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ABSTRACT

Purpose: Parkinson’s disease (PD) results in hypokinetic dysarthria in as many
as 90% of cases. Among the most distinctive features of hypokinetic dysarthria
are atypical timing and articulatory imprecision in speech production. Here, we
examined the contributions of perceived speech timing typicality and articula-
tory precision, both on their own and while controlling for the other, on intellig-
ibility and naturalness in speakers with PD.

Method: Twenty speakers with PD and four healthy older adults read aloud the
first paragraph of the Rainbow Passage. Twenty inexperienced listeners with
typical hearing listened to these recordings and rated intelligibility, naturalness,
timing typicality, and articulatory precision using separate visual analog scales.
Ratings were averaged across listeners and entered into linear regression
models with intelligibility and naturalness as dependent variables and timing
typicality and articulatory precision as independent variables in each.

Results: Articulatory precision, but not timing typicality, was positively corre-
lated with intelligibility on its own, but neither was associated with intelligibility
after accounting for the other. Both timing typicality and articulatory precision
were positively correlated with naturalness on their own as well as after control-
ling for the other variable.

Conclusion: These results contribute to the overall understanding of speech
factors associated with intelligibility and naturalness in speakers with PD and
indicate that considering the unique contributions of related perceptual con-
structs may provide more information than bivariate relationships alone.

Parkinson’s disease (PD) is the second most com-
mon neurodegenerative disease (Tysnes & Storstein, 2017)
and affects approximately 1 million individuals in the
United States (Marras et al., 2018). Although principally
characterized by its effects on gross motor skills such as
gait, PD results in speech impairment (typically, hypoki-
netic dysarthria) in as many as 90% of individuals (Ho
et al., 1999; Logemann et al., 1978), leading to reduced
communicative participation (McAuliffe et al., 2017), neg-
ative mental health outcomes (Moya-Galé & Levy, 2019),
and reduced quality of life (Miller et al., 2006; Moya-Galé
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& Levy, 2019). Despite this high prevalence and signifi-
cant impact, current pharmacological and neurosurgical
treatments do not adequately address speech symptoms
(Fabbri et al., 2017; Ho et al., 2008; Moya-Gal¢ & Levy,
2019). Popular evidence-based speech therapy protocols
for people with PD (PwPD) are often a “one size fits all,”
typically focusing on addressing hypophonia (Pu et al.,
2021). Given that hypokinetic dysarthria affects not only
loudness and pitch variation but also articulatory preci-
sion and speaking rate, rhythm, and fluency (Darley
et al., 1969), an exclusive focus on one speech characteris-
tic may not be sufficient. Determining the extent to which
features of hypokinetic speech contribute to clinically rele-
vant outcomes may inform the development of more com-
prehensive therapies.
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Two such outcomes that are commonly evaluated in
individuals with dysarthria and used as targets in speech
therapy are intelligibility and naturalness (Yorkston et al.,
2010). Intelligibility is typically defined as the degree to
which a speaker can be understood by a listener (Kent
et al,, 1989) and may be used as a measure of speech
impairment and a target for improvement in speech ther-
apy (Klopfenstein et al., 2020). Naturalness, on the other
hand, is related to how speech sounds in comparison to the
expectations of the listener, given a particular context. In
this regard, naturalness may be more closely aligned with
the prosodic components of a speech utterance. The main
components of prosody, namely, changes in loudness, pitch,
and timing (Cole, 2015), serve to provide additional context
about what is being said, including the intended focus or
intention of the utterance (e.g., statement vs. question), the
speaker’s emotions (e.g., excited vs. scared), and hidden or
nonliteral meanings (e.g., sarcasm).

Among the most distinctive features of hypokinetic
dysarthria are abnormalities in the production of speech tim-
ing (Darley et al., 1969; Ho et al., 1999; Logemann et al.,
1978), including fast or slow rate, intermittent rushes of
speech, increased or decreased pause time, and disfluencies
(Duffy, 2020), with increasing prevalence in those with
greater speech impairment (Ho et al., 1999). Another highly
characteristic feature of hypokinetic dysarthria in PD is
reduced articulatory precision, including “slurring, inade-
quate sharpness, distortions, and lack of crispness” as well as
“clumsiness in going from one sound to another” (Darley
et al., 1969, p. 268; Duffy, 2020; Plowman-Prine et al., 2009,
p. 144). This auditory-perceptual construct is often associated
with terms such as speech clarity (Tjaden, 2000; Whitfield &
Goberman, 2017), distinctiveness (Knowles et al., 2021), or
accuracy (Chiu et al., 2021; Jiao et al., 2017), as well as with
articulatory and acoustic measures such as range of articula-
tor movement (articulatory undershoot; Duffy, 2020), degree
of closure on stop consonants (Ackermann & Ziegler,
1991; Logemann & Fisher, 1981), and vowel space area
(Fletcher et al., 2017; Rusz et al., 2013), each of which is
atypical in PwWPD (Ackermann & Ziegler, 1991; Kearney
et al., 2017; Logemann & Fisher, 1981; Rusz et al., 2013;
Skodda et al., 2011; Tjaden & Wilding, 2004; Walsh &
Smith, 2012; Weismer, 1984; Whitfield & Goberman, 2014).

While representing distinct perceptual variables,
articulatory precision and speech timing may be directly
related to one another in speakers with PD. Fletcher et al.
(2017) found that auditory-perceptual ratings of articula-
tory precision in speakers with various dysarthria subtypes
were significantly related to acoustic rate and rhythm
measures. Furthermore, it has been suggested that articu-
latory imprecision contributes to a perception of increased
speaking rate in PwPD (Netsell et al., 1975; Tjaden,
2000), although there are currently no published data

from PwPD to support this. Acoustically, habitual speak-
ing rate is significantly related to articulatory distinctness
in both healthy older adults and PwPD, such that people
who speak more slowly tend to have a larger vowel space
(Fletcher et al., 2015; Knowles et al., 2021) and more dis-
tinct voice onset times between voiced and voiceless stop
consonants (Knowles et al., 2021). In studies in which rate
was explicitly modulated, vowel space increased in slow
compared to habitual conditions in typical speakers
(Knowles et al., 2021; Tjaden & Wilding, 2004), but
effects were mixed in PwPD (Knowles et al., 2021; McRae
et al., 2002; Tjaden & Wilding, 2004). These relations
complicate the task of assessing the relationships of speech
timing and articulatory precision with intelligibility and
naturalness for the purpose of improving therapy. The
next sections highlight what is currently known about
these relationships before turning to the present study,
which seeks to disentangle these effects.

Speech Timing and Intelligibility in PD

The relationship between atypical timing characteris-
tics of hypokinetic dysarthria and intelligibility is complex.
Perceptually, high correlations between ratings of deviation
in various timing characteristics (e.g., short rushes, variable
rate, and fast rate) and reduced intelligibility have been
found in PwPD (Darley et al., 1969). However, a later
investigation did not corroborate these results (Plowman-
Prine et al., 2009). Acoustically, one study found that indi-
cators of disfluency, including repetitions, omissions, and
pauses, could explain 54% of the variance in overall intel-
ligibility in PwPD, even after accounting for dysarthria
severity (Liu et al., 2022). Furthermore, when speaking rate
was intentionally reduced in PwPD, some studies found
improved intelligibility (Blanchet & Snyder, 2010; Martens
et al., 2015; McAuliffe et al., 2014), whereas others found
no effect (Tjaden et al., 2014; Tjaden & Wilding, 2004; van
Brenk et al., 2022; Van Nuffelen et al., 2010) or impaired
intelligibility (Van Nuffelen et al., 2009). These discrepan-
cies may be explained by potential differences in speakers’
habitual speech characteristics (Fletcher et al., 2017). Thus,
there is currently mixed evidence for a relationship between
speech timing characteristics and intelligibility.

Speech Timing and Naturalness in PD

Because timing is an important component of pros-
ody and prosody is an important component of natural-
ness, there is an expected link between speech timing char-
acteristics and naturalness. Furthermore, components of
speech timing, such as rate, rhythm, and stress, are often
explicitly included in operational definitions of naturalness
(Yorkston et al., 2010), making timing an intrinsic compo-
nent of naturalness judgments. However, there is little to
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no direct evidence of an association of these percepts.
Darley et al. (1969) found high correlations (r > .5) in PD
between the perception of inappropriate silences, short
rushes of speech, and the variable rate and perception of
bizarreness, which could be considered the opposite of
naturalness. Acoustically, faster articulation rate and
shorter syllable durations were associated with reduced per-
ceived naturalness in a within-speaker correlation analysis
in PD (Klopfenstein, 2015). Relevant to speech therapy,
rate reduction may have a negligible or detrimental effect
on naturalness (Tjaden et al., 2014; Yorkston et al., 1990),
potentially due to changes in prosodic contrasts. These
studies suggest that naturalness is intrinsically related to
speech timing, but evidence is either scant or indirect.

Articulatory Precision and Intelligibility in PD

Articulatory imprecision is highly correlated with
intelligibility in PD (Darley et al., 1969; Plowman-Prine
et al., 2009). Acoustic correlates and direct measures of
articulator movement also show significant correlations
with intelligibility in PwPD (Kearney et al., 2017; Tjaden
& Wilding, 2004; Weismer et al., 2012). Finally, intellig-
ibility is increased in speaking conditions in which articu-
latory distinctiveness is cued (i.e., clear speech; Stipancic
et al., 2022; Tjaden et al., 2014; van Brenk et al., 2022).
Overall, there is strong evidence for a relationship between
articulatory precision and intelligibility in PD.

Articulatory Precision and Naturalness in PD

Interestingly, the relationship between articulatory
precision and naturalness has been relatively underex-
plored. A single study has collected listener ratings of both
naturalness and articulatory precision in PwPD, with the
goal of predicting cognitive function (Brown & Spencer,
2023); although they did not examine the relationship
between these variables, calculations based on their pub-
lished values indicate a Pearson’s r of .84. Additional indi-
rect evidence comes from the acoustic measure of voice
onset time, a cue for distinguishing voiced and voiceless
stop consonants that was found to be a significant predictor
of speech naturalness in individuals who stutter posttherapy
(Metz et al., 1990). PwPD show a reduced contrast in
this measure between voiced and voiceless consonants
(Hammer, 2013; Knowles et al., 2021). Thus, articulatory
precision is potentially related to naturalness in PwPD, but
this relationship has not yet been explicitly examined.

Summary and Motivation for
the Present Study

Together, the aforementioned studies provide sub-
stantial evidence of a relationship between speech timing

and intelligibility and between articulatory precision and
intelligibility, with fewer demonstrated relationships between
these features and naturalness. However, given the poten-
tial relationship between articulatory precision and speech
timing, it is difficult to determine whether correlations
between these features and intelligibility and naturalness
are independent, whether the relationship of one feature is
driving correlations from another feature, or whether these
findings are due to some underlying feature that explains
variability in both speech features. Understanding these
separate contributions to intelligibility and naturalness
and their relative importance has clinical implications for
selecting the most effective therapy for an individual given
a limited amount of therapy time. For example, if improv-
ing speech naturalness is a therapy goal and articulatory
precision does not affect naturalness beyond what is
explained by speech timing, focusing only on modifying
speech timing (and not articulatory precision) would be
the most efficient way to achieve the goal. The over-
whelming majority of studies examining these relation-
ships in PwWPD and both studies focusing on auditory-
perceptual ratings (Darley et al.,, 1969; Plowman-Prine
et al.,, 2009) evaluated each feature’s effect separately
using bivariate correlations (e.g., articulatory precision vs.
intelligibility), which precludes understanding their separa-
ble contributions. A single study has used multiple regres-
sion to understand the dissociable effects of auditory-
perceptual features on intelligibility in dysarthria (De Bodt
et al., 2002). However, this analysis was carried out on
speakers with a variety of dysarthria subtypes, and indi-
vidual speaker characteristics were not included, making it
difficult to translate specifically to PD.

In the present study, we sought to expand upon pre-
vious research by assessing the extent to which inexperi-
enced listeners’ perceptions of speech timing and articula-
tory precision contribute to their perceptions of intelligibil-
ity and naturalness. We additionally assessed whether
these relationships were significant after controlling for
the effects of the other variable. To do so, we used a
global measure of a listener’s perception of speech rate
and rhythm, termed timing typicality. This was motivated
by a desire to quantify the overall severity of speech timing
deviations in PD separate from other prosodic components
while providing efficiency over the 10 auditory-perceptual
features related to speech timing used in previous work
(Dimensions 22-31 in the Appendix section of Darley
et al., 1969). We hypothesized that, based on prior work
associating speech timing percepts and imprecise conso-
nants with both intelligibility and bizarreness (Darley et al.,
1969; Plowman-Prine et al., 2009), both timing typicality
and articulatory precision on their own would be signifi-
cantly related to both intelligibility and naturalness as rated
by inexperienced listeners. It is unclear, however, whether
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these correlations will remain significant when the other
variable is controlled for. On the basis of the high bivariate
correlation values in Darley et al's (1969) study, we
hypothesized that both perceived speech timing typicality
and articulatory precision would be significantly associated
with both intelligibility and naturalness, even after taking
the effects of the other into account. Thus, both timing and
articulation percepts would contribute unique information
to explain variation in both intelligibility and naturalness.

Method

In this study, a cohort of young adults with typical
speech, language, and hearing listened to speech samples
from people with and without PD and made auditory-
perceptual judgments about four aspects of their speech:
intelligibility, naturalness, timing typicality, and articula-
tory precision. All participants (speakers and listeners)
provided informed consent through the Boston University
Institutional Review Board or the University of Washing-
ton Institutional Review Board, and all participants
received compensation for their time.

Speakers

Speech recordings were selected from our labora-
tory’s database of 165 individuals with idiopathic PD and
127 older adults with no speech, language, or neurological
disorders. The first author selected a subset of 92 individ-
uals with PD exhibiting a wide variety of timing and artic-
ulatory atypicalities (including some with very typical
speech) using his auditory-perceptual judgment. A certified
speech-language pathologist with 8 years of experience lis-
tening to speech in PwPD listened to speech samples from
this subset and provided preliminary scores of intelligibil-
ity and naturalness for each using separate visual analog
scales (VASs; see a description of the stimuli, VAS task,
and instructions in subsequent sections). To maximize the
ability to detect correlations of interest specific to intellig-
ibility or naturalness in the final analysis, a preliminary
procedure was carried out to reduce the (potential) corre-
lation between intelligibility and naturalness. As in the
work of Anand and Stepp (2015), speakers were grouped
into four quadrants using these preliminary scores: (a)
high intelligibility and high naturalness, (b) high intellig-
ibility and low naturalness, (c) low intelligibility and high
naturalness, and (d) low intelligibility and low naturalness.
Preliminary data were then plotted, and select speakers
were removed from each quadrant based on their prelimi-
nary scores to leave an approximately equal distribution
across quadrants, a uniform continuum of speech natural-
ness and intelligibility, and a balance of male and female
speakers. A preliminary Pearson correlation analysis was

computed to confirm that naturalness and intelligibility
were not significantly correlated (r = .12, p = .57).

This speaker selection process yielded a sample of
20 PwPD (10 men, 10 women') ranging in age from 46 to
81 years (M = 69.7, SD = 7.7) and with times since diag-
nosis from 1 to 20 years (M = 9.0, SD = 5.8). Recordings
from all speakers were collected during the “ON” phase
of their medication. To provide a rough reference for how
PwPD were rated compared to speakers with no neurolog-
ical disorder, four control speakers who reported typical
speech, language, and hearing were selected, approxi-
mately matching the sex (two men, two women; Van
Nuffelen et al., 2009) and age (range: 64-77 years, M =
70.7, SD = 5.4) of the group of PwPD. The same certified
speech-language pathologist who provided preliminary
scores also rated the overall severity of dysarthria on a
scale from 0 (no signs of dysarthria) to 100 (very severe
dysarthria). Dysarthria severity scores ranged from 10 to
65 (M = 27.7, SD = 14.0). See Table 1 for complete
demographic information.

Speech Stimuli

Recordings consisted of each speaker reading the
first six sentences of the Rainbow Passage (Fairbanks,
1960). For each construct in the auditory-perceptual lis-
tening experiment, listeners were presented with 24 record-
ing samples (one from each speaker) and five (20%)
repeated samples in order to calculate intrarater reliability.
As timing and articulation are, to a large degree, depen-
dent on the phonetic and contextual content of a speech
sample, the same stimuli were used for all participants to
maintain valid comparisons. Any stuttering behaviors
were intentionally left in recordings to reflect the natural
components of individuals’ speech timing behaviors. All
stimuli were amplitude-normalized such that the root-
mean-square of the amplitude signal was the same across
recordings. Multitalker babble was added to the samples
during judgments of intelligibility at a signal-to-noise ratio
of 0 dB to increase ecological validity and to avoid ceiling
effects based on pilot testing (Tjaden et al., 2014). This
multitalker babble comprised recordings of four male and
four female older adults with typical speech not included
in the data set (as in Abur et al., 2021). Multitalker babble
was not added to the samples for ratings of the other con-
structs because it could have made it more difficult to per-
ceive the important aspects of the actual speech signal,
leading to less accurate estimates of those features.
Although this may have reduced the ability to detect signif-
icant correlations between timing typicality and intelligibil-
ity and between articulatory precision and intelligibility, it

!Gender information was not available for this sample.
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Table 1. Speaker demographics.

Years
since Dysarthria
Speaker ID Sex Age diagnosis | severity®
PDO1 F 59 18 25
PD02 F 70 7.5 60
PDO3 F 68 17 25
PD04 F 66 11 25
PDO05 F 76 10 15
PD06 F 77 16 35
PDO7 F 68 3 20
PDO08 F 77 12 25
PD09 F 68 6 30
PD10 F 68 5 10
PD11 M 73 20 25
PD12 M 69 2 25
PD13 M 46 10 30
PD14 M 71 9 65
PD15 M 66 15 10
PD16 M 81 2 40
PD17 M 75 1.5 20
PD18 M 79 6.5 18
PD19 M 71 2 25
PD20 M 66 7 25
Co1 F 64 5
Cco02 F 77 5
C03 M 70 0
Co4 M 72 0

Note. PD = speakers with Parkinson’s disease; F = female; M =
male; C = neurologically healthy control speakers.

@Higher severity ratings are more severe.

was a necessary trade-off that may need to be considered
when interpreting the results.

Listeners

Recordings were presented to 20 inexperienced lis-
teners (seven cisgender men, 10 cisgender women, two
nonbinary people, and one agender person; nine men, 11
women) aged between 19 and 28 years (M = 21.8, SD =
2.4). All listeners’ primary language was North American
English, and they reported no history of speech, language,
hearing, or neurological disorders. All participants passed
a hearing screening using a 25-dB HL cutoff at all tested
frequencies (125, 250, 500, 1000, 2000, 4000, and 8000
Hz; American Speech-Language-Hearing Association,
2005). To ensure that listeners’ perceptions were not
enhanced by previous exposure to speech in individuals
with PD (Borrie et al., 2012), they were excluded if they
were majors or had majored in speech, language, and
hearing science or had any prior experience with auditory-
perceptual ratings of motor speech disorders.

Experimental Procedure

Listeners were seated in a sound-attenuating booth
in front of a computer screen displaying a custom
MATLAB graphical user interface. They were then asked
to make judgments about speech recordings for each of
the four constructs: intelligibility, naturalness, timing typi-
cality, and articulatory precision. Speech samples were
presented through over-the-ear headphones (Sennheiser
HD 280 Pro headphones) in four experimental runs (one
for each construct) of 29 trials (one sample from each
speaker plus five repeated samples). During the session,
participants were first familiarized with descriptions of
intelligibility and naturalness. Intelligibility was defined as
“the degree to which a speaker’s message can be recovered
by a listener” (Kent et al., 1989; p. 483). Naturalness was
defined as how much speech “conforms to the listener’s
standards of rate, rhythm, intonation, stress patterning,
and if it conforms to the syntactic structure of the utter-
ance being produced” (Yorkston et al., 2010; p. 288). Lis-
teners then completed a practice run comprising four
speech samples of control speakers not included in the
experiment in order to get used to the task and provide
feedback on loudness so the experimenter could adjust the
intensity in their headphones to a comfortable level. These
samples underwent the same intensity normalization and
mixture of multitalker babble as the experimental intellig-
ibility samples. Following this, listeners completed the
intelligibility and naturalness runs (first rating all speakers
on intelligibility and then rating all speakers on natural-
ness). The intelligibility run was always completed before
the naturalness run to reduce familiarity effects, especially
since the stimuli for rating intelligibility were presented
with multitalker babble, whereas the other ratings were
completed on samples with nothing added. Participants
were then familiarized with definitions of timing typicality
and articulatory precision. Timing typicality was opera-
tionally defined as “the extent to which a speaker’s speech
cadence is as expected in a typical speaker. Atypical tim-
ing can be halting, rushed, or too evenly paced for the
context. This does not take into account factors like pitch
or loudness.” Articulatory precision was defined as “the
clarity of a speaker’s speech sounds. Imprecise articulation
shows slurring, inadequate sharpness, distortions, lack of
crispness and clumsiness in going from one sound to
another” (adapted from Plowman-Prine et al., 2009, and
Darley et al., 1969). The order of the timing typicality
and articulatory precision runs was counterbalanced
across participants to minimize potential order effects.

Within each run, samples were presented in a ran-
dom order that was different for each listener. Further-
more, the five repeated samples were randomly selected
for each listener and were always presented (in a random
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order) at the end of the run. On a given trial, listeners
were presented with a horizontal sliding bar and were
instructed to rate the sample on a VAS from 0 to 100
according to the construct definition. The end points of
the sliding bar were labeled “0” and “100,” and the
instructions directly above the bar stated, “Please rate the
speech sample from 0 (Completely A) to 100 (Completely
B),” where A and B represent both ends of the continuum
(i.e., completely unintelligible and completely intelligible,
respectively). At the beginning of each trial, the slider was
positioned in the center of the sliding bar (equivalent to
50). The definition of the construct they were rating
remained on screen for the duration of the experimental
run. The speech sample could be played up to two times
before submitting their rating (as in Abur et al., 2021),
but listeners had to listen to the entire sample at least once
to ensure comparable stimuli were rated by all listeners.
Breaks could be taken at any time.

Despite the use of speech samples from our labora-
tory’s database, none of the outcome data from this article
have been reported previously. All auditory-perceptual
tasks were completed explicitly for this study.

Statistical Analysis

All statistical analyses were carried out using either
RStudio (Version 2013.06.1) or custom MATLAB scripts.
Intra- and interrater reliability were assessed using intra-
class correlation coefficients (ICCs) with ratings from both
PwPD and control speakers. Intrarater reliability was
determined using the formula ICC(A, 1) because the
repeated ratings did not systematically differ and single-
rater values were of most interest. Interrater reliability
was determined using the formula ICC(C, k) because the
repeated ratings systematically differed by listener and the
reliability of the group average was of most importance
for the present study (Koo & Li, 2016; McGraw & Wong,
1996). Note that because ICC(C, k) evaluates reliability
based on the average of several ratings, it is inherently
more reliable than the intrarater reliability metric. This
measure is consistent with prior auditory-perceptual litera-
ture of intelligibility (e.g., Knowles et al., 2021; Tjaden
et al., 2014; van Brenk et al., 2022). ICC values were classi-
fied as poor (less than .5), moderate (.5-.75), good (.75-.9),
and excellent (greater than .9) reliability according to the
guidelines of Koo and Li (2016). Because the spread of
values across repeated trials was large for some participants
and small for others, we also calculated absolute mean dif-
ference scores between the first and second repeated sam-
ples as an additional measure of intrarater reliability.

Linear regression models were used to determine the
association between independent (timing typicality and
articulatory precision) and dependent (intelligibility and

naturalness) variables of interest. All models only included
ratings of PwPD so that the results specifically pertained
to this population. We first assessed whether our depen-
dent variables of interest (intelligibility and naturalness)
were correlated using Pearson product-moment correla-
tions to determine the degree to which results may have
been affected by dependent variables that were related to
one another. We then constructed four regression models
in which the bivariate relationships between articulatory
precision and timing typicality as independent variables
and intelligibility and naturalness as dependent variables
were assessed, including the associated coefficients of
determination (R?). Two multiple regression models were
then constructed to assess the unique associations between
the independent and dependent variables and the amount
of variance (R*) explained by each. The first included
articulatory precision and timing typicality as predictor
variables, with intelligibility as the outcome variable. The
second had the same predictor variables, but the outcome
variable was naturalness. Pearson product-moment corre-
lations between our independent variables as well as vari-
ance inflation factors (VIFs) were calculated to determine
whether multicollinearity would impact separable esti-
mates of each variable. All statistical tests were carried
out with a significance level of o = .05.

The approximate distributions of shared and unique
variance among the variables of each model were visual-
ized with Euler plots (Ip, 2001) using the eulerr package
in R. The area of each segment is proportional to the sum
of squares unique to or shared by the variables as derived
using the aov function in R. As a result, the ratio between
the overlapping and nonoverlapping parts of each variable
is approximately equal to the calculated R>.

Results
Reliability

Intrarater reliability as measured by ICC(A, 1) was
moderate on average and highly variable across listeners for
intelligibility (Mcc = 0.59, SD = 0.33), naturalness (Micc =
0.61, SD = 0.39), timing typicality (Micc = 0.73, SD =
0.22), and articulatory precision (Micc = 0.71, SD = 0.25).
Because repeated ratings had a wider spread of values for
some listeners than others, which could negatively bias ICC
scores, mean absolute difference scores of VAS ratings (out
of 100) were also calculated for intelligibility (M = 14.8,
SD = 7.4), naturalness (M = 16.2, SD = 6.6), timing typi-
cality (M = 12.3, SD = 5.9), and articulatory precision
(M =139, SD = 6.8). Interrater reliability as measured by
ICC(C, k) was excellent for intelligibility (.98), naturalness
(.96), timing typicality (.95), and articulatory precision (.97).
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Association Between Outcome Variables

The relationship between intelligibility and natural-
ness was not significant in PwWPD (r = .28, p = .24), as
expected given the way the sample was selected (see Fig-
ure 1). All four control speakers were found to have
higher naturalness scores than any of the PwPD and
higher intelligibility scores than 70% of the PwPD.

Association Between Independent Variables

There was high correlation between timing typicality
and articulatory precision (r = .75, p < .001, VIF = 2.31
between the two variables in the following models; see
Figure 2).

Predictors of Intelligibility

Linear regressions with each independent variable
evaluated separately found that timing typicality was not
significantly associated with intelligibility, p = .49, #(18) =
1.69, p = .11, R* = .14, but articulatory precision was, p =
.68, 1(18) = 2.44, p = .025, R*> = .25 (see Figure 3). Using
a linear regression model with both timing typicality and
articulatory precision as the independent variables and
intelligibility as the dependent variable, neither timing typ-
icality, p = —.02, #(17) = -0.04, p = .97, nor articulatory
precision, p = .70, #(17) = 1.59, p = .13, was significant
after controlling for the other, and the model did not
explain a significant amount of variance in intelligibility,
R?= .25 F2,17) = 2.82, p = .09.

Predictors of Naturalness

Linear regressions with each independent variable
evaluated separately found that both timing typicality, f =

Figure 1. Mean perceived naturalness plotted as a function of mean
perceived intelligibility. Circles represent average ratings across 20
listeners. The dashed line indicates the least squares fit line for peo-
ple with Parkinson’s disease only. Control = neurologically healthy
control speakers; PD = speakers with Parkinson’s disease.
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Figure 2. Mean perceived timing typicality plotted as a function of
mean perceived articulatory precision. Circles represent average
ratings across 20 listeners. The dashed line indicates the least
squares fit line for people with Parkinson’s disease only. Control =
neurologically healthy control speakers; PD = speakers with Par-
kinson’s disease.
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87, 1(18) = 12.39, p < .001, R*> = .90, and articulatory
precision, p = .7, «18) = 591, p < .001, R*> = .66, were
significantly associated with naturalness (see Figure 4).
Using a linear regression model with both timing typical-
ity and articulatory precision as the independent variables
and naturalness as the dependent variable, both timing
typicality, p = .71, «(17) = 7.32, p < .001, and articulatory
precision, p = .22, #(17) = 2.18, p = .04, were found to be
significant after controlling for the other. The entire model
explained almost all the variance in naturalness, R* = .92,
F(2,17) = 95.2, p < .001.

Discussion

The aim of this study was to examine the contribu-
tions of timing typicality and articulatory precision to
intelligibility and naturalness in PwPD. It was hypothe-
sized that, on their own, both timing typicality and articu-
latory precision would be significantly correlated with
both intelligibility and naturalness. The present findings
partially upheld this hypothesis: Significant regression
coefficients were found when timing typicality and articu-
latory precision were regressed separately on naturalness
and when articulatory precision was regressed on intellig-
ibility. However, when timing typicality was regressed on
intelligibility, the coefficient was not significant. Further-
more, it was hypothesized that after accounting for the
effect of articulatory precision, timing typicality would be
significantly related to both intelligibility and naturalness.
The present findings only partially supported this hypothe-
sis, with a nonsignificant coefficient in the multiple regres-
sion model of intelligibility and a significant coefficient in
the multiple regression model of naturalness. Similarly, it
was hypothesized that after accounting for the effect of
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Figure 3. (A and B) Mean perceived intelligibility plotted as a function of (A) perceived timing typicality and (B) perceived articulatory preci-
sion. Circles represent average ratings across 20 listeners. The dashed line indicates the least squares fit line for people with Parkinson’s
disease only. (C) An approximate visual representation of shared variance between the independent and dependent variables generated
using the eulerr package in R. Sum of squares was used to scale the size of the ellipses representing each variable. Control = neurologically

healthy control speakers; PD = speakers with Parkinson’s disease.
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timing typicality, articulatory precision would be signifi-
cantly related to both intelligibility and naturalness. This
hypothesis was, again, only partially upheld by the present
study: Articulatory precision was not uniquely associated
with intelligibility, but it was uniquely associated with nat-
uralness. These results and their implications are discussed
further below.

Predictors of Intelligibility

Consistent with prior literature (Darley et al., 1969;
Plowman-Prine et al., 2009), articulatory precision was a sig-
nificant predictor of intelligibility when examined by itself,
although perhaps to a lesser extent (R’ 25/Pearson’s
r = .5 in the present study compared to R> = .83/r = .91
in Darley et al., 1969, and Spearman’s r .81 in
Plowman-Prine et al., 2009). In contrast, a global measure
of timing typicality was not found to be significantly

correlated with intelligibility on its own, contrasting with
individual measures of distinct aspects of timing found by
Darley et al. (1969) but similar to that of Plowman-Prine
et al. (2009), in which no significant relationships between
speech timing variables and intelligibility were found.
Together, these results match the broader literature:
Acoustic measures and behavioral modifications related to
articulatory precision are consistently correlated with per-
ceived intelligibility (Kearney et al., 2017; Stipancic et al.,
2022; Tjaden et al., 2014; Tjaden & Wilding, 2004; van
Brenk et al., 2022; Weismer et al., 2012). In contrast,
modifying speech timing has inconsistent effects on intel-
ligibility (e.g., Blanchet & Snyder, 2010; Tjaden et al.,
2014; Van Nuffelen et al., 2009). One reason for the differ-
ences between the present study and prior perceptual studies
could be that the prior work was rated by trained speech-
language pathologists including, in the case of Darley et al.,
the authors themselves. These raters may have their own

Figure 4. (A and B) Mean perceived naturalness plotted as a function of (A) perceived timing typicality and (B) perceived articulatory preci-
sion. Circles represent average ratings across 20 listeners. The dashed line indicates the least squares fit line for people with Parkinson’s
disease only. (C) An approximate visual representation of shared variance between the independent and dependent variables generated
using the eulerr package in R. Sum of squares was used to scale the size of the ellipses representing each variable. Control = neurologically

healthy control speakers; PD = speakers with Parkinson’s disease.
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biases based on prior exposure, compared to the present
sample of inexperienced listeners. At the same time, evi-
dence suggests that experienced and inexperienced raters
do not behave differently in rating dysarthric speech
(e.g., Bunton et al., 2007), and several other variables
such as the content of the speech sample (van Brenk
et al.,, 2022) impact ratings of intelligibility. There may
have been differences in overall dysarthria severity and
variability across these studies; a wider range of intellig-
ibility scores may have allowed for the detection of sig-
nificant relationships with this variable. Furthermore,
unlike previous studies, our intelligibility ratings were
completed in the presence of multitalker babble. As a
result, the features leading to variability in intelligibility
scores may have been different across studies. Finally,
the timing typicality construct may have incorporated
aspects of timing that were less correlated with intellig-
ibility in prior studies, thus yielding a weaker relation-
ship in the present study.

Despite a significant bivariate relationship between
articulatory precision and intelligibility, when both timing
typicality and articulatory precision were included as pre-
dictors of intelligibility in a single model, neither was signif-
icant. This indicates that neither variable contributes unique
information about intelligibility beyond what is explained
by the other variable, which may be due to the high corre-
lation between the predictors (see Figure 3C for an illustra-
tion of the shared variance among each of the predictors).
One potential clinical implication is that targeting both
articulatory precision and timing in speech therapy may not
provide more benefit to intelligibility than addressing articu-
latory precision alone. Of course, speech therapy strategies
such as using clear, overenunciated speech will inevitably
alter both articulation and speech timing, potentially to the
detriment of naturalness. In this context, the present results
suggest that these speech timing changes are less important
if the primary therapeutic goal is increasing intelligibility.
However, as these findings reflect across-speaker correla-
tions, future analyses evaluating these relationships within
speakers and a specific investigation of the effects of ther-
apy would be needed to confirm this suggestion.

Predictors of Naturalness

The present study confirmed the implicit relationship
between timing typicality and naturalness, with ratings of
timing typicality accounting for over 90% of the variance
in naturalness rating. This somewhat corroborates the sig-
nificant correlations found previously between features of
timing such as reduced stress, variable rate, short rushes,
and inappropriate silences as well as an overall judgment
of bizarreness (Darley et al., 1969), which might be com-
parable to the opposite of naturalness. Furthermore, the

strength of the correlation in the present study may have
exceeded that found by Darley et al. (1969) because tim-
ing typicality likely reflects a combination of these vari-
ables. In addition, the present study explicitly examined
the relationship between articulatory precision and natu-
ralness for the first time and found a significant correla-
tion (with articulatory precision accounting for about 66%
of the variance in naturalness). The strength of this rela-
tionship is somewhat comparable to the unreported find-
ings in Brown and Spencer (2023) and the relationship
between consonant precision and bizarreness found by
Darley et al., indicating a stable correlation between these
percepts, even across speech-language pathologists (Brown
& Spencer, 2023; Darley et al., 1969) and inexperienced
listeners (the present study).

Taken on its own, one might presume that this rela-
tionship between articulatory precision and naturalness is
only so strong because of the high correlation between
articulatory precision and timing typicality. However,
even after accounting for the effects of timing typicality,
articulatory precision is still a significant predictor of nat-
uralness. This suggests that, in contrast with intelligibility,
targeting both timing and articulation in speech therapy
would be important for maximizing speech naturalness.
Nonetheless, articulatory precision only explains an addi-
tional 2% of the variance in naturalness above and beyond
that of timing typicality (R* = .90 for the model that only
included timing typicality vs. R* = .92 for the model that
included both predictors), so although the contribution is
statistically significant, it may not be clinically meaningful.
Similar to intelligibility, additional research into the rela-
tionship between timing typicality, articulatory precision,
and naturalness across speaking tasks within speakers,
particularly in response to therapy, will be needed to
determine the precise clinical impact of modifying timing,
articulation, or both on perceived naturalness.

Potential for Timing Typicality as an
Outcome Measure

The present study introduced a new auditory-
perceptual construct, namely, timing typicality, to charac-
terize the overall perception of disruption to speech timing
in PwPD and its relationship with intelligibility and natu-
ralness. Reduced loudness and pitch variability are aspects
of impaired prosody that are consistently referenced in the
literature (e.g., Bowen et al., 2013; Darley et al., 1969;
Logemann et al., 1978). In contrast, the precise characteri-
zation of speech timing deficits in PWPD is not as consis-
tently reported. This may be due to the multifactorial
nature of speech timing deviations in PwPD comprising
speech rate, rhythm, pausing, and disfluency. Indeed, there
were 10 auditory-perceptual characteristics related to
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timing evaluated by Darley et al. (1969). Having so many
factors may have precluded a clear understanding of the
nature of speech timing deficits in PD.

Because of its relative efficiency, timing typicality
could be a useful auditory-perceptual attribute that can be
quickly assessed and used to track progression and
therapy-related improvement. Currently, in both research
and clinical settings, judging rate and/or prosody would
be most similar. However, rate on its own does not cap-
ture the variety of temporal atypicalities in speech in
PwPD, and prosody encompasses other variables, such as
the modulation of pitch or loudness, that are related to,
but potentially separate from, the control of speech tim-
ing. In order for this measure to be useful, its validity and
reliability need to be evaluated. The present study was a
first step toward this, evaluating intra- and interrater reli-
ability and the relationships between timing typicality and
other clinically relevant metrics such as intelligibility and
naturalness. Convergent and discriminant validity were
demonstrated to some degree since timing typicality would
be expected to have a closer relationship with naturalness
than intelligibility given their operational definitions. In
terms of reliability, this construct had comparable, if not
slightly better, intrarater reliability than the other mea-
sures and similar interrater reliability. Together, these fac-
tors suggest promise for using timing typicality for
research or clinical purposes, but further examination of
both validity and reliability will be necessary.

Limitations and Future Considerations

Although this study provided the first evidence of
the interdependencies of speech timing and articulation on
intelligibility and naturalness in PwPD, there are certain
limitations that should be acknowledged. First, certain
trade-offs were made when choosing the speech sample
material. Listeners heard the same passage repeated for all
speakers and constructs, which could have led to a posi-
tive bias in ratings for intelligibility (i.e., all speakers rated
as more intelligible) than if speech samples were varied as
in other studies (e.g., Abur et al., 2019; Stipancic et al.,
2022). In addition, knowing the content may have led lis-
teners to subconsciously fill in articulatory deviations such
that they were less able to perceive them and rated articu-
latory precision more highly. Alternatively, it could have
led them to perceive minor deviations as more salient,
resulting in a negative bias. Relatedly, the first several
samples may have been rated as less intelligible than later
samples as the listeners became familiarized with the pas-
sage. As previously noted, the same passage was presented
repeatedly to standardize the phonetic and prosodic con-
texts, which was imperative for ratings of timing and
articulation. In addition, asking listeners to rate the six-

sentence passage as a whole rather than in smaller chunks
could have biased listeners’ attention to “memorable”
anomalies. This could have led speakers to reduce their
scores for the whole passage more than if the sentences
were rated individually. Future research will be needed to
evaluate whether using shorter, less predictable samples
(e.g., Sentence Intelligibility Test sentences; Yorkston
et al., 1996) has a meaningful effect on these ratings.

In addition, the present study found only moderate
intrarater reliability across all four auditory-perceptual
constructs using standard ICC metrics. For intelligibility,
intrarater reliability as measured using ICC(A, 1) was
reduced (.59) compared to that (.71) in the only prior
study using this metric (van Brenk et al., 2022). However,
we suspected that the ICC values were an underestimate
due to the low number of repeated samples. Using mean
absolute difference scores, intrarater reliability for intellig-
ibility was similar to one previous study that used inexpe-
rienced listeners and a VAS (Abur et al., 2019). Compara-
tively fewer studies have examined intrarater reliability for
ratings of naturalness and articulatory precision in PwPD,
and none have evaluated inexperienced raters. In the
absence of comparable ratings, comparing mean absolute
difference scores between intelligibility and the other con-
structs is one way to assess reliability for previously
unevaluated constructs. Using this approach, intrarater
reliability similar to intelligibility was found across con-
structs (intelligibility: 14.8, naturalness: 16.2, timing typi-
cality: 12.3, and articulatory precision: 13.9), with poten-
tially better scores for timing typicality and articulatory
precision. Furthermore, for interrater reliability, excellent
reliability (> .95) was found for all constructs using a
standard ICC metric. This was similar to or better than
that reported by prior work in which inexperienced raters
used a VAS for intelligibility (.89 in Knowles et al., 2021;
.83 in Tjaden et al., 2014; and .85 in van Brenk et al.,
2022), naturalness (.93 in Brown & Spencer, 2023), and
articulatory precision (.98 in Chiu et al., 2021).

As discussed above, making strong claims about the
present results as they pertain to clinical decisions is pre-
liminary at present. As with any correlational analysis
across individuals, there may have been underlying differ-
ences between speakers that led to changes in multiple
variables and explain their relationships to one another.
In the context of PD, one underlying variable that may
explain some of the results is differences in severity,
whether defined as disease stage, extent of global motor
symptoms, or overall dysarthria severity. If overall sever-
ity was the main driver of variation in intelligibility, natu-
ralness, timing typicality, and articulatory precision, their
significant associations would not be particularly unex-
pected. This issue contributed to the decision to ensure
that naturalness and intelligibility were not correlated in
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the sample—if both were related to overall severity, gener-
ating such a sample would reduce the potential effects of
this underlying variable. This issue also highlights a bene-
fit of using multiple regression to examine relationships
between speech features and outcomes such as intelligibil-
ity and naturalness: Including multiple speech features in
a single model can help account for these underlying vari-
ables. For example, the association between articulatory
precision and naturalness is evaluated after taking into
account the effects of timing typicality on naturalness,
including any component of timing typicality related to
severity. Clearly, however, if overall severity impacts some
variables more than others, this benefit would be reduced.

A potential area of future research would be asses-
sing the relationships among these variables during con-
versational speech rather than read speech. There are sev-
eral auditory-perceptual and acoustic differences that have
been found between speaking contexts, including under-
standability and naturalness (Weir-Mayta et al., 2017),
timing (Lowit et al., 2018; Maffia et al., 2021), and articu-
lation (Rusz et al., 2013). As a result, the relationships
among these perceptual dimensions during conversational
speech may be different from those found in the present
study. Furthermore, they may provide important insights
for addressing everyday communication challenges in
PwPD during speech therapy. At the same time, using
more natural speech samples allows for less control over
the content, which could introduce unnecessary variability.
Assessing these relationships across several contexts would
provide the most complete and informative understanding
for clinical translation.

Finally, timing and articulatory precision are not the
only factors that impact intelligibility and naturalness
(Anand & Stepp, 2015; Darley et al.,, 1969; Plowman-
Prine et al., 2009). As a result, there may be more com-
plex associations that are not captured by these factors.
Carrying out a regression with other predictor variables
such as monopitch and monoloudness would allow for a
more complete examination of the unique effects of each
of these variables on intelligibility and naturalness.

Conclusions

In this study, we sought to examine the contribu-
tions of the percepts of speech timing and articulatory pre-
cision on naturalness and intelligibility in individuals with
PD. Both timing typicality and articulatory precision con-
tributed unique information to explain variation in natu-
ralness during a reading passage, but not intelligibility.
These results provide an initial examination of the com-
plex interactions that various perceptual features may
have related to their contributions to intelligibility and

naturalness. By better understanding the unique contribu-
tions of speech timing and articulation to intelligibility
and naturalness, this study may aid in the developing and
evaluating novel therapies that address the diverse impacts
of PD on speech production.
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