4000 Hz; Schow, 1991). Per classification of the
Global Burden Disease Expert Group on Hearing Loss
(Olusanya et al., 2019), which uses the average decibel
hearing level at 500, 1000, 2000, and 4000 Hz in the better
ear, 37 participants (19 IwPD, 18 CS) had none or mild
hearing loss (hearing level up to 34.9 dB), 19 participants
(13 IwPD, six CS) suffered from moderate hearing loss
(hearing level up to 49.9 dB), and two participants (one
IwPD, one CS) suffered from moderately severe hearing
loss (hearing level up to 64.9 dB). Due to our testing proto-
col, which included cutoffs for older adults only, we were
not able to distinguish between individuals with no hearing
loss and those with mild hearing loss.

IwPD additionally completed Parts I-III of the Move-
ment Disorder Society—sponsored revision of the Parkinson’s
Disease Rating Scale (MDS-UPDRS; Goetz et al., 2008).
Mean MDS-UPDRS Part III score was 38 points (SD =
17.2 points, range: 18-71 points) for male IwPD and 36
points (SD = 21.2 points, range: 11-83 points) for female
IwPD. All IwPD were tested while on levodopa. Partici-
pant demographics for IwPD and CS are reported in
Tables 1 and 2, respectively.

Speech Severity Ratings and Self-Assessment
of Speech Problems

In addition to the demographic information collected
above, we collected speech severity ratings for both IwPD
and CS. We additionally asked IwPD questions related to
potential speech impairments. For the speech severity rat-
ings, 41 inexperienced listeners (16 men, 25 women) with-
out any self-reported speech, language, or hearing impair-
ments were recruited to rate spontaneous speech recordings
of the speakers on a visual analog scale (Abur et al., 2019).
They were asked to rate speech severity (Sussman & Tjaden,
2012) on a scale from 1 to 100, where 1 indicated severely
impaired speech and 100 indicated completely unimpaired
(“typical”) speech. They were given instructions to rate the
overall speech severity by paying attention to voice quality,
resonance, articulatory precision, and speech rhythm (as in
Sussman & Tjaden, 2012, p. 1213). There were two lists of
stimuli, whereby List 1 contained 32 samples to rate, whereas
List 2 contained 30 samples to rate." Each spontaneous
speech sample was rated by either 20 listeners (List 1) or
21 listeners (List 2).

"The discrepancy between the number of speakers in the current
study (N = 58) and the number of samples in the listening experiment
(N = 62) is due to the fact that four participants included in the big-
ger project did not complete the study reported here.
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Table 1. Demographics of individuals with Parkinson’s disease (PD), including age (in years), sex, Movement Disorder Society—sponsored
revision of the Unified Parkinson’s Disease Rating Scale (MDS UPDRS) Part Il motor scores, motor phenotype, hearing severity assessment,
speech severity assessment (higher numbers indicate speech that is perceived as more typical), and articulation and phonation assessments

(higher numbers indicate more self-perceived speech impairment in that category).

MDS UPDRS Hearing Severity Articulation Phonation
Participant Age Sex Part Phenotype impairment assessment /6 /6
PDO1 72 M 34 TD Moderate 38 2 2
PD02 72 M 31 TD Moderate 66 2 4
PDO03 62 F 21 TD Moderate 59 0 0
PD05 69 F 32 PIGD None to mild 51 2 1
PD06 80 M 32 PIGD Moderate 57 4 2
PDO7 63 F 16 TD None to mild 65 2 0
PD08 63 F 18 TD None to mild 82 1 2
PD09 78 M 29 TD Moderate 68 1 1
PD10 72 M 48 PIGD None to mild 58 3 2
PD11 67 M 25 Ind Moderate 69 0 0
PD12 79 M 58 TD Moderate 62 1 2
PD13 82 F 41 D Moderate 53 0 0
PD14 75 M 61 TD None to mild 60 5 3
PD15 70 M 64 PIGD None to mild 21 4 4
PD16 69 M 35 TD Moderate 39 2 0
PD19 54 F 14 TD None to mild 84 1 1
PD20 71 F 47 PIGD Moderate 61 2 2
PD21 60 F 11 TD None to mild 77 0 0
PD22 66 F 83 Ind None to mild 32 4 3
PD23 66 M 18 D None to mild 46 2 3
PD24 76 M 27 PIGD None to mild 51 0 0
PD25 72 F 26 TD Moderate 77 2 0
PD26 70 M 21 TD None to mild 30 3 4
PD29 77 M 71 PIGD Moderate 12 5 5
PD30 77 M 58 TD Moderate 44 2 2
PD31 73 F 29 TD None to mild 57 0 0
PD32 59 M 20 TD None to mild 49 3 4
PD33 54 F 29 TD None to mild 74 2 2
PD35 67 M 30 TD None to mild 69 0 2
PD37 78 F 60 Ind Moderately severe 27 4 6
PD38 74 F 69 PIGD None to mild 39 4 5
PD39 57 F 41 TD None to mild 48 4 4
PD40 65 M 21 PIGD None to mild 60 3 3
Note. M = male; TD = tremor dominant; F = female; PIGD = postural instability/gait difficulty; Ind = indeterminate.

Intrarater reliability was calculated using two-way
mixed-effects interclass correlation coefficients (ICCs) on
10% of repeated stimuli. A total of 21 listeners showed
good or excellent reliability (ICC > .75), 13 listeners
showed moderate reliability (.50 < ICC > .75), and seven
listeners showed poor to very poor reliability (ICC < .50).
These seven listeners were excluded when calculating aver-
age speaker severity assessment scores. Severity assessments
are provided in Tables 1 and 2.

For self-assessments, IwPD completed a question-
naire with 23 statements targeting different potential speech
impairments that can occur on the articulatory, laryngeal,

suprasegmental, and linguistic levels of speech (see the
Appendix). Summed participant responses are in Table 1:
Each affirmative answer counted as 1 point, leading to a
total of 6 possible points for laryngeal impairment and 6
possible points for articulatory impairment. Higher num-
bers represent higher levels of self-reported speech problems
(i.e., more impaired speech).

Auditory Formant Perturbation Tasks
Participants completed a predictable auditory for-

mant perturbation task to elicit adaptive responses, as well
as an unexpected auditory formant perturbation task to
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Table 2. Demographics of control speakers (CS), including age (in years), sex, hearing severity assessment, and
speech severity assessment (higher numbers indicate speech that is perceived as more typical).

Participant Age Sex Hearing impairment | Severity assessment
CS02 71 F Moderate 76
CS03 70 F Moderately severe 93
CS06 64 M None to mild 67
Cso07 74 F None to mild 68
CS08 71 M Moderate 80
CS09 78 M None to mild 58
CS10 66 F None to mild 69
CS11 80 F Moderate 68
CSs12 67 M None to mild 85
CS13 68 F None to mild 81
CS14 68 M Moderate 75
CS15 77 M None to mild 62
CS16 66 M None to mild 86
CS18 55 M None to mild 82
CS19 70 M None to mild 59
CS20 63 M None to mild 78
CSs21 72 F None to mild 73
CS24 62 F None to mild 80
CS25 56 M None to mild 84
Cs27 68 F None to mild 57
CS29 81 M None to mild 55
CS30 78 M Moderate 48
CS31 58 M None to mild 74
CS32 71 F Moderate 74
CS33 61 F None to mild 82

Note. F = female; M = male.

elicit reflexive responses. During the predictable perturbation
task, the participants completed 120 trials with six target words
containing the open-mid front unrounded vowel /¢/ (e.g., pet,
/pet/, meaning “a cap”). Besides pet (/pet/, “a cap”), the other
words in the adaptive formant perturbation experiment
included bed (/bet/, “bed”), zet (/zet/, “move”), vet (/fet/,
“fat”), wet (/vet/, “law”), and net (/net/, “mesh”). For the
reflexive formant perturbation experiment, we did not
include the words ver and net but instead added bek (/bek/,
“beak”) and dek (/dek/, “deck”). For all words, the down-
ward and upward shifts resulted in a semantically meaning-
ful word. For both tasks, we chose to perturb both the first
and second formants. This better represents real speech, as
perturbing both formants is more likely to be perceived as
a categorical error and therefore more likely to induce
larger response magnitudes (Daliri et al., 2020).

Following a common setup for predictable perturba-
tion tasks (Cai et al., 2010; Parrell et al., 2017; Stepp et al.,
2017), participants produced the target words while receiv-
ing unperturbed auditory feedback via earphones for the
first 24 trials (baseline phase), followed by 24 trials during
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which the perturbation was gradually ramped upward® in
vowel formant space (ramp phase) until reaching the maxi-
mal 20% decrease in F; and 15% increase in F».

During the maximum perturbation, which lasted for
48 trials (hold phase), the participants heard themselves say
a vowel that sounded more like /1/ (e.g., pit, /pit/, meaning
“a seed” or “pit”). For the final 24 trials, the perturbation
was removed (after-effect phase). Participants were encouraged
to produce the words with emphasis, to ensure each vowel
was at least 100 ms long. Each trial was followed by an inter-
stimulus interval of around 5 s. Figure 1 visualizes the predict-
able formant perturbation paradigm. The task took around
10 min to complete and was followed by a brief break and the
unexpected perturbation task.

2Note that, in our study, we refer to the “upward” perturbation condi-
tion when the perturbation shifts the vowel upward in the vowel space
(F; decrease and F increase shift /¢/ to ///), and we refer to a “down-
ward” perturbation condition when the perturbation shifts the vowel down-
ward in the vowel space (F| increase and F, decrease shift /¢/ to /a/). This
is in contrast with some other studies that do not perturb both formants
and refer to the upward condition when F; is increased.
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During the unexpected perturbation task, the partici-
pants produced 120 repetitions of six target words in three
conditions: upward perturbed, downward perturbed, and
nonperturbed control trials. We chose to perturb in both
directions (see, e.g., Parrell et al., 2017) to reduce the poten-
tial learning effect from the gradual perturbation task and
prevent additional learning. In the upward perturbed condi-
tion, F; was decreased by 20% and F> increased by 15%,
resulting in a perceived change from /e/ to /i/ (as in the pre-
dictable perturbation task). In the downward perturbed condi-
tion, F; was increased by 20% and F, decreased by 15%,
resulting in a perceived change from /¢/ to /a/ (i.e., from pet,
/pet/, meaning “a cap,” to pat, /pat/, meaning “tab” or “toad”).
In the control (nonperturbed) condition, the participants’ pro-
duction remained unchanged. The conditions were randomly
distributed such that each downward or upward perturbed trial
had to be preceded by at least one nonperturbed trial. This
resulted in 90 nonperturbed trials, 15 upward perturbed trials,
and 15 downward perturbed trials. The formant perturbation
occurred at vocalization onset. Participants were encouraged to
produce vowel vocalizations of at least 500 ms to ensure that
the reflexive response, occurring at 100200 ms after the
perturbation onset (Daliri et al., 2020; Tourville et al.,
2008), could be captured. This task also took around 10 min
to complete. Figure 2 illustrates the unexpected perturbation
task paradigm.

For both tasks, participants wore the Shure MX153
headset microphone and heard their voice through Sennheiser
IE 100 PRO earphones, amplified by +5 dB relative to the

Figure 1. Visualization of the predictable formant perturbation paradigm.

microphone to overcome bone-conducted auditory feedback
(Weerathunge et al., 2020). Auditory formant perturbation
was done with Audapter (Version 2.1; Cai et al., 2008, 2010),
in MATLAB 2020a (The MathWorks, Inc.). Kinematic data
were simultaneously collected using the Northern Digital Inc.
VOX-EMA electromagnetic articulograph (Rebernik, Jacobi,
Tiede, & Wieling, 2021). Electromagnetic articulography
(EMA) is a technique whereby sensors are placed on the articu-
lators to track movements in real time in a coordinate system
(Perkell et al., 1992). We used five movement sensors on the
tongue tip, placed 1 cm from the apex; the tongue body, placed
at the /k/ constriction; chin (to track jaw movements; hereinaf-
ter JAW), and upper and lower lips, following the procedures
reported in Rebernik, Jacobi, Jonkers, et al. (2021). Attached
sensors are depicted in Figure 3. All experimental tasks were
conducted in a sound-dampened booth.

Data Preprocessing

For the acoustic data, three investigators manually
annotated all trials in Praat (Version 6.3.15; Boersma &
Weenink, 2019), and extracted formants using an automated
script (Carignan, 2022). Manual vowel segmentations were
checked and verified by the first author to ensure intrarater
reliability. The kinematic data from EMA sensors were first
corrected by frame for head movement by subtracting posi-
tional information from three reference sensors (left/right
mastoid processes and the upper incisors) and rotating to the
occlusal plane with the help of a biteplane recording col-
lected at the beginning of each session. This ensured that all
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Figure 2. Visualization of the unexpected formant perturbation paradigm.
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sensor positions across speakers were located in a com-
mon coordinate system. The kinematic data were subse-
quently coupled with the acoustic data using an in-house
R script, matching the extracted time of the sensor coor-
dinates to the manually annotated vowel. All sensor
coordinates were thus extracted based on acoustically set
landmarks and precisely matched the timing of the
extracted vowel formants.

To measure participants’ adaptation during the pre-
dictable perturbation task, we calculated the average value
per trial between 20% and 60% of the vowel up to the first
200 ms of vowel duration. This ensured that the time win-
dow of 40-120 ms of the vowel (following Abur et al., 2021,
and capturing the feedforward portion of the response) was
measured for vowels longer than 200 ms, but a stable mid-
point was still captured for vowels shorter than 200 ms. For
acoustic data, the average value across 20%-60% of the
vowel was extracted in hertz. For kinematic data, the aver-
age value was extracted in millimeters per sensor trajectory
for the same time frame.

To measure participants’ reflexive responses during
the unexpected perturbation task, we kept the vowel trajec-
tory of the first 400 ms of the vowel in 5-ms increments for
both acoustic data (in hertz) and kinematic data (in milli-
meters). We chose to analyze the entire response in order
to capture both the early involuntary response capturing
feedback control (120-240 ms; Abur et al., 2021) and the
later voluntary response (300-400 ms; Hain et al., 2000;
Mollaei et al., 2016; Tourville et al., 2008). Reflexive trials
shorter than 400 ms were excluded. For both tasks, we
standardized the data by z scoring all data points relative

8 Journal of Speech, Language, and Hearing Research e 1-21

to the mean and standard deviation based on nonperturbed
(control) trials.

Figure 3. Placement of electromagnetic articulography sensors:
The blue dots represent movement sensors (TT = tongue tip; TB =
tongue body; LL = lower lip; UL = upper lip; JAW = jaw), whereas
the red dots represent the reference sensors (N = nasion; ML/MR =
left and right mastoid processes; Ul = upper incisor).
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Participant Subgrouping and Exclusion

Not all participants completed both speech perturba-
tion tasks, and not all sensors could be placed for all par-
ticipants. The adaptive task was completed by all partici-
pants, which included 33 IwPD (18 men, 15 women) and
25 CS (14 men, 11 women). For the reflexive task, a sub-
set of participants had to be excluded, either because they
could not complete the task due to fatigue (n = 6) or
because they did not produce vowels that were long
enough for an adequate analysis (n = 7). Consequently, 23
IwPD (12 men, 11 women) and 22 CS (10 men, 11 women)
were included.

The EMA sensor for the tongue body did not always
properly adhere, so only a subset of the participants had
complete data sets for both tasks. For the adaptive task,
this included 15 IwPD (nine men, six women) and 14 CS
(nine men, five women), while for the reflexive task, this
included 12 IwPD (seven men, five women) and 11 CS (six
men, five women). The results are therefore reported in two
parts: one for the whole group of participants and one for
the subgroup for whom all sensors could be placed.

Statistical Analysis

Generalized additive mixed modeling (GAMM; Hastie
& Tibshirani, 1990; Wood, 2017), a nonlinear mixed-effects
regression technique, was used to model reflexive and adap-
tive responses in the acoustic and kinematic domains. Unlike
repeated-measures or two-way analyses of variance, both of
which are frequently used for the analysis of auditory feed-
back perturbation responses, GAMMs allow us to model
potentially nonlinear participant responses using smooths.

Due to the missing sensor data, we ran two models
for both the predictable and unexpected perturbation tasks:
one model with all participants, including only the two
acoustic measures and jaw height, and one model with the
subset of participants who had all acoustic and kinematic
measures. The reported p values have been corrected for mul-
tiple comparisons with false discovery rate (fdr; Benjamini &
Hochberg, 1995) using the p.adjust function in R. The o level
was set at .05.

The hypothesis-testing model for the predictable per-
turbation task included a nonlinear effect over trial, captur-
ing the changes in the acoustic (¥} and F,) and kinematic
(tongue tip backness and height [TT,, TT,], tongue body
backness and height [TB,, TB,], jaw backness and height as
measured through the sensor on the chin [JAW,, JAW,])
measures, with a binary difference smooth for group (per
measure), assessing whether the acoustic and kinematic
change pattern differed between IwPD and CS. This effec-
tively tests an interaction effect between trial and group,

per measure. The hypothesis-testing model for the unex-
pected perturbation task included a nonlinear effect over
the 400-ms vowel trajectory by group, with a binary dif-
ference smooth for group and condition (per measure),
assessing whether trajectories between conditions (nonper-
turbed, upward perturbed, downward perturbed) differed
between IwPD and CS.

As the residuals of our model were not normally dis-
tributed and showed heavy tails, we fitted the final models
using the scaled-# distribution. For the random-effects struc-
ture, we used the maximal random-effects structure sup-
ported by the data to yield the most conservative estimates
(van Rjj et al., 2019). That included accounting for varia-
tion in participants and target words. Autocorrelation in
the unexpected perturbation data was accounted for by set-
ting the rho value based on the autocorrelation value of the
initial model. All GAMM analyses were conducted in R
(Version 4.4.0; R Core Team, 2023) using the package
mgcv (Version 1.9.1) and following model-fitting procedures
outlined by Wieling (2018). To assess model results, we used
summary statistics and visualized nonlinear patterns using
the package itsadug (Version 2.4.1; van Rjj et al., 2022). As
our experimental protocol did not require the participants to
pass the hearing screening, we validated our results by rerun-
ning all hypothesis-testing (group-difference) models on indi-
viduals with none to mild hearing impairment (19 IwPD, 18
CS). This did not change any results in terms of group dif-
ferences, and we therefore report results based on partici-
pants regardless of their hearing status.

Results

Adaptive Responses to Predictable Vowel
Formant Perturbation

Formants and Jaw Height

At the group level, including all participants, there
was a significant effect of trial on all three measures: F}
(Prar < .001), F> (prar < .001), and JAW,, (pgar = .004). Spe-
cifically, the participants responded to the consistent upward
perturbation (F; decrease, F> increase) by raising their Fj,
lowering their F>, and raising their jaw across the trials.

There were no significant differences in adaptive
responses between IwPD and CS in F| (pg, = .29), F>
(prar = 21), or JAW,, (prar = .29). Figure 4 illustrates
changes in the acoustic measures across trials, separated by
participant group. Figure 5 illustrates changes in jaw height
across trials. Note that this type of visualization includes
the uncertainty about the intercept and constant group dif-
ferences. As a consequence, most patterns overlap, to a
large extent, with the x-axis, despite the nonlinear pattern
itself being highly certain. The four stages of the experiment
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Figure 4. Change across trial in F; (left) and F, (right). CS = control speakers; IwPD = individuals with Parkinson’s disease.
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(start, ramp, hold, after-effect) have been added to the fig-
ures to improve the clarity of interpretation and allow for
comparison with prior studies.

Formants and All Kinematic Measures

At the group level, including the subgroup of partici-
pants with a full sensor set, there was a significant effect of
trial on F| (pggy < .001), F> (prar < .001), TT, (prgr = .01),

TT, (prar = .01), and TB, (pr, < .001), but not on TB,
(Prar = 13), JAW, (psar = .13), or JAW,, (pgg, = .16). Specif-
ically, acoustically, the participants raised their F; and low-
ered their F,. Kinematically, the tongue was more posterior
and lower.

There was no significant difference in adaptive responses
between IwPD and CS in any of the acoustic or kinematic

Figure 5. Change across trial in jaw height (JAW,). CS = control speakers; IwPD = individuals with Parkinson’s disease.
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Figure 6. Change across trial for tongue body height. TT, = tongue tip height; TB, = tongue body height; CS = control speakers; IwPD =

individuals with Parkinson’s disease.
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measures: Fi; (par = 93), F> (prar = .97), TTy (pear = .97),
TT, (prar = 37), TBy (par = .97), TB, (pgar = .66), JAW,
(Prar = 97), or JAW,, (prar = .50). Figure 6 illustrates the
change across trials for tongue height (the tongue was cho-
sen as the target articulator for the production of vowels;
changes in tongue tip height are depicted on the left, and
changes in tongue body height are depicted on the right).

Reflexive Responses to Unexpected Vowel
Formant Perturbation

Difference Between IwPD and CS: Formants and
Jaw Height

For the upward perturbed condition, including all
participants, there was no significant differences between
IwPD and CS when modeling the change across the vowel
trajectory in Fy (pgar = .053), F> (pgar = .64), or JAW,, (pgr =
41). For the downward perturbed condition, there was no
significant differences between IwPD in Fj (pg, = .07) or
JAW, (prgr = .09), but there was a significant difference in
the F, trajectory (prgy = .004), with IwPD showing a
reduced and later response. Figure 7 displays the change in
vowel trajectory for F, and difference plots for the two per-
turbed conditions. As the standard time window for asses-
sing the involuntary compensatory response is 120-240 ms,
we have added vertical dotted lines to the graphs corre-
sponding to that window. The extremely low values at the
beginning of each plot are not a result of the perturbation
but rather the effect of the preceding consonant, which
affects the vowel formants.

Difference Between IwPD and CS: Formants and
All Kinematic Measures

For the upward perturbed condition, including only
the participants with a full sensor set, there were no signifi-
cant differences between IwPD and CS in any measure (all
ps > .1). For the downward perturbed condition, there was
a significant difference between IwPD and CS in TB,
(Prar = .007), with IwPD showing a smaller increase in
tongue body height through vowel trajectory. There were
no significant differences in other acoustic (Fy: prgr = .58,
F>: pear = .08) or kinematic (TTy: peg, = 81, TT,: prgr = .1,
TBx: Prdr = 59, JAWXZ Pfar = 31, JAW},: Pfdar = 12) mea-
sures. Figure 8 displays the change in vowel trajectory for
the tongue body height.

Early Versus Late Time Windows

To allow comparability with earlier studies and to
assess the nonsignificant trends from the main model, we
conducted a follow-up analysis on formant trajectories for
early (120240 ms) and late (300400 ms) time windows.
These time windows, which are discussed in more detail in
the Fast Correction for Vowel Formants Is Impaired in
IwPD section, are thought to capture the involuntary and
voluntary responses to the perturbation. For the upward
perturbation, these models revealed a significant difference
in F; between groups for the early time window (pg, =
.005), but not late time window (p = .3). Conversely, for the
downward perturbation, a significant difference was found
in F; for the late time window (pg, = .03), but not for the
early time window (pg; > .05). These results seemingly
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Figure 7. Left: Change in F, across the first 400 ms of the vowel for the group of individuals with Parkinson’s disease (IwPD; upper) and
control speakers (CS; lower) in the three conditions. Vertical dotted lines represent the time window of 120-240 ms. Middle: Difference
between nonperturbed and downward perturbed conditions for IwPD (upper) and CS (lower). Right: Difference between nonperturbed and
upward perturbed conditions for IwPD (upper) and CS (lower). The colored lines and shading in the middle and right plots represent the time
window of significant difference; vertical dotted lines represent the time window of 120-240 ms.
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(partly) oppose the results of the main model, which found
no significant differences in F) trajectories between groups
for either upward or downward perturbation, although both
showed a trend toward compensation prior to correcting for
multiple comparisons (p = .04 for the upward perturbation,
p = .05 for the downward perturbation). Upon closer reflec-
tion, there are multiple reasons behind this discrepancy. For
the upward perturbation, CS were earlier to compensate than
IwPD, which led to a significant difference in the early win-
dow. However, both groups compensated in the late time win-
dow, leading to no significant differences between the trajecto-
ries of the two groups. For the downward perturbation, the
CS group did seemingly start compensating earlier than the
IwPD group, but the difference between the trajectories was
not strong enough to be statistically significant in the early
time window (as indicated by pg, > .05). In the late time

12 Journal of Speech, Language, and Hearing Research e 1-21

window, however, the trend did become statistically significant,
as IwPD compensated but to a lesser extent than CS.

For F,, no significant differences were found for
either perturbation direction or time window (all ps > .1).
This matches the results of the main model for the upward
perturbation, which yielded no significant differences between
groups. However, it opposes the results from the down-
ward perturbation, where IwPD compensated later than
CS. This is likely due to the chosen windows of analysis:
As also seen in Figure 7, CS only start compensating at
around 190 ms. Consequently, there are no differences in
compensation for a large majority of the “early” window
(120-240 ms). In the “late” window (300-400 ms), both
IwPD and CS are compensating, shown by the nonsignifi-
cant “late” model. Unlike the main model, which accounts
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Figure 8. Left: Change in tongue body height (TB,) across the first 400 ms of the vowel for the group of individuals with Parkinson’s disease
(IwPD; upper) and control speakers (CS; lower) in the three conditions. Vertical dotted lines represent the time window of 120-240 ms. Mid-
dle: Difference between nonperturbed and downward perturbed conditions for IwPD (upper) and CS (lower). Right: Difference between non-
perturbed and upward perturbed conditions for IwPD (upper) and CS (lower). The colored lines and shading in the middle and right plots rep-
resent the time window of significant difference; vertical dotted lines represent the time window of 120-240 ms.
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for the full vowel trajectory, the two windows do not
account for the time frame between 240 and 300 ms, where
CS already show significant compensation, but IwPD do
not. Table 3 summarizes the results from the adaptive (see
the Adaptive Responses to Predictable Vowel Formant
Perturbation section) and reflexive (see the Reflexive Responses
to Unexpected Vowel Formant section) tasks.

Discussion

The present study investigated auditory feedback inte-
gration for vowel formants in IwPD compared to CS. By
measuring the adaptive and reflexive responses in both the
acoustic dimension (as standard in the field) and the kine-
matic dimension (measuring tongue and jaw backness and
height using EMA, as a novel addition), we aimed to gain

a better understanding of how auditory feedback integra-
tion and motor execution contribute to articulatory impair-
ments. For both the predictable and unexpected formant
perturbation tasks, we conducted two analyses: one on the
full set of participants, including acoustic measures (£, and
F,) and jaw height (JAW,), and one on the subset of par-
ticipants with all sensors, thus including both acoustic mea-
sures and kinematic measures for the jaw, tongue tip, and
tongue back backness and height.

Motor Learning for Vowel Formants Is
Preserved in IwPD

The first task was a predictable auditory formant per-
turbation task, capturing adaptive responses to measure the
extent to which IwPD can adapt their sensorimotor plans
when their auditory feedback for formants is consistently
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Table 3. Summary of main group-level results from the adaptive and reflexive auditory feedback perturbation

tasks.
Measure edf F value Psar value
Adaptive: formants and jaw height (33 IwPD, 25 CS)
F4 4.33 1.02 .29
F> 3.85 1.68 .21
JAW, 2.00 1.39 29
Adaptive: all acoustic and kinematic measures (15 IwPD, 14 CS)
F 2.00 0.46 92
F5 2.00 0.15 .97
TT, 2.00 0.06 .97
1T, 3.79 1.59 .37
TB, 2.00 0.18 .97
B, 3.21 0.99 .66
JAW, 2.00 0.03 .97
JAW, 2.00 1.26 .50
Reflexive: formants and jaw height (23 IwPD, 22 CS)
Fiup 2.02 3.22 .05
F> up 2.00 0.51 .64
JAW, up 2.02 1.01 A1
F; down 2.01 2.93 .07
F> down 2.09 5.76 .004*
JAW, down 3.16 212 .09
Reflexive: all acoustic and kinematic measures (12 IwPD, 11 CS)
Fqup 2.02 2.32 15
F> up 2.02 1.88 22
TT, up 2.05 2.64 a2
TT, up 2.03 0.08 .93
TBy up 2.03 1.63 27
TB, up 2.03 2.31 .15
JAW, up 2.02 2.01 .20
JAW, up 2.02 1.72 .25
F4 down 2.06 0.73 .58
F, down 2.12 3.15 .08
TT, down 2.02 0.24 .81
TT, down 2.09 2.99 .10
TB, down 2.04 0.61 .59
TB, down 3.43 4.01 .007*
JAW, down 2.69 1.36 .31
JAW, down 3.23 2.13 A2

Note. All results indicate the summary of the main smooths comparing individuals with Parkinson’s disease
(IwPD) and control speakers (CS). Significant differences have been marked with an asterisk (). edf = effective
degrees of freedom; fdr = false discovery rate; F4 = first formant; F, = second formant; JAW, = jaw height; TT, =
tongue tip backness; TT, = tongue tip height; TB, = tongue back backness; TB, = tongue back height; JAW, =
jaw backness; down = downward perturbation; up = upward perturbation.

perturbed. Overall, we found no differences between IwPD
and CS. This was the case for both the acoustically measured
responses, corroborating the results of the study by Abur
et al. (2021), and the kinematically measured responses, car-
ried out for the first time. Specifically, on the acoustic
level, the participants in both groups responded to a
decrease in F and an increase in F, by increasing their F)
and decreasing their F,, respectively (effectively making
their vowel sound more /a/-like).

14  Journal of Speech, Language, and Hearing Research ¢ 1-21

On the kinematic level, we expected that successful
adaptation—shown in an acoustically measurable and per-
ceptually audible shift from /e/ to /a/—would result in a
lower and more posterior tongue position, as well as a
lower jaw. While the tongue indeed lowered (see Figure 6),
the jaw was slightly raised, indicating a more closed vowel.
On the one hand, this finding could align with prior results
of Max et al. (2003), who found motor-equivalent adapta-
tion in their group of speakers. On the other hand, this
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could “simply” confirm saturation effects for the vowel /a/,
wherein a lot of jaw movement is needed prior to audible
acoustic differences (Perkell & Cohen, 1989). To determine
whether one or both explanations are suitable, further kine-
matics analyses are needed, including analyses that also use
kinematically defined boundaries based on individual articu-
latory gestures. For the current analysis, kinematic data were
extracted based on acoustic vowel annotations to allow for
comparability with prior studies. However, this might have
obscured some kinematic patterns, as the start and the end
of articulatory gestures do not correspond to the acoustics.

Regardless, in our analysis, IwPD and CS showed
similar acoustic and kinematic strategies to adapt to the
perturbation. This is highly relevant, as it confirms that
IwPD adapt to the perturbation using articulatory strate-
gies similar to those of CS: In other words, they do not
(need to) use compensatory movements to achieve the
desired adaptation (as is sometimes the case when IwPD
attempt to achieve changes in acoustic vowel contrast; see
Mefterd & Dietrich, 2019). Our results therefore indicate
that IwPD on medication seem able to integrate auditory
feedback for articulation, reliably update their sensorimotor
maps, and also successfully execute the motor movements
necessary to enact the acoustic change in similar manner to
that of CS. This result corroborates previous reports from
motor literature that motor learning based on visual feed-
back (Venkatakrishnan et al., 2011) and tactile feedback
(Olson et al., 2019) is preserved in IwPD on levodopa.
Results from the predictable auditory formant perturbation
task therefore do not help explain the articulation impair-
ments of IwPD on medication.

Fast Correction for Vowel Formants Is
Impaired in IwPD

The second task was an unexpected formant pertur-
bation task, which aimed to track reflexive responses and
measure the extent to which participants instantly correct
perceived errors in their auditory feedback within a trial.
On the acoustic level, when the formants were suddenly
shifted upward, resulting in a perceived /1/, we found no sig-
nificant differences between IwPD and CS. This was likewise
the case on the kinematic level, as there were no significant
differences between groups in the measured tongue and/or jaw
trajectory. Conversely, our follow-up acoustic analysis of early
(120240 ms) and late (300400 ms) time windows revealed
significant differences in F| between groups for the early time
window. This difference was driven by CS compensating ear-
lier than IwPD.

When the formants were suddenly shifted downward,
resulting in a perceived /a/, there was a significant difference
between IwPD and CS in the F, trajectory when the data of
all participants were included. The same pattern was visible

but did not reach significance when the data of only the sub-
group of participants (12 IwPD, 11 CS) were used. Kinemati-
cally, the downward perturbation did show a significant
difference in tongue body height (for the subgroup of par-
ticipants who had tongue body information), confirming
the pattern.

The difference between the results of our study and
those of Mollaei et al. (2016) and Abur et al. (2021) can
thus partly be explained by the different chosen analysis
time windows following perturbation onset. While Mollaei
et al. looked at the time window of 300-400 ms, capturing
the voluntary articulatory response, Abur et al. looked at
the window between 120 and 240 ms, capturing the invol-
untary articulatory response. The analyzed time window is
important to consider, as it captures different aspects of
sensorimotor processing (Guenther, 2016; Hain et al., 2000;
Tourville et al., 2008): The early involuntary response is
presumed to be subconscious and generated by the auditory
feedback control subsystem, while the late voluntary
response is more likely to involve feedforward control
mechanisms. The delay in the auditory feedback controller
also includes the time it takes for the auditory error to be
transferred to the motor cortex for a corrective movement
to be performed (Guenther, 2016). In the case of IwPD,
any processing delays in the motor cortex may result in
later latencies of the response. This would be supported
by prior studies showing reduced activation in the motor
cortex but increased activation in the auditory cortex dur-
ing speech production in IwPD (see a review by Contreras-
Ruston et al., 2025).

In our case, using generalized additive modeling allowed
us to assess the entire trajectory (as opposed to averaging
within a certain time window) and showed that the reduction
of the response in the downward perturbed condition is already
visible in an early time window, but it becomes more apparent
in the later time window. This, however, might not immedi-
ately be detectable when aggregating data (necessary for statisti-
cal techniques, such as the two-way analysis of variance used
in the studies of Abur et al. [2021] and Mollaei et al. [2016]).
Future studies should therefore analyze the entire trajectory of
the vowel of interest, to ensure that they capture any “late”
responses by IwPD that may be driven by motor execution or
auditory processing difficulties.

Furthermore, it is not entirely surprising that there
was a difference in responses between upward and down-
ward perturbations. A prior study by Kothare et al. (2020)
found that the direction of the shift determined the magni-
tude of the response, with more compensation found for a
shift toward lower vowels (in our case: /¢/ to /a/) than for a
shift toward higher vowels (in our case: /e/ to /1/). This is con-
firmed in our results. Kothare et al. propose a few possible
explanations, including a trade-off between perceived errors in
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auditory and somatosensory feedback and categorical percep-
tion. For the latter, a bigger compensation for the downward
perturbation follows logically when considering the Dutch
vowel space, where /e/ and /I/ are closer than /e¢/ and /o/
(Adank et al., 2004). The direction of the shift can also explain
why our study results partly align with Mollaei et al. (2016)
but not Abur et al. (2021). Although both studies used a 30%
increase in Fj, Mollaei et al. shifted formants from /e/ to /a/,
while Abur et al. shifted formants from /1/ to /e/. Conversely,
in one prior study investigating individuals with cerebellar
degeneration (Parrell et al., 2017), the perturbation direction in
a reflexive task did not play a role in explaining group differ-
ences, even though responses overall were greater for the
downward than upward perturbation in the vowel space (as in
our study).

In cases of both directions of the perturbations, visual-
izations and analyses thus indicated that IwPD responded to
a lesser degree and at a later time window compared to CS.
As the difference between groups is present in the acoustics
and the kinematics for the reflexive feedback perturbation
task, it is likely that the delayed response is partly also due
to increased muscle rigidity and slowing of tongue move-
ments in IwPD (Kuruvilla-Dugdale et al., 2020). In other
words, we cannot be certain whether IwPD are slower to
integrate auditory feedback or are instead slower in translat-
ing the new input into immediate motor commands. This
distinction, however, remains difficult to untangle. On the
one hand, future studies should assess both auditory and
somatosensory feedback impairments in the same group of
IwPD in order to determine whether changes in the articula-
tory subsystem are indeed more linked to somatosensory
feedback impairments rather than auditory feedback impair-
ments, as has recently been suggested by Behroozmand et al.
(2025). On the other hand, perturbation data should also be
complemented by more extensive oromotor assessments, for
example, by testing the tactile acuity of the tongue (Chen &
Watson, 2017) or the tongue range of motion (e.g., Lazarus
et al., 2014).

Implications for Mechanisms Underlying
Articulation Impairments in IwPD

Our findings indicate that although immediate error
correction on the basis of auditory feedback is impaired in
IwPD on medication compared to CS, IwPD are able to
detect the auditory error and learn on the basis of a contin-
uously detected error. This therefore contradicts the pre-
sumption that hypokinetic dysarthria may result from
speech sound maps that deteriorate due to misprocessed
auditory feedback (Arnold et al., 2014; Moreau & Pinto,
2019), at least for articulatory impairments. Note, however,
that this is probably not the case for impairments on the
laryngeal level. The latter, which are more likely to occur
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in the earlier stages of the disease, were not covered in the
current study.

In a recent article by Manes et al. (2024), the authors
attribute reduced speech movements in IwPD specifically to
impairments in the initiation circuit, a component of the
feedforward control system (i.e., the issue lies in the initia-
tion and scaling of speech movements). In their view, IWPD
off medication “rely more heavily on sensory feedback con-
trol to compensate for feedforward control deficits” (Manes
et al., 2024, p. 12), while IWPD on medication show a bet-
ter functioning of feedforward control, as levodopa facili-
tates the initiation of speech movements. Kinematically,
this is in line with at least one prior study showing that
vocalic tongue body movements are more flexible on medi-
cation (Thies et al., 2021) and with the finding that bradyki-
nesia is among the symptoms positively affected by levodopa
(e.g., Bologna et al., 2020). It does not, however, exclude
other issues with articulator movements, as IwPD tend to
show reduced tongue muscle force compared to controls
even on levodopa (e.g., De Letter et al., 2003; Solomon
et al., 1995), and it also does not fully explain articulatory
impairments of IwPD on medication.

Our study showed intact motor learning based on
auditory feedback for formants, thus confirming the notion
that feedforward control of IWPD on medication functions
well. However, this does not exclude the possibility that
impairments in the initiation component of the feedforward
control circuit contribute to articulation difficulties. Specifi-
cally, results from our unexpected auditory feedback pertur-
bation indicate that IWPD may be capable of integrating
auditory feedback for formants but are slower at doing so.
Looking at the DIVA model, as discussed by Manes et al.
(2024), an overreliance on auditory feedback would result
in overexaggerated responses in the reflexive perturbation
task, which is not the case in our study. Instead, we see
later responses, which could mean a delay in movement ini-
tiation (i.e., issues in the initiation circuit of feedforward
control), difficulties in movement execution (i.e., issues in
the sending of commands from the articulator map to artic-
ulator musculature), or a delay in auditory feedback inte-
gration (i.e., issues in detecting auditory error in a timely
manner). Detangling these aspects, however, is beyond the
scope of this study.

Limitations

The current study was the first to assess speech senso-
rimotor processing in IwPD through both acoustic and
kinematic methods. It does, however, also suffer from some
limitations. First, while the number of participants included
in the study is larger than that of most perturbation and
kinematic studies, especially the group of IwPD remains
heterogenous due to large individual variability found in
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PD. This heterogeneity also extends to a large range in par-
ticipant ages (54-81 years) and hearing status, all of which
contribute to a more ecologically representative sample but
also one that is more difficult to analyze. We do, however,
account for this with an age- and sex-matched control
group. Second, placing EMA sensors on the tongue body is
challenging, and we could not obtain information on the
tongue body movement for many participants. As this is
where we would expect most change to happen and is most
relevant for vowels, we recommend any future studies to
opt for only one sensor placed on the middle of the tongue.
Third, differences between groups were captured with dif-
ferent acoustic and kinematic markers depending on the
perturbation direction and were seemingly larger for the
downward perturbation: As we only induced an upward
perturbation for the predictable perturbation task, we can-
not know whether any group differences would reveal them-
selves with a predictable downward perturbation. Finally,
while auditory perturbation tasks provide a good opportu-
nity to get a glimpse into potential speech sensorimotor
processing impairments in IwPD, they provide only indirect
information about auditory processing but not about
somatosensory processing.

Conclusions

To conclude, our study showed that, while on medi-
cation, IwPD may show a reduced ability to integrate
immediate auditory information for speech sensorimotor
processing yet retain the ability to update their speech sen-
sorimotor maps if the auditory feedback error remains
predictable. This was apparent on both the acoustic and
kinematic levels, indicating that the IwPD in our group
did not show alternative compensatory articulatory strate-
gies compared to CS. In this study, we chose to include
IwPD on levodopa. While this makes it more difficult to
draw inferences about the underlying impairments caused
by PD, it increases ecological validity as it allows us to
obtain an approximation of how speech motor control
impairments might impact IwPD’ daily lives. The results
of our study thus indicate that issues with immediate error
correction, stemming from either difficulties with motor
execution or a slowing down of auditory feedback integra-
tion, could help explain articulation impairments in indi-
viduals with PD.
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Appendix

Questionnaire for Self-Assessment of Speech Impairment

The participants were asked whether they recognize or experience any of the following speech characteristics or difficulties.
The two questions marked with an asterisk were repeated questions and only counted as a single answer.

Statement Subsystem
| have difficulties with pronouncing of certain sounds and sound combinations. Articulation

| frequently pronounce sounds inaccurately. Articulation

| frequently mumble. Articulation

My speech often sounds unclear. Articulation

| often need to repeat myself to make myself understood.” Articulation

| often speak more slowly to make myself understood. Articulation

| find it difficult to make myself understood the first time | say something.” Articulation

My voice often sounds flat and emotionless. Phonation

My voice is often weak, as if | whisper or talk softly. Phonation

My voice often sounds hoarse, as if | had a sore throat. Phonation

My voice is often unstable. Phonation

| find it difficult to produce a clear, loud voice. Phonation

| often speak monotonously, with the same pitch and loudness. Phonation

It takes me a lot of effort to speak. Suprasegmental
| find it difficult to speak for a longer period of time. Suprasegmental
| often speak slowly. Suprasegmental
| often speak fast and stutter or stammer because of it. Suprasegmental
| find it difficult to keep my speech tempo under control. Suprasegmental
| find it difficult to put emphasis on the correct word or syllable. Suprasegmental
| find it difficult to start a conversation because | struggle to find the right words. Linguistic

| need to think a lot about the right words and lose my train of thought quickly. Linguistic

| struggle to put my thoughts into words. Linguistic

| find it difficult to make and keep eye contact with my collocutor. Linguistic
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