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Abstract

This study assessed the ability of three acoustic measures of vowel space, two
token-based and one trajectory-based, to quantify speech differences in people with
Parkinson’s disease compared to controls and correlations with speech intelligibil-

ity. Fifty-six speakers (28 people with Parkinson’s and 28 controls) read a custom
reading passage containing corner vowels. For token-based measures, the triangular
vowel space area (tVSA) in kHz? and the unitless ratio of vowel articulation index
(\VVAl) were calculated. For the trajectory-based measure, the articulatory-acoustic
vowel space (AAVS) in kHz? was calculated. Speakers also read five unique sen-
tences varying in word length, which were used to collect speech intelligibility ratings.
Analyses of Variance revealed that all vowel space measures yielded group differ-
ences. Binary logistic regression revealed that only the token-based measures were
able to statistically discriminate PwPD from controls, however all models performed
poorly (R2<0.113). Linear regressions showed that token-based metrics were statis-
tically related to intelligibility and that the VAl yielded the best model for the current
sample. The results support that token-based measures are well-suited for quanti-
fying changes in acoustic vowel space and perceived speech intelligibility in people
with Parkinson’s. Future work should examine the generalizability of these findings to
other motor speech disorders as well as across different speech stimuli.

Introduction

Parkinson’s disease (PD) is a neurodegenerative disorder that impacts several areas
of the brain and body, including those involved in speech production [1]. People with
PD (PwPD) frequently experience changes to respiratory features (e.g., decreased
vital capacity), vocal features (e.g., reduced prosody and loudness), and articulatory
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features (e.g., imprecise articulation) of speech that are present throughout the dis-
ease progression and do not clearly improve with dopaminergic medication (see [2]
for a review). Articulatory changes in PwPD related to vowels warrant particular atten-
tion, since vowel working space (i.e., the range in first and second vowel formant fre-
quencies, F, and F,, used to produce vowels) is directly linked to how well a listener
can understand someone’s speech [e.g., 3,4]. Further, vowel working space in PwPD
has been associated with the time spent living with PD [5]. These studies suggest
that careful examination of vowel working space in PwPD can inform speech-based
disease tracking and symptom management.

Acoustic measures of vowel working space have extensively been used to quantify
articulatory speech changes in PwPD and different methodologies have been pro-
posed [e.g., 6-9]. These methods include both token-based metrics (i.e., F, and F,
from single vowels) and trajectory-based metrics (i.e., F, and F, trajectories across all
vocalic portions of connected speech) for vowel space analysis. The benefit of using
single vowel sounds is that this method yields more stable F, and F, trajectories
for acoustic analysis, whereas extracting F, and F, from connected speech is more
difficult since unvoiced sounds and pauses need to be removed prior to analysis. On
the other hand, F, and F, trajectories extracted from vocalic sounds across multiple
sentences better reflect daily communication compared to isolated vowels. Regard-
less of the specific methodology used, reductions in acoustic measures of articulatory
working space (which minimize the contrast between different vowels) are associated
with declines in perceived speech intelligibility and clarity [e.g., 3,10,11]. These find-
ings suggests that both token-based and trajectory-based measures of vowels are
promising tools for tracking speech function in PwPD.

The most common token-based metrics that have been used to characterize vowel
working space in PwPD are the quadrilateral or triangular vowel space area (VSA
can be extracted from prolonged, isolated productions of corner vowels that form the
vowel space (e.g.,/i/,/ul,/al, and/ae/ in American English) or by using corner vowels
produced in running speech to increase ecological validity [4,12,14]. The VSA uses
all four corner vowels, whereas the tVSA and VAI use three (/i/,/u/,/a/ in American
English). The VSA and tVSA are calculated as the area in F, and F, space across
the respective corner vowels in kHz2. These metrics reflect the size of the articulatory
working space, such that a larger VSA or tVSA value corresponds to a larger articu-
latory working space. The same F, and F, values of the three corner vowels are used
to calculate the unitless ratio yielding VAI, in which a larger value also indicates a
larger range in articulatory working space [9].

The VSA, tVSA, and VAI have all shown sensitivity to speech in PwPD compared
reported no statistical differences relative to controls [11,12,19]. The lack of group
differences in these studies may be related to the smaller samples assessed (10
speakers with PD [11]), a milder presentation of speech symptoms in the participants
with PD [12], or the lack of sensitivity of the VSA metric to speech changes in PwPD.
In support of this last possibility, there is evidence of differential sensitivity to speech
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changes in PwPD among token-based measures of vowel space. Studies investigating both tVSA and VAI in PwPD have
found that VAl was sensitive to group differences whereas tVSA was not [9,15]. This could be a result of VAl accounting
for differences in baseline formant values across speakers since it is a unitless ratio derived from formant values. Instead,
the tVSA and VSA are calculated using the speaker’s formant values in Hz, which can influence comparisons across
groups with different ranges in baseline formant values (e.g., average values for males compared to females). These
results highlight the need to assess speech in PwWPD who have a wide range in speech severity and to consider factors
that may affect the speaker’s baseline formant values (e.g., the speaker’s sex) in investigations using token-based vowel
space metrics.

In addition to token-based metrics, some studies have proposed trajectory-based metrics of vowel space to quantify
speech differences in PwWPD compared to controls to assess formant productions that encompass more than just corner
vowels. These include the Vowel Space Density (VSD; [20]) and the Articulatory-acoustic Vowel Space (AAVS; [7]), which
use formant trajectories in Hz to provide information about formant space density and variance, respectively. While the
VSD can identify denser regions of the formant space that speakers are using most often [14,20], the AAVS is a measure
of variance in the formant space that yields a ‘global articulatory—acoustic range of motion or working space used for an
entire utterance’ [7]. Given that both VSD and AAVS metrics use a speaker’s raw formant values in Hz, it is important to
consider sex as a possible factor in their analysis [14].

When factoring for sex, the VSD and AAVS have both shown sensitivity to speech in PwPD compared to controls
[7,21,22]. Although one study found the VSD was more sensitive to speech changes in PwPD than the AAVS during habit-
ual reading [14], other preliminary work found that the AAVS was sensitive to speech changes in PwPD for both habitual
reading and semi-spontaneous speech tasks (“The Cookie Theft Picture” description task [21]). Additionally, the AAVS has
shown sensitivity to speech differences in PwPD across languages (i.e., English compared to preliminary work in Dutch
[7,21,22]) and has been associated with perceptual ratings of speech clarity [7]. There is also work showing that AAVS
did not differentiate between a group of PwPD and controls [23]; however, the PwPD included in the study were rated as
having mild dysarthria, which could have driven the lack of group differences. Together, these studies demonstrate that
AAVS shows promise as a tool to quantify speech changes in PwPD and that speech symptom severity is an important
consideration in investigations.

Regardless of whether vowel space metrics are trajectory-based or token-based, the stimuli used to elicit the vowel
productions remain an important consideration. For token-based vowel metrics, the speech stimuli must contain instances
of corner vowels as mentioned earlier. These instances of corner vowels have been calculated across single, prolonged
vowels in PwWPD [e.g., 13,24], which yield clear formant traces for applications such as automated speech assessments
[25]. However, token-based measures of vowel space appear to be most sensitive to group differences in PwPD and con-
trols when extracted from sentences compared to isolated vowels [17]. Thus, other studies have assessed corner vowels
in PwPD extracted from connected speech stimuli [e.g., 12,14,15]. Although connected speech can increase susceptibility
of vowels to co-articulation effects, it also increases ecological validity for assessing daily communication.

For trajectory-based metrics of vowel space, speech stimuli are always from connected speech and can include a wide
variety of vowels for a comprehensive examination of the range for each type of vowel. Although this results in a more
complete representation of a speaker’s vowel productions, the acoustic values will be affected by the specific sentences
themselves (depending on which vowels are included and what the articulatory transitions are). For this reason,
trajectory-based metrics of vowel space in PwWPD are not directly comparable across prior works that use different stimuli
or languages [e.g., 4, 14, 21, 22]. The use of a standardized speech stimulus for trajectory-based vowel space measures,
e.g., a reading passage with a specific set of vowel transitions for a given language, is necessary for studies to be more
comparable within language groups.

Although various token-based and trajectory-based metrics have been employed to quantify acoustic changes in vowel
space area in PwWPD compared to controls, it is not clear which of these acoustic measures is optimal for identifying
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articulatory differences and tracking perceived speech intelligibility in PwPD. Toward increasing consistency in research
and optimizing clinical speech assessments for PwPD, the current work aimed to how different acoustic metrics of vowel
space perform when discriminating Parkinsonian speech and predicting intelligibility. Given prior findings that vowel space
measures may not be sensitive in samples with mild speech symptoms [23] or with small sample sizes [14], the current
work also aimed to assess a larger group of speakers (N=28 per group) across a wide range in speech symptoms (intel-
ligibility ratings from mild to severe). Two token-based metrics (tVSA and VAI) and one trajectory-based metric (AAVS)
were included based on their demonstrated effectiveness in distinguishing speech changes due to PD across a variety of
stimuli [e.g., VAI: 5,7, tVSA: 16, and AAVS: 22]. Since both traditional VSA and tVSA have shown sensitivity to speech dif-
ferences in PwPD [13,16], the tVSA was preferred in the current study as it requires less vowel stimuli (three compared to
four vowels). Given that VAI has also shown greater sensitivity to speech changes in PwPD compared to tVSA [9,15], both
of these token-based measures were included in the study. For the trajectory-based measure, the AAVS was selected
given that it has shown sensitivity to speech differences in PwPD across different stimuli, speaking styles, and languages
[7,21,22].

Thus, the goal of the current work was to assess the ability of three established acoustic measures for tracking
changes in vowel space in PWPD (the tVSA, VAI, and AAVS), spanning token-based and trajectory-based methods and
extracted from the same type of speech stimuli, to quantify speech differences between PwPD and control speakers and
reflect perceptual speech intelligibility. The first aim of this study was to determine whether each of the three acoustic
measures of vowel space yielded group-level differences between PwWPD and control speakers. The second aim was
to determine how the metrics performed in determining group status: PwPD or control. The third aim was to determine
whether the acoustic metrics were associated with perceptual speech intelligibility.

Materials and methods
Participants

All study participants completed written informed consent in compliance with the Boston University Institutional Review
Board. The study included 56 speakers and five listeners. The data were collected during a larger study with the same two
participant groups [26]. The speakers were recruited between January 27" 2017 — November 20" 2019 and the listeners
were recruited between February 10" — February 27t 2020.

A total of 56 speakers participated in the study across two groups. The first group included 28 cisgender persons with
Parkinson’s disease (PwPD; 11 females, 17 males) aged 45-73 years (M=61.9 years, SD=7.8 years). The second group
of participants included 28 control speakers (who were sex-, gender- and hearing-matched to the PwPD group) aged
48-81 years (M=63.9 years, SD=8.5 years). All speakers reported American English as their native language. All PwPD
were diagnosed with idiopathic Parkinson’s disease (PD) by a neurologist (ranging 1-21 years post-diagnosis) and were
receiving dopaminergic medication at the time of data collection. The PwPD included in the study were not asked to go off
their medication cycle to maintain ecological validity and examine speech symptoms as they would present in daily life.
No participants were enrolled in speech therapy at the time of the study. PwPD also completed the Movement Disorder
Society-Sponsored Revision of Unified Parkinson’s disease Rating Scale Part Ill (Motor symptom) assessment and had
scores ranging from 17—64 (< 33 indicating mild motor impairment and > 59 indicating severe motor impairment). Con-
trol participants denied any neurological, speech, hearing, cognitive, or language disorders. All speakers underwent an
audiometric hearing screening (Grason-Stadler GSI 18, Grason-Stadler, Eden Prairie, MN). All but four speakers passed
a hearing threshold test within the normal range for older adults at all frequencies (using a 25 dB HL cutoff at 1000 Hz and
below and a 40 dB HL cutoff at 2000 Hz and 4000 Hz [27]). The remaining four participants (two in each speaker group)
did not pass the threshold test at one frequency and were hearing-matched across groups.

Five cisgender listeners aged 18-29 years (4 female, 1 male), who reported no experience rating disordered speech,
completed ratings of speech intelligibility. The number of listeners were chosen given that prior work found five unfamiliar
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listeners showed acceptable intelligibility ratings for speakers with Parkinson’s [28]. Namely, five listeners using a visual
analog scale (VAS) task to rate 11 sentences per speaker showed reliable intelligibility estimates (i.e., with a 2% margin of
error, which is below clinical intelligibility changes of 7.06% reported pre- vs. post-therapy [29]). Other work has reported
that five sentences per speaker, rated by at least three unfamiliar listeners, are enough to yield reliable intelligibility esti-
mates in Parkinson’s [30]. Specifically, with at least five sentences per speaker and at least three unfamiliar listeners using
a VAS task, intelligibility estimates remained accurate (i.e., average estimates that were below the minimally detectable
change, or the smallest magnitude of change required to be considered real rather than measurement error [30]). Based
on findings from these prior studies, five listeners rating five sentences using a VAS task were deemed appropriate for

the current task. All listeners reported American English as their native language. All listeners passed a standard hearing
screening (using a 25 dB HL cutoff at all tested frequencies [29]) and denied any history of speech, language, hearing, or
neurological disorders.

Data collection

Speech was recorded using an omnidirectional microphone (MX153, Shure, Niles, IL) positioned 7 cm from the corner

of the mouth at a 45° angle from the midline. The microphone signal was amplified via a Quadmic Il pre-amplifier (RME
Audio; Haimhausen, Germany) and digitized via an Ultralite-mk3 Hybrid soundcard (MOTU, Cambridge, MA). The acous-
tic recordings were collected using SONAR Artist (Cakewalk, Inc.) software. All speakers read a custom passage that con-
tained multiple instances of all American English corner vowels (Fig 1). A connected speech sample was selected for this
study to maintain ecological validity in the characterization of vowel space area. The same speech sample was used to
calculate all measures of vowel space area to prevent confounds due to differences in token-based and trajectory-based
stimuli, as done in prior work [4,14].

All but two speakers also read a randomly generated set of the Sentence Intelligibility Test [SIT; 31] for intelligibility
ratings. Each SIT consisted of 11 sentences increasing in word count from five to 15 words (for example stimuli, see [32]).
For intelligibility ratings, a representative subset was selected by choosing five even numbered sentences (Sentences
2,4, 6, 8, and 10) so that they maintained the increasing word count (6 words to 14 words). For the two speakers who
did not have recordings of the SIT, a separate set of five sentences was extracted from other speech tasks in the study
ranging from 6—14 words to match the word count of the even numbered SIT sentences. The task lasted approximately
1.5 hours. Separate stimuli were used for the intelligibility ratings to prevent familiarization effects (i.e., so that listeners
would not become biased in their ratings by hearing the same passage repeatedly). In addition, prior work found acoustic
measures of vowel space were correlated with speech intelligibility on the same stimuli [4], thus the current work sought to
extend this to differing stimuli. The current study assessed if the relationship between vowel space measures and intelligi-
bility was maintained when calculated over differential stimuli from the same speaker.

John thought that he'd wait until after he teed off to eat, but he had to eat soon so he
wouldn't feel bad. Luckily, he'd hid a tid bit of chocolate in his golf bag that he had won with
a high bid. He reached into his bag to grab a tad, but the group behind him booed and
started giving him 'tude. He looked at his partner and said, "Who'd do that? He probably
should have had one less toddy!" As he rushed to make his shot, a bead of sweat dripped
down his face and his body went stiff. Luckily, his wife called out, "You've got this, hotty!" He
loosened up and made the shot!

Fig 1. Corner vowels reading passage. A reading passage containing multiple instances of all American English corner vowels. For the vowel/a/, the
words ‘John’, ‘probably’, ‘toddy’, ‘shot’, ‘body’, and ‘got’ were used. For the vowel/i/, the words ‘He’d’, teed’, ‘eat’, ‘feel’, ‘reached’, and ‘bead’ were used.
For the vowel/u/, the words ‘soon’, ‘group’, ‘booed’, “tude’, who’, and ‘do’ were used.

https://doi.org/10.1371/journal.pone.0353680.9001
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For intelligibility ratings, the SIT recordings from the speaker groups were amplitude-normalized, mixed with multi-
speaker babble from four male and four female speakers (who were not part of either speaker group), and presented to
the listeners. The multi-speaker babble was mixed in with speech stimuli at a 1-dB signal-to-noise ratio (based on pilot
testing at 0, 1, 1.5, and 2 dB) to prevent ceiling effects and increase ecological validity [33,34]. The pilot testing consisted
of three listeners rating all stimuli at the different signal-to-noise ratios and assessing the first level without noticeable
ceiling effects (i.e., majority of stimuli being 100% intelligible). All stimuli were presented to listeners in a randomized order
via headphones (Sennheiser 280 Pro HD). The headphone output was set at 60—70 dB SPL as in prior work [28] based
on the typical intensity range of conversational speech [35]. These intelligibility ratings were previously published as part
of a larger study [26].

During the rating task, listeners were provided with a definition of speech intelligibility as “the degree to which a speak-
er's message can be recovered by a listener” and asked to use a visual analog scale (VAS) for their ratings [36]. The
VAS for speech intelligibility ranged from 0 (minimum) to 100 (maximum). Based on prior work which found that both
orthographic transcription and visual analog scale measures of speech intelligibility demonstrated relations to vowel space
metrics [4], the current work chose to use visual analog scale ratings to reduce the rating time burden on listeners [28].
The definition for intelligibility remained on a computer screen next to the participant for the duration of the study. Each
listener was presented with five sentences from each speaker in the PwPD and control groups followed by a randomly
selected 10% of repeated sentences for intra-rater reliability. This resulted in 308 sentence ratings per listener. Intra-rater
and interrater reliabilities were calculated via two-way mixed effects intraclass correlations (ICCs) across listeners.

Data analysis

All measures of vowel space were extracted from the same speech stimuli using the custom reading passage containing
all American English corner vowels (Fig 1). The tVSA and VAI were extracted from vowels at the word-level, whereas
the AAVS was calculated for the first two sentences of the passage. Thus, the tVSA and VAI were calculated from each
instance of the three corner vowels in American English (/a/,/i/, and/u/) and the AAVS was calculated from the full F, and
F, trajectories in the first two sentences of the passage.

For the token-based measures (tVSA and VAI), six instances of each vowel (/a/,/i/, and/u/) were extracted from specific
words containing the vocalic nuclei using Praat software [37]. For the vowel/a/, the words ‘John’, ‘probably’, ‘toddy’, ‘shot’,
‘body’, and ‘got’ were used (six tokens). For the vowel/i/, the words ‘He’d’, teed’, ‘eat’, ‘feel’, ‘reached’, and ‘bead’ were
used (six tokens). For the vowel/u/, the words ‘soon’, ‘group’, ‘booed’, “tude’, who’, and ‘do’ were used (six tokens). Since
the vowels were embedded in words during connected speech, the maximum stable region of the vowel was used for
analysis. The maximum stable portion was determined visually and evaluated by three researchers and the findings were
compared. For any discrepancies, formant tracking settings were discussed as a team to finalize the parameters. For
each vowel instance, the average first formant (F,) and second formant (F,) values were calculated in hertz (Hz) across
the selected region by using the ‘Get Formant’ feature in Praat. Formant estimation was optimized for each speaker using
the formant setting in Praat (i.e., number of formants, maximum formant value, and window length). Individualized settings
were saved for each speaker and reviewed by all three analyzers to ensure agreement. The F, and F, values across all
instances were averaged by vowel, yielding one F, and one F, value in for each vowel that was used to calculate the tVSA
(abs(F /il * (F,Jal = F,Jul) + F.lal * (FJul = F,/il) + F./ul * (F,/il - F,/a/))/2 based on [9]) with units of kHz2. The tVSA reflects
the size of the articulatory working space, thus, a larger value corresponds to a larger articulatory working space. The
same F, and F, values were used to calculate the unitless ratio yielding VAI ((F,/i/ + F./a/)/ (F /il + FJa/+ F /ul + F /u/) based
on [9]). For VAI, a larger value also indicates a larger range in articulatory working space with typical speech expected to
have a value around 1.

For the trajectory-based measure (AAVS), the first two sentences of the custom reading passage were used (Fig 1). All
non-vocalic portions of the speech stimuli were removed using a custom MATLAB [38] script interfacing with a Praat script
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provided in in prior work [39]. The output files were manually checked to ensure only vocalic portions were included. Using
Praat, the F1 and F2 trajectories in Hz were then extracted from the samples with only vocalic portions. For each speaker,
the formant settings from the token-based analysis were used as a starting point. If necessary, the formant settings were
further adjusted and saved for each speaker. The final formant trajectories were reviewed by three analyzers to ensure
agreement. Next, MATLAB was used to calculate the AAVS on the extracted formant trajectories using methods detailed
in prior work [7,40]. The F, and F, trajectories in Hz that were extracted from Praat were read into MATLAB to calculate
the square root of the generalized variance of the two formant trajectories as the AAVS in kHz? for each speaker [7,14].
Since AAVS reflects the variance in F, and F, trajectories, a larger AAVs value is associated with a larger articulatory
working space.

Speech intelligibility ratings were averaged across the five sentences for each speaker and then averaged across the
set of listeners. Thus, one speech intelligibility rating was calculated for each speaker. Based on prior work, an intra-rater
reliability of 0.6 was set as a cut-off value to include a listener’s ratings [41] and all listeners in the study met this criterion.
The average intra-rater reliability ICC(3,1) was 0.851 and the interrater reliability ICC(3,1) was 0.769.

Statistical analysis

Given that all metrics were extracted from the same stimuli, correlations were first assessed across the three vowel met-
rics. Pairwise Pearson Correlations showed that VAl and tVSA had a correlation of 0.772, AAVS and tVSA had a correla-
tion of 0.771, and AAVS and VAI had a correlation of 0.496. To account for the correlation across the metrics, separate
statistical models were built for each metric.

To address Aim 1, to determine how acoustic measures of vowel space area perform when quantifying differences
between PwPD and controls, three analyses of variance (ANOVAs) were used to assess the effect of group (PwPD and
controls), sex (female and male), and their interaction for tVSA, VAI, and AAVS. Since a main effect of sex has been
reported in prior work examining vowel space area measures [7], sex was included as a variable in all ANOVAs. Factor
effect sizes were quantified using the squared partial curvilinear correlation npz. Post-hoc Tukey tests were used to deter-
mine the direction of relationships.

For Aim 2, to determine which acoustic measure of vowel space was best at discriminating between groups, three
binary logistic regressions and resulting receiver operating characteristic (ROC) curves were used. Each model assessed
one of the vowel space metrics (tVSA, VAI, and AAVS) as predictors of group (PwPD and controls). The area under the
curve and R? values from the binary logistic regressions were used to assess the models and determine how well each
acoustic metric alone could predict group status.

For Aim 3, to determine which acoustic measure of vowel space was most related to speech intelligibility, a base model
(with only group and sex as predictors) was compared to three linear regressions with the addition of each vowel metric
(tVSA, VAI, and AAVS) as predictors of speech intelligibility ratings. Group (PwPD and controls) and sex (female and
male) were used as categorical predictors in all models. All statistical analyses were performed using Minitab 19 software.
For statistical analyses, a Bonferroni correction was applied to the alpha level of 0.05 to account for multiple comparisons;
thus, the alpha level was set to 0.016.

Results

For the first study aim, ANOVAs were used to test the effect of group, sex, and their interaction on tVSA, VAI, and AAVS.
The alpha level was set to 0.016 to correct for multiple comparisons. The ANOVAs all revealed a significant and large
effect of group (PwPD and controls) on vowel space measures (Fig 2). Group was statistically significant in all models
(VAI: df=1, F=11.50, p=0.001, np2=0.18, large effect size; tVSA: df=1, F=9.34, p=0.004, np2=0.15, large effect size;
AAVS: df=1, F=9.31, p=0.004, np2=0.15, large effect size). Post-hoc Tukey tests revealed that PwPD had reduced val-
ues compared to controls across the three measures: VAI (PwPD: M=0.94 and SD=0.08, controls: M=0.97, SD=0.08),
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tVSA (PwPD: M=193.28 kHz?, SD =62.6 kHz?, controls: M=236.15 kHz2?, SD=72.1 kHz?), and AAVS (PwPD: M=4601.7
kHz?, SD=412.0 kHz?, controls: M=4803.7 kHz2, SD=384.2 kHz?).

The ANOVAs revealed a significant effect of sex on tVSA and AAVS values, with a large effect size (tVSA; df=1,
F=47.95, p<0.001, np2=0.48, large effect size; AAVS: df=1, F=47.33, p<0.001, np2=0.48, large effect size). There
was no significant effect of sex for the VAI (p=0.02). Post-hoc Tukey tests revealed that females had larger values of
vowel space metrics compared to males for both tVSA (females: M=263.3 kHz2, SD=60.5 kHz?;, males: M=166.15 kHz?,
SD=51.6 kHz?) and AAVS (females: M=61.13 kHz?, SD =16.54 kHz?;, males: M=38.82 kHz2, SD=9.79 kHz?). There was
no significant interaction between sex and group for AAVS (p=0.042), tVSA (p=0.08), or VAI (p=0.15).,

For the second study aim, binary logistic regressions were used to yield the ROC curves and determine how well tVSA,
VAI, and AAVS measures alone could predict group status (PwPD or control). All acoustic metrics were statistical predictors
of group status. The binary logistic regressions (Fig 3) revealed the largest area under the curve for VAI (0.73), followed
by tVSA (0.64) and then AAVS (0.63). The models were each validated using the Pearson goodness-of-fit tests to examine
whether experimental findings matched the theoretical distribution of the data. For all three measures, the model passed
the goodness-of-fit test. However, the binary logistic regression results suggested that all models had poor fits (R?<0.113).

For the third aim of the study, linear regressions were used to assess whether tVSA, VAI, and AAVS were statistical
predictors of speech intelligibility with group and sex as categorical predictors. Intelligibility ratings (Fig 4) ranged from
46% — 84% for the control group and from 9% — 84% in the PwPD group (S1 File). First a base model was build using
only group and sex as predictors. Group (df=1, F=10.47, p=0.002, VIF =1.00) was a statistical predictor of intelligibility
ratings and sex did not show a significant effect (p=0.04, VIF=1.00). The base model had an AlCc of 476.7. Next, the
base model was compared to three models where each vowel metric was added. For all models, the VIF values remained
below 5. The VAI model showed that VAI was statistically associated with speech intelligibility (VAI: df=1, F=10.66,
p=0.002, VIF=1.29), whereas group (p=0.057, VIF=1.18) and sex (p=0.276, VIF =1.11) were not significant predictors.
The VAI model had an AlCc of 468.7. The tVSA model showed that tVSA was also statistically associated with speech
intelligibility (df=1, F=10.18, p=0.002, VIF=2.01) and group (p=0.034, VIF=1.14) and sex (p=0.578, VIF=1.18) were
not significant predictors. The tVSA model had an AlCc of 469.2. For the trajectory-based measure AAVS model, AAVS
was not a statistical predictor of intelligibility (p=0.022, VIF =1.97) and neither were group (p=0.021, VIF=1.13) and sex
(p=0.976, VIF=1.84). The AAVS model had an AlICc of 473.4. In the VAl model, 35% of the variance in speech intelligibil-
ity ratings was explained by VAl values (R 2=0.349). In the tVSA model, 34.5% of the variance in intelligibility ratings was
explained by tVSA values (R 2=0.345).
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Discussion

The current study assessed three acoustic measures of vowel space, calculated from the same connected speech
stimuli, in their ability to (1) quantify speech differences in PwPD compared to controls, (2) discriminate speaker group,
and (3) predict perceived speech intelligibility. The study included two token-based measures (the triangular vowel space
area, tVSA; the vowel articulation index, VAI) and one trajectory-based measure (the articulatory-acoustic vowel space,
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AAVS). All metrics quantified speaker group differences and token-based metrics were statistically associated with speech
intelligibility.

Given that speech changes in PwWPD are very heterogenous across individuals and disease progression, the range in
speech severity for the current study is important to consider alongside the results. Specifically, vowel space metrics may
be less sensitive to milder speech symptoms in PwPD that do not differ substantially from age-matched controls [12].

For this reason, it is possible that the speech severity characteristics of the PwPD groups assessed across the literature
can impact investigations, and comparisons, of vowel space area findings. The PwPD group assessed in this work had

a relatively wide range in speech symptom severity as quantified by their intelligibility-in-noise ratings (mean =54.6%,
ranging from 9% to 84%) compared to the control group (mean=68.1%, range from 46% to 84%). However, despite the
large range in intelligibility, only four speakers appeared to have severe symptoms (i.e., intelligibility below 20%; Fig 4).
Further, the intelligibility ratings for both the PwPD and control groups were somewhat lower than reports in prior work
[42], which may result from different speech severity levels in both the PwPD and the control groups (e.g., presbyphonia)
or different ratios of the multispeaker babble across studies. One prior VAS study of intelligibility in PwPD used the same
multispeaker babble with a lower signal-to-noise of 0 (making the rating task harder) and still reported higher intelligibility
ratings than in the current work [28], suggesting that signal-to-noise ratio did not drive the lower VAS ratings in the current
work.

Comparing token- and trajectory-based vowel space measures in PwPD and controls

For the first aim, all metrics yielded large effect sizes for group when quantifying differences between PwPD and controls.
This result aligns with prior studies on token-based and trajectory-based measures of vowel space that have been able to
quantify speech differences in PwPD [e.g., 6, 9, 13, 15, 16]..

Compared to prior work assessing VAl in PwPD, the values (across both male and female PwPD) in the current work
(M=0.93, SD=0.08) align with earlier VAI findings in PwPD that were calculated using sentence readings in American
English (M=0.95 [13]; M=0.96, SD=0.08 [9]). However, when comparing the current VAI values to previous work in
PwPD extracted from different types of stimuli and languages, the findings do not always align. Speech stimuli appear to
have differential effects on group differences in VAI for PwPD. This is supported by an investigation of Czech speakers
with PD and controls, which found that the VAl was more sensitive to group differences when extracted from sentences
and monologue speech compared to isolated vowels [17]. In addition, VAl values in Belgian French speakers with PD
extracted from phonations of isolated vowels were reported in a similar range to a study in Czech speakers with PD [16].
The PwPD in both studies had average VAI values from isolated vowels of approximately 1.1, which is higher than val-
ues found for the current control group of American English speakers and other reports of VAl extracted from sentences
[9,15,17]. However, the study in Belgian French speakers with PD reported less than a 0.01-point difference between
PwPD and controls [16] compared to a 0.1-point group difference in the group of Czech PwPD compared to controls [17].
Taken together, these findings suggest that there could be stimuli- and language-related factors, in addition to variability
across speech impairments in PwPD, that influence VAl assessments.

When comparing the VAI values in the current work to the literature based, the influence of language is an important
consideration. VAl to quantify speech changes in PwPD, studies that have used the same type of stimuli as the current
work (sentences), but in different languages, show substantially different VAI findings. For example, prior studies of VAI
extracted from sentence stimuli in German speakers with PD have yielded lower VAl measures compared to American
English, regardless of group (M=0.88 for controls and M=0.82 for PwPD [15]; M=0.77 for male controls, M=0.88 for
female controls, M=0.75 for male PwPD, and M=0.84 for female PwPD [5]). The same studies also yielded a smaller
average VAl difference between speaker groups (0.02 to 0.06-point differences [15]) compared to the current work as well
as prior findings for sentence VAl in PwPD in American English and Czech (~1.0 point difference [9,17]). A study in Finn-
ish speakers with PD and controls reported similarly low VAl values, extracted from sentences in a passage reading, with
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minimal group differences (M =0.76 for controls and M=0.75 for PwPD [43]). Another study of VAI in Columbian Spanish
speakers with PD, calculated from sentences, found even lower average values (M=0.67 for PwPD with intelligibility
changes and M=0.75 for PwPD with typical intelligibility) compared to prior work [44]. These collective studies highlight
the need for more multilingual and multi-stimuli investigations of vowel space measures in PwPD to determine measures
that can best quantify speech changes for different languages.

When comparing the tVSA values found in the current work to prior work, they align well with a study assessing
vowels from sentences in American English in controls and PwPD [9]. The previous study used the term “VSA” to refer
to the same calculation as the current tVSA and found similar values for their older adult control group (M=279.5 kHz?,
SD=68.8 kHz?) as reported here (M=223.1 kHz?, SD=78.1 kHz?). Although the PwPD group had higher tVSA values
(M=232.1 kHz?, SD=96.1 kHz? [9]) compared to this work (M=185.5 kHz?, SD=62.6 kHz?), the ranges are overlapping
and higher average values could stem from milder speech severity in the previous study’s PwPD. Interestingly, both
this work and the prior study in older adults and PwPD [9] reported larger values than previous reports of tVSA in young
adult speakers during comfortable speech (M=114.1 kHz?, SD=51.8 kHz? [14]). Although all three studies assessed
tVSA extracted from sentence stimuli in American English, the specific phonetic contexts of the sentences may have
influenced these set of findings. This is also supported by differences in the corresponding VAI values. In the young adult
study [45], speakers had an average VAI of 0.83 during comfortable speech, whereas the current work found larger aver-
age VAl in PwPD (0.92), which is comparable to other average VAl reports in PwPD (0.95 [13], 0.96 [9]). Thus, this adds
further evidence that the phonetic contexts of the stimuli may impact vowel space area comparisons within and across
speaker groups.

Finally, the AAVS values in the current work are also comparable to prior reported ranges for PwPD and controls in
kHz2 [7,14,23], despite the fact that some of the prior studies had fewer participants with PD (12 PwPD [7]; 15 PwPD
[14]). More specifically, the current work’s AAVS findings in PwPD (M=43.37 kHz?, SD=14.9 kHz?) are comparable to
prior AAVS findings in PwPD extracted from habitual sentence reading in American English (M=39.9 kHz2, SD=12.5
kHz2 [14]; M=26.9-49.3 kHz2?, SD=5.7-1.6 kHz2[7); M=38.9-53.7 kHz2, SD=10.1-11.1 kHz? [23]). Similarly, AAVS
values for the group of older adult controls assessed here (M=51.8 kHz?, SD=17.8 kHz?) are within the range of prior
findings (M=46.7 kHz2, SD=8.9 kHz? [14]; M=38.5-64.6 kHz?, SD =5.2—-9.8 kHz2!7!; M=39.7-59.1 kHz?, SD=9.0-12.4
kHz2 [23]). This supports that AAVS is relatively consistent for cross-group comparisons, even with smaller sample
sizes.

To compare the findings to investigations of AAVS in PwPD in mels? [21,22], the AAVS for the current study was also
calculated in mels? by converting the F, and F, formant trajectories using the formula mels=2595 * log10(1 + {formant
value in Hz}/700) from MelFilter in [37]. The current findings for AAVS in mels? (see S1 File) across the full group of
PwPD (M=19.2 mels?, SD=5.3 mels?) were very similar to a previous study in PwPD from sentence readings in Dutch
(M=19.3 mels?, SD=7.0 mels? [22]). The findings are also relatively aligned with another sentence readings study in
Dutch speakers that reported AAVS values in PwPD and controls by sex [21]. In PwPD, the current results for females
(M=20.9 mels?, SD=5.8 mels?) and males (M=18.0 mels?, SD=4.7 mels?) are more strongly aligned with the previous
study for males than females (M=28.8 mels?, SD=7.5 mels? for female PwPD; M=17.5 mels?, SD=4.1 mels? for male
PwPD [21]). When comparing the control group, the current results for both females (M=27.0 mels?, SD=5.3 mels?) and
males (M=19.2 mels?, SD=3.8 mels?) are comparable with the study in Dutch speakers (M=29.5 mels?, SD=7.5 mels?
for females; M=20.3 mels?, SD=4.1 mels? for males [21]). The overall alignment in group findings by sex between the two
studies, except for the female PwPD, suggests that speech symptoms were milder in the prior work for female PwPD [21].
Together with the comparability of the AAVS results to prior work in American English in kHz?2, these collective findings
suggest that AAVS is robust to connected speech across different phonetic contexts in PwPD and controls. Therefore,
there is evidence that AAVS and other trajectory-based measures of vowel space are comparable across different speech
stimuli and languages.
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Using token- and trajectory-based vowel space measures for speaker group detection

For the second aim, the vowel space metrics performed relatively poorly when discriminating speaker groups (R?<0.113).
This result suggests that acoustic features of vowel space alone may be insufficient for adequate group classification, or
that a wider range in dysarthria severity is required. This argument is strengthened by evidence that combining speech
metrics across articulation, phonation, and prosody shows better performance than individual metrics when classifying
PwPD and controls [46] and that vowel space metrics are sensitive to typical vs. dysarthric speech when using a sample
across different speech disorders [18]. Thus, when considering speech acoustics as a possible marker of PD status, mea-
sures of speech that reflect the disruptions in symptoms across all three subsystems (respiratory, laryngeal, and articula-
tory [2]) seem to be necessary to achieve increased classification accuracy.

Relations between vowel space measures and intelligibility

For the third aim, token-based metrics were statistically associated with perceived speech intelligibility. The tVSA and VAI
models suggested a better fit compared to the base model using only group and sex as predictors of speech intelligibility
(reductions in AlCc of 7.5 and 8 for the tVSA and VAl models, respectively). The AAVS model yielded an AlCc reduction of
3.3, however the AAVS was not a statistical predictor of speech intelligibility. This is in line with prior work comparing vowel
space measures in their ability to predict speech intelligibility in speakers with a variety of motor speech disorders (PD,
amyotrophic lateral sclerosis, Huntington’s disease, and cerebellar ataxia), which found that VSA was the best predictor
[4]. The authors assessed token-based measures (VSA and corner dispersion) and trajectory-based measures (vowel
space hull area and vowel space density) in relation to both orthographic transcription and VAS ratings of speech intelli-
gibility. The authors found the token-based VSA model was best at predicting VAS ratings of intelligibility (R?=0.49) when
compared to the other acoustic measures [4]. Taken together, the combined studies support that token-based measures
of vowel space, specifically tVSA and VSA, are strong predictors of speech intelligibility. Although the current study was
specific to PwPD, the prior study of relations between vowel space metrics and intelligibility included speakers with differ-
ent motor speech disorders [4]; thus, token-based metrics of vowel space appear to be well-suited for assessing speech
intelligibility changes across various speech disorders.

The relationships between individual vowel space metrics and speech intelligibility were relatively weak (R?<0.35).

This outcome is somewhat expected, as vowel space metrics alone cannot capture the speech changes present across
all speech subsystems in PwPD, and weak relationships between individual vowel space metrics and speech intelligibility
were also found in prior work [4]. Vowels only capture one aspect of speech changes that reduce perceived intelligibility.
Imprecise consonant articulation, which has been implicated in PwPD [2], can also influence perceived speech intelligibil-
ity. Nonetheless, this work supports that token-based measures such as VAI or tVSA, paired with metrics reflecting other
speech subsystems, are well-suited for follow-up studies aiming to quantify perceptual intelligibility for PwPD.

As noted earlier, the range in speech severity within the group of speakers assessed is important to consider for acous-
tic and perceptual comparisons. Given that the current sample had a wide range in speech intelligibility, it remains unclear
whether vowel space metrics are sensitive to milder changes in speech intelligibility at an individual-level for PwPD or
other motor speech disorders. This question should be explored in future work to determine best-suited metrics for track-
ing changes in speech intelligibility within speakers over time.

Limitations

This study sought to improve our understanding of vowel space metrics for studying acoustic and perceptual changes to
speech in PwPD, but there were limitations of this investigation. Firstly, the current work assessed three acoustic mea-
sures of vowel space based on their demonstrated effectiveness for quantifying speech changes and perceived intelligi-
bility in PwPD; however, there are several measures of vowel space area that could be explored in terms of their ability
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to detect changes across a variety of speech conditions. Thus, conclusions could only be made based on the measures
included. Future work could explore larger studies that compare different motor speech disorders with a wider range in
speech severity and numbers of speech metrics assessed. Additionally, there are still several barriers to clinical applica-
bility (e.g., time burden, training requirements, automation potential, stability metrics, and minimal detectable change) that
need to be addressed to assess whether these vowel metrics are also clinically meaningful.

Another limitation is that the vowel space measures and the intelligibility ratings were calculated from differential
speech stimuli. Moreover, two PwPD in the study did not record the SIT sentences, so a set of five separate unique con-
nected speech sentences extracted from other stimuli were used for these speakers. Although all stimuli involved reading
connected speech, the differing phonetic content could have affected the strength of the relationship between the acous-
tic measures and perceptual intelligibility ratings. This methodological choice was done to prevent familiarization effects
during the intelligibility rating task, since the vowel space metrics were calculated from a custom passage reading that
was the same across all speakers. As a result, the current methods also extended previous findings of a relation between
vowel space measures and intelligibility ratings using the same stimuli [4] to assess whether the relationship remains
when calculated from differential stimuli. Despite the possible effects of differing connected speech stimuli on the relation
between vowel space and intelligibility, a statistical relationship was found for token-based metrics. This result suggests
that speech elicited across different sentence reading contexts are similarly reflective of speech intelligibility changes in
PwPD when using token-based metrics. However, it is unclear how the current results would generalize to other types of
connected speech (e.g., a picture description task or spontaneous speech) so this possibility needs further investigation.

For the AAVS calculations, it is possible that the length of the sample influenced the study findings. Namely, continuous
vowel formants across two sentences may not be as representative as a longer speech utterance (e.g., a full reading passage).
Prior work found that AAVS across a single sentence of the Rainbow passage was sensitive to changes in speech clarity [7,10];
however, the influence of the length of the speech sample on AAVS calculations should be further explored in future work.

The current work is also limited by the inclusion of one language group (American English), so it was not possible to
explore possible linguistic influences on the sensitivity of vowel space area metrics to speech changes in PwPD. Given
the conflicting findings across languages (reviewed above) for the sensitivity of the vowel metrics in PwPD, and toward
improving global speech assessment for PwPD, additional work is needed to determine sensitive acoustic metrics for
PwPD in more languages.

Conclusion

When assessing vowel space metrics that are token-based (triangular vowel space area, tVSA, and the vowel articulation
index, VAI), and trajectory-based (articulatory-acoustic vowel space, AAVS) from the same stimuli, the current work found
that: (1) all metrics yielded group differences between PwPD and controls, especially for female speakers; (2) all three
acoustic measures performed poorly at distinguishing speaker groups; and (3) token-based metrics were associated with
perceived speech intelligibility. Future work is needed to assess whether these findings are generalizable to other motor
speech disorders as well as across different speech stimuli and languages.
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