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Detection of Articulatory Deficits in
Parkinson’s Disease: Can Systematic
Manipulations of Phonetic
Complexity Help?

Mili Kuruvilla-Dugdale,?

Purpose: This study sought to determine the feasibility of
using phonetic complexity manipulations as a way to
systematically assess articulatory deficits in talkers with
progressive dysarthria due to Parkinson’s disease (PD).
Method: Articulatory kinematics were recorded using three-
dimensional electromagnetic articulography from 15 talkers
with PD (58-84 years old) and 15 healthy controls (55-80 years
old) while they produced target words embedded in a
carrier phrase. Majority of the talkers with PD exhibited a
relatively mild dysarthria. For stimuli selection, phonetic
complexity was calculated for a variety of words using
the framework proposed by Kent (1992), and six words
representative of low, medium, and high phonetic complexity
were selected as targets. Jaw, posterior tongue, and
anterior tongue kinematic measures that were used to test
for phonetic complexity effects included movement speed,
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cumulative path distance, movement range, movement
duration, and spatiotemporal variability.

Results: Significantly smaller movements and slower
movement speeds were evident in talkers with PD,
predominantly for words with high phonetic complexity.
The effect sizes of between-groups differences were
larger for several jaw kinematic measures than those of
the tongue.

Discussion and Conclusion: Findings suggest that
systematic manipulations of phonetic complexity can support
the detection of articulatory deficits in talkers with PD.
Phonetic complexity should therefore be leveraged for the
assessment of articulatory performance in talkers with
progressive dysarthria. Future work will be directed toward
linking speech kinematic and auditory—perceptual measures
to determine the clinical significance of the current findings.

generative disease typically associated with basal

ganglia pathology and reduced dopamine output to
the striatum (Sapir, 2014). More recently, however, nondo-
paminergic neuromodulators and extrastriatal networks
are also thought to be affected by the disease (Ferrer, 2011;
Wolters, 2008). About 90% of individuals with PD will de-
velop dysarthria during the course of the disease (Sauvageau
et al., 2015), but the deviant speech characteristics may vary

P arkinson’s disease (PD) is a progressive neurode-
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and could involve one or more speech subsystems (Darley
et al., 1969a). Of note, an estimated 50% of these individuals
will develop impaired articulation that manifests perceptu-
ally as imprecise consonants and speech rate abnormalities
(Dulfty, 2013). Consequently, there is a growing body of
literature focused on articulatory performance in PD (e.g.,
Connor et al., 1989; Forrest et al., 1989; Kearney et al.,
2017; Mefferd, 2015; Svensson et al., 1993; Walsh & Smith,
2011; Weismer et al., 2012; Yunusova et al., 2008). Some
of these studies report reduced acoustic vowel space even
during the preclinical stages of dysarthria, suggesting that
reduced range of tongue motion may manifest before
perceptible changes are evident (Rusz et al., 2013; Skodda
et al., 2011). Associations have also been reported between
dysarthria severity and reductions in articulatory move-
ment amplitude (Forrest et al., 1989; Kearney et al., 2017),
average tongue speed (Weismer et al., 2012), lip peak veloc-
ity (Bandini et al., 2016; Walsh & Smith, 2011), lip peak
acceleration (Bandini et al., 2016), and lip peak deceleration
(Forrest et al., 1989). Additionally, studies on spatiotemporal
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variability show that there is considerable trial-to-trial vari-
ability in articulatory movement patterns in PD (Anderson
et al., 2008; Darling & Huber, 2011).

Although existing studies have offered valuable in-
sights in the articulatory mechanisms contributing to dysar-
thria in PD, our current understanding of articulatory
deficits in PD is still limited due to the lack of systematic
research efforts examining articulatory motor performance
across utterances of varying phonetic complexity levels. It is
presumed that articulatory impairment characteristics will
vary with stimuli that challenge the articulatory system
(Forrest et al., 1989), but substantive research evidence is
needed to support this idea. From a clinical standpoint,
systematic manipulation of phonetic complexity may be
helpful to detect incremental changes in speech motor func-
tion that can be used to monitor behavioral, pharmacologi-
cal, and/or surgical (i.e., deep brain stimulation) treatment
effects (Bang et al., 2013; Ho et al., 2008; Sapir, 2014).

Stimulus-Specific Effects on Speech Performance

Stimulus-specific effects have been reported at the
perceptual (Kent, 1992; Weismer et al., 2001), acoustic
(Flint et al., 1992; Y. Kim et al., 2009; Weismer et al., 2001),
and kinematic levels (Kearney et al., 2017; Yunusova
et al., 2008). Perceptually, words with certain phonetic fea-
tures, for example, high-low vowel contrast, were affected
to a greater extent than words with contrasts like tongue
advancement for vowels (i.e., front vs. back), which was
relatively unaffected even in severely impaired talkers with
amyotrophic lateral sclerosis (ALS; Kent, 1992). At the
acoustic level, monosyllabic words such as wax and hail
showed significantly lower F2 slopes compared to words
such as sigh, coat, and shoot in speakers with ALS and PD.
Interestingly, words that were most sensitive to dysarthric
speech (i.e., wax and hail) were presumed to require rapid
and large changes in vocal tract geometry compared to
the remaining words (Y. Kim et al., 2009). At the kinematic
level, changes in movement distance, speed, and duration
were also found to be stimulus specific (Yunusova et al.,
2008). Specifically, words with vowels requiring larger and
faster movements (e.g., bad, cat, and dog) were affected
to a greater extent across talkers with dysarthria. Similar
observations were made in a PD study where the magnitude
of disease-related effects was greatest for complex move-
ments such as the transition from /al/ to /b/ in the sentence
Buy Bobby a puppy, which requires movement from a
maximally open position for /a/, to a more closed position
for /1/, to a completely closed position for /b/ (Forrest
et al., 1989). At the sentence level, bradykinesia of the jaw
was observed for Buy Bobby a puppy (Walsh & Smith,
2012), but not for Sally sells seven spices (Kearney et al.,
2017), presumably because larger jaw movements are re-
quired for the first sentence compared to the second. In
these prior studies, conclusions about stimulus-related
effects, particularly phonetic complexity effects, were specu-
lative because they were not designed to systematically
assess complexity effects on speech performance. So far,

only one kinematic study and one acoustic study have fo-
cused on how phonetic structure affects dysarthric speech
(Hermes et al., 2019; Rosen et al., 2008). The results of
the acoustic study confirmed what researchers had long
speculated about phonetic complexity effects on speech
performance—phonetic contexts that require quick, large
movements, as measured by the magnitude of the F2 slope,
are sensitive detectors of dysarthria (Rosen et al., 2008). In
the kinematic study, inefficient articulatory timing which
was only evident during complex syllable productions was
deemed a sensitive indicator of speech impairments in those
with essential tremor (Hermes et al., 2019).

Leveraging Phonetic Complexity for Improved
Detection of Articulatory Impairments

Although phonetic complexity is known to influence
speech production, there is no universal framework for
phonetic complexity, and researchers have conceptualized
it in different ways (Jakielski, 1998; MacNeilage & Davis,
1990; Stoel-Gammon, 2010). For the current study, pho-
netic complexity was characterized by the articulatory
motor adjustments required to produce vowels and conso-
nants based on the framework introduced by Kent (1992).
This framework is based on well-established biological and
phonological principles related to speech motor develop-
ment, wherein phonemes acquired at an earlier age (e.g., /p,
m/) are considered to be less complex because they require
basic articulatory movements. Conversely, phonemes ac-
quired later in development (e.g., /t/, d3/) are considered
more complex because they require more refined articula-
tory adjustments and interarticulator coordination. This
framework has been applied to document phonetic com-
plexity effects on speech intelligibility and articulatory
precision in dysarthria due to cerebral palsy (Allison &
Hustad, 2014; H. Kim et al., 2010) and ALS (Kuruvilla-
Dugdale et al., 2018). Overall, both studies on cerebral
palsy showed that later acquired sounds, which are motori-
cally more complex targets, were misarticulated more
frequently and had a greater negative impact on speech
intelligibility than earlier acquired, less complex targets
(Allison & Hustad, 2014; H. Kim et al., 2010). For talkers
with ALS, complexity-based effects on word intelligibility
and articulatory precision varied depending on dysarthria
severity (Kuruvilla-Dugdale et al., 2018). As expected, word
intelligibility and articulatory precision were significantly
lower in the severe dysarthria group compared to controls,
regardless of stimulus complexity. For the mild group, in-
telligibility was reduced relative to controls only for com-
plex words (Kuruvilla-Dugdale et al., 2018).

Existing studies support the notion that the motor
control deficit in dysarthria may be best observed during
movements that are relatively complex. Regardless of how
phonetic complexity is conceptualized, it needs to be taken
into account when selecting stimuli that will challenge the
speech motor system and will help capture slight changes
in speech that may otherwise go undetected. Yet, for pro-
gressive dysarthria, kinematic investigations of phonetic
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complexity effects on articulatory performance are
limited.

Differential Involvement of Articulators in PD

In general, it has been argued that speech deteriora-
tion in PD follows a forward progression affecting the
larynx, pharynx, posterior tongue, anterior tongue, and,
finally, the lips (Critchley, 1981; Logemann et al., 1978).
However, based on findings from various kinematic studies,
there are mixed reports about articulatory involvement in
PD in the literature. In some of the prior studies, for exam-
ple, hypokinesia and bradykinesia were observed to a
greater extent in the jaw compared to the lower lip and
tongue (e.g., Connor et al., 1989; Forrest et al., 1989; Kearney
et al., 2017). Contrastingly, other studies reported a dis-
proportionately greater impairment of the tongue relative
to the jaw (Mefferd & Dietrich, 2019; Yunusova et al., 2008).
These inconsistent findings may be explained by meth-
odological differences between studies, such as dysar-
thria severity of talkers with PD and nature of the speech
stimuli (simple phrases vs. long sentences). Moreover,
several studies have used coupled tongue—jaw and/or lip—
jaw movements, whereas very few studies have attempted
to decouple jaw movements from tongue and/or lower lip
movements (Mefferd & Dietrich, 2019; Yunusova et al.,
2008) to examine articulator-specific involvement in PD.
Although linear subtraction can be used to decouple the
jaw from the lower lip (e.g., Grigos & Patel, 2007; Mefferd
et al., 2014), decoupling tongue and jaw movements re-
quires several additional steps. First, the rotational move-
ment of the jaw during speech needs to be considered. As a
result of this rotation, the relative contribution of the jaw
is greater at the anterior tongue segment than the posterior
tongue segment (Westbury et al., 2002). Second, the ante-
rior tongue segment is not fully attached to the jaw and
therefore can move more independently of the jaw than the
posterior tongue. Due to these reasons, it is difficult to esti-
mate the relative contribution of the jaw toward tongue
movement. A linear subtraction of jaw movements from
tongue movements cannot be used because it can introduce
large errors (Westbury et al., 2002).

As an alternative to implementing a relatively complex
tongue—jaw decoupling algorithm, researchers have investi-
gated tongue movements independent of the jaw using a bite
block (Mefferd & Bissmeyer, 2016). However, bite block
speech elicits a reorganization of speech movements and
will not allow insights into typical speech motor performance
because the tongue needs to adapt to the altered, atypical
jaw position. Given these methodological challenges and con-
straints, in the current study, tongue movement trajectories
were examined without decoupling them from the jaw. These
movements are referred to as tongue movements despite the
fact that they also include the contribution of the jaw. Report-
ing findings of coupled tongue—jaw and independent jaw
motor performance is an important starting point to im-
prove our understanding of articulator-specific performance
changes due to phonetic complexity manipulations in PD.

Study Aims and Hypotheses

The aim of the current study was to systematically
investigate the effect of phonetic complexity on kinematic
performance measures, namely, movement speed, cumula-
tive path distance, movement range, duration, and spatio-
temporal variability of the jaw and tongue (anterior and
posterior tongue) in talkers with PD and controls. Based on
the existing literature (Forrest et al., 1989; Rosen et al.,
2008), the effect sizes of between-groups differences in artic-
ulatory motor performance were expected to increase with
phonetic complexity and significant between-groups findings
were expected to be constrained to stimuli with high pho-
netic complexity.

Method
Participants

The study was approved by the Vanderbilt University
Medical Center (VUMC) and the University of Missouri
(MU) Institutional Review Boards. All participants provided
written consent and were compensated for their participa-
tion. The experimental group comprised 15 participants with
a definite diagnosis of idiopathic PD (nine men, six women)
and 15 age- and sex-matched healthy controls (nine men,
six women). The mean age of participants with PD was
67.7 years (SD = 6.79, age range: 58-84 years), and the
mean age of participants in the control group was 66.79 years
(SD = 7.42, age range: 55-80 years). In terms of dialect,
six participants with PD and 12 controls spoke with a Stan-
dard American English dialect, six participants with PD
and three control participants spoke with a subtle regional
dialect, and three participants with PD spoke with a pro-
nounced regional dialect. The following inclusionary criteria
were applied to all participants: (a) no prior history of speech,
language, or hearing impairments; (b) be a monolingual,
American English speaker; (c) no hearing aids or a prescrip-
tion for hearing aids; and (d) no diagnosis of a cognitive im-
pairment as per self-report. For participants with PD, the
additional inclusionary criteria were (a) not having under-
gone neurosurgical treatment (e.g., deep brain stimulation),
(b) not having other comorbid neurological disorders, and
(c) not having metal including pacemakers and deep brain
stimulators in the head and/or neck region. Participants
with PD were taking anti-Parkinson’s medications and were
scheduled for data collection approximately 1-2 hr after
taking their medication. One participant with PD, however,
had a dopamine pump. Four participants with PD received
speech therapy within the last 3 years. Two of these partici-
pants had completed the LSVT treatment program, whereas
the other two completed speech exercises to reduce speech
rate and/or increase vocal loudness.

All the PD data and half of the control data for this
study were collected at VUMC. Data from seven control
participants were collected at MU. Participants at VUMC
completed the Mini-Mental State Examination (Folstein
et al., 1975), while participants at MU completed the
Montréal Cognitive Assessment (MoCA; Nasreddine et al.,
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2005). The mean Mini-Mental State Examination score for
participants with PD was 27.73 (SD = 1.7, range: 25-30),
and for the VUMC control participants, it was 28.71 (SD =
1.6, range: 26-30). The mean MoCA score for the MU con-
trol participants was 24.83 (SD = 1.7, range: 23-27). Two
individuals in the control group did not complete the MoCA
due to time constraints. None of the controls reported prior
history of cognitive impairment, and none had difficulty
following task instructions.

Although the results of a hearing screening were not
used as an inclusionary criterion, all VUMC participants
completed a pure-tone hearing screening at 500, 1000, 2000,
and 4000 Hz. The hearing screening revealed that all the
participants with PD were able to detect pure tones at
35 dB HL in both ears at 500 Hz, 1 kHz, and 2 kHz. At
4 kHz, five participants with PD were able to detect pure
tones at 35 dB HL, and for 10 of the 15 participants with
PD, the hearing threshold was at least 40 dB HL in one ear.
Similarly, all but one of the eight VUMC control partici-
pants were able to detect pure tones at 30 dB HL in both
ears at 500 Hz, 1 kHz, and 2 kHz. At 4 kHz, one of the
eight control participants was able to detect pure tones at
25 dB HL, and for seven of the eight control participants,
the hearing threshold was at least 40 dB HL in one ear. For
the MU controls, no formal hearing screening was com-
pleted; however, these participants were able to follow in-
structions and conversation at normal loudness levels with
no signs of hearing problems.

The Speech Intelligibility Test (SIT; Yorkston et al.,
2007) was used to determine percent sentence intelligibility
and speaking rate in words per minute to characterize
speech function and impairment severity. For the SIT, par-
ticipants were instructed to read aloud a list of 11 ran-
domly generated sentences ranging in length from five to
15 words, which were recorded with a lavalier condenser
microphone (Audiotechnica, Model AT899) to a digital
recorder (Tascam, Model DR-100KMII) at VUMC and
with a high-quality condenser microphone (Shure, Model
PG42) to a solid state recorder (Marantz, Model PMD670)
at MU. Five trained undergraduate research assistants lis-
tened to the SIT sentence recordings from each partici-
pant and orthographically transcribed exactly what they
heard using the SIT software. Sentence intelligibility was
calculated based on the number of words correctly under-
stood by the listener divided by the total number of words
spoken, multiplied by 100. Speaking rate was estimated
in words per minute using the SIT software. To estimate
speaking rate, the total number of words was divided by
the total duration of all 11 sentences in minutes. For the
control group, percent intelligibility averaged across the five
raters was 99% (SD = 2.02, range: 93-100), and for the PD
group, percent intelligibility averaged across the five raters
was 98% (SD = 2.3, range: 93-100). For the control group,
speaking rate averaged across the five raters was 183 words
per minute (SD = 25.93, range: 146-225), and for the PD
group, speaking rate averaged across the five raters was
199 words per minute (SD = 24.64, range: 134-242). The
SIT files were also used by a speech-language pathologist

with expertise in motor speech disorders to determine the
deviant perceptual speech characteristics of the participants
with PD based on the Darley et al. (1969b) rating scale.
Finally, the SIT-based sentence intelligibility and speaking
rate scores were used to determine dysarthria severity of
talkers with PD (see Table 1).

Experimental Stimuli

Fifteen words were initially chosen for the study. All
selected words contained an initial bilabial consonant, but
the place of articulation of the final phoneme varied. To
select target stimuli from among the 15 words, phonetic
complexity was calculated for each word based on the frame-
work proposed by Kent (1992). As seen in Table 2, conso-
nants, consonant clusters, and vowels were assigned levels
of complexity ranging from one to seven based on the ar-
ticulatory motor adjustments required to produce them.
For each word, the overall phonetic complexity was the
sum total of the complexity scores of its constituent conso-
nants and vowels. For example, for the word brittle, the
overall complexity score was 22, which was calculated by
summing the complexity scores of the individual phonemes
that make up the word. Once the complexity scores were
calculated for each word, words that could be grouped into
different complexity categories, namely, low, medium, and
high, were chosen as target words. The target words were
brittle and music (low complexity), frequency and physical
(medium complexity), and parenthesis and particular (high
complexity). Low-complexity words had an average com-
plexity score of 22.5, whereas the average score of the
medium and high-complexity categories were 28 and 36.5,
respectively. With regard to word length, low-complexity
words had two syllables, medium-complexity words had three
syllables, and high-complexity words had four syllables.

Lexical and Phonological Properties of Experimental Stimuli

Because other lexical and linguistic factors are also
known to influence speech production, properties such as
neighborhood density, phonotactic probability, word fre-
quency, and syllable stress were examined for the stimuli
used in the current study. Neighborhood density, defined
as the number of words that are phonologically similar to
the target word, was determined using the Irvine Phonotac-
tic Online Dictionary (Vaden et al., 2009; available from
http://www.iphod.com). Average neighborhood density was
6 for the low-complexity category (for both words), 1.5
(SD = 0.71) for the medium-complexity category, and 0.5
(SD = 0.71) for the high-complexity category. Because
neighborhood density was notably different between com-
plexity categories, density was included as a covariate in
the statistical analysis.

Phonotactic probability, which is an estimate of the
likelihood that a phonological segment will occur in given
position within a word, was calculated using the University
of Kansas’ phonotactic probability calculator (Vitevitch
& Luce, 2004; available from https://calculator.ku.edu).
Phonotactic probability was .006 (SD = .002) for the
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Table 1. Demographics of participants with Parkinson’s disease.

Disease Speaking
Age duration MMSE Sentence rate Dysarthria

Participant (years) (years) (out of 30) intelligibility(%) (WPM) severity Deviant speech characteristics

PDM14 84 4 27 93 224 Mild Monopitch and monoloudness, imprecise consonants,
harsh voice, reduced stress

PDM15 75 4 29 96 206 Mild Monopitch, imprecise consonants, fast rate, reduced
stress, low pitch, harsh voice

PDM17 72 12 25 93 204 Mild Monopitch, short rushes of speech, reduced stress,
irregular articulatory breakdowns

PDM19 66 7 29 97 201 Mild Monopitch, imprecise consonants, harsh voice,
irregular articulatory breakdowns, reduced stress

PDM21 73 5 27 97 188 Mild—moderate Monopitch, reduced stress, breathy voice, low pitch

PDM22 58 10 28 98 215 Mild Monopitch

PDM23 63 15 28 100 134 Mild—moderate Festinations, low volume, monoloudness, low pitch,
reduced stress, breathy voice

PDM24 73 6 26 99 177 Mild—moderate Harsh voice, breathy voice

PDM25 66 9 29 99 179 Mild—moderate Harsh voice, breathy voice, reduced stress

PDF15 74 1 29 100 197 Mild Harsh voice, breathy voice, irregular articulatory
breakdowns, low pitch

PDF16 61 4 30 100 242 Mild Harsh voice, strained-strangled voice, monopitch,
reduced stress

PDF17 60 4 26 99 199 Mild Harsh voice, breathy voice, hyponasality, low pitch,
monopitch, monoloudness

PDF18 66 7 25 99 196 Mild Low pitch, harsh voice, vocal tremor, monoloudness,
reduced stress

PDF19 70 2 30 99 202 Mild Monopitch, monoloudness, harsh voice, low pitch,
reduced stress

PDF20 66 5 28 96 220 Mild Harsh voice, low volume, low pitch, strained-strangled

voice, monopitch, imprecise consonants, irregular
breakdowns, fast rate, short rushes of speech

Note. MMSE = Mini-State Mental Examination; WPM = words per minute; PDM = male participant with Parkinson’s disease; PDF = female

participant with Parkinson’s disease.

low-complexity category, .004 (SD = .0002) for the medium-
complexity category, and .003 (SD = .001) for the high-
complexity category. Similar to density, phonotactic
probability was also included as a covariate in the statistical
models.

Word frequency values were obtained from
SUBTLEXys (Brysbaert & New, 2009; available from
http://subtlexus.lexique.org/). Word frequency was 2.87
(SD = 1.44) for the low-complexity category, 2.84 (SD = 0.43)
for the medium-complexity category, and 1.88 (SD = 1.80)
for the high-complexity category. Lastly, syllable stress was
obtained using the Irvine Phonotactic Online Dictionary
(Vaden et al., 2009; available from http://www.iphod.com).
Low- and medium-complexity words had initial syllable
stress, and high-complexity words had medial syllable stress.
Lexicosemantic variables (e.g., word familiarity and pre-
dictability) were not carefully controlled in this study; how-
ever, these properties are considered to be subjective and
have shown to correlate with objective word frequency
counts (Gordon, 1985).

Experimental Task

Participants were instructed to read aloud sentences
that contained each target word within the carrier phrase

“Say again” (e.g., Say frequency again) at a normal

rate and loudness level. A list of five sentences was displayed
at a time on a television monitor, and readability was con-
firmed before commencing data collection. Participants
produced at least five repetitions of each word in a pseudor-
andomized order where the lists of words were randomized,
but the words in each list remained the same. Repetitions
of each target word were not elicited in a blocked fashion.
Four participants with PD and two control participants
had fewer than five repetitions due to technical issues (e.g.,
sensors detaching prematurely from the tongue surface) or
time constraints. The audio signal was recorded via a high-
quality condenser microphone (Audiotechnica, Model AT899
or Shure, Model PG42), which was placed approximately
20 cm away from each participant’s mouth.

Data Acquisition and Segmentation

Articulatory kinematic data were collected using the
Wave Speech Research System (NDI) for seven control
participants, while kinematic data for the remaining partic-
ipants were collected with AG501 (Carstens Medizinelek-
tronik, GmbH). Using two different devices for recording
kinematic data was not a concern because the precision of
both devices has been formally examined and their preci-
sion performance has been deemed comparable for speech
kinematic recordings (Savariaux et al., 2017). In addition,
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Table 2. Classification of phonemes by complexity levels based on articulatory motor demands.

Complexity level® Phoneme Articulatory motor adjustments
Vowels
1 /A, o/ Anterior—posterior tongue movement with low elevation.
2 /a, i, u, o/ Maximally contrasted vowels based on acoustic and articulatory properties.
3 /3, al, au, o1, 0/ Diphthongs require precise movement of the tongue body. The introduction
of /3/ gives the vowel a truncated, quadrilateral shape. /0 / and /a/ are distinct.
4 /l,e, ae, v/ Front vowels require precise tongue—jaw configuration.
5 /31 o/ Retroflex vowels require bunching of the tongue.
Consonants
3 /p, m, h, n, w/ Quick, ballistic movements for /p,m,n/ with opening of the velopharyngeal port
for /m,n/. Consistent slow movements for /w,h/.
4 /b, k, g,d,f,j/ Introduction of velars. Fast, ballistic movements for /b,k,g,d/. Consistent, slow
movements for /j/. Control of the fricative /f/.
5 o,/ Additional fast, ballistic movements for /t, /. Complex movement and bending
of the tongue for /r,l/.
6 , d3,s,2,v,3,[,0,0/ Precise movements of the tongue for dental, alveolar, and palatal placements
with frication.
7 Two consonant clusters Transition of articulatory placements requiring precision and efficiency.

2Age at which phonemes are mastered is also considered for each complexity level. Thus, vowels start at a complexity level of 1 and consonants
start at a complexity level of 3 based on the age at which the earliest vowels and consonants are mastered.

for this study, the control data collected from the two de-
vices were compared. Statistically, no significant differences
were observed between data from the two devices; how-
ever, the small sample size of the comparison groups needs
to be kept in mind. Nevertheless, both devices are known
to produce reliable data with an acceptable measurement
error range (Savariaux et al., 2017); therefore, the use of
two different devices should not confound the current study
findings in any way.

As in previous studies (Kuruvilla-Dugdale & Chuquilin-
Atrista, 2017; Kuruvilla-Dugdale & Mefterd, 2017; Mefferd,
2017), orofacial sensors were placed along the midsagittal
plane of the anterior and posterior tongue segments at
approximately 1 and 4 cm from the tongue tip, respectively,
using nontoxic glue (Periacryl 90, Glustitch, Inc.). A sensor
was also glued to the vermillion border of the lower lip
along the midsagittal plane, and jaw sensors were attached
to the mandibular gum line using small amounts of putty
(Stomahesive, ConvaTec). For most participants, the jaw
sensor was placed along the sagittal midline (jaw center
sensor); however, for some MU participants, jaw sensors
were placed near the gum line of the right and left lower
canines. Only the left jaw sensor was used for analysis in
these cases. A reference sensor was placed on the central
part of the forehead; additional reference sensors were placed
lateral to the forehead for the AG501 (see Figure 1). Move-
ment of the orofacial sensors were expressed in the x (lateral),
y (ventral-dorsal), and z (anterior—posterior) dimensions
relative to the reference head sensor(s). For recordings with
the AG501, participants were asked to hold a bite plate
with three additional sensors in their mouth. This record-
ing was later used to transpose the kinematic data into a
head-based coordinate system, with the origin located just
anterior to the jaw center sensor (Mefferd, 2017). Of note,
the Wave system automatically transposes all kinematic

data into a head-based coordinate system after the data are
recorded; however, for data recorded with the AG501 sys-
tem, such a transposition algorithm, has to be executed as
a separate step. Therefore, the biteplate correction is only
necessary for the AG501 data. This biteplate correction
creates a head-based coordinate system that is comparable
to that of the Wave system. As a result, the orientation
of the axes is the same across both systems. This aspect

of the kinematic postprocessing is particularly important
for the range of movement and variability measures be-
cause they were obtained along a specific axis (i.e., anterior—
posterior dimension or ventral-dorsal dimension). The sam-
pling rate for the AG501 was 1250 Hz, which was further
down sampled to 250 Hz, and for the Wave system, the
sampling rate was 400 Hz. The audio signal was synchro-
nized with the kinematic data and was sampled at 48,000
and 22,000 Hz for the AG501 and the Wave systems,
respectively.

To parse the target words from the carrier phrase,
audio and kinematic files were loaded into SMASH, which
is a custom-written MATLAB tool used to view and ana-
lyze kinematic data (Green et al., 2013). For the AG501,
the recorded kinematic data were corrected for head move-
ments and transposed into a head-based coordinate system
using NormPos (Carstens Medizinelektronik, GmbH) prior
to processing the data in SMASH. For recordings with the
Wave system, the kinematic data were corrected for head
movements automatically using WaveFront (NDI). Trained
research assistants parsed target words using movement
onset and offset defined by the peak vertical displacement
of word-initial and -final phonemes. Specifically, the lower
lip peak in the y-dimension was used as the onset marker,
and the anterior tongue peak in the y-dimension was used
as the offset marker for all words with the exception of fre-
quency and music, for which the posterior tongue peak in
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Figure 1. Sensor placement for the Vanderbilt University Medical
Center (HR, HC, HL, T1, T4, JC) and the University of Missouri (HC,
T1, T4, JR, JL, or JC) kinematic data collection sessions. HR, HC,
and HL = head sensors; T1 = anterior tongue sensor; T4 = posterior
tongue sensor; JC, JL, and JR = jaw sensors.

the y-dimension was used as the offset marker. All kine-
matic data were low-pass filtered at 15 Hz using SMASH.

The tongue was not decoupled from the jaw in this
study because the primary goal was to examine naturally
occurring coupled tongue—jaw movements during speech to
better understand the effect of phonetic complexity on artic-
ulatory motor performance. Furthermore, comparing
kinematic performance between coupled tongue—jaw and
independent jaw movements is a first step toward under-
standing articulator-specific performance changes due to
phonetic complexity manipulations in PD.

Data Analysis

Across the low-, medium-, and high-complexity cate-
gories, 2,880 trials were analyzed (i.e., 240 trials per group
per word). Convex hull analysis was used to obtain kine-
matic data from the parsed words. For this analysis, a convex
hull, which represents the tightest polygon that contains all
the data points for each sensor, was fitted around each sen-
sor’s three-dimensional (3D) movement path. After the
convex hull fitting, 3D movement speed, cumulative path
distance, and movement duration were extracted for all
three sensors (i.e., jaw, posterior tongue, anterior tongue)
for each word. In addition, movement range was derived

from data in the horizontal (anterior—posterior) and vertical
(ventral-dorsal) dimensions, whereas spatiotemporal vari-
ability of jaw and tongue movement patterns was assessed
only in the vertical dimension.

Average Movement Speed (mm/s)

Speed time histories were derived for each word by
computing the first-order derivative of each marker’s 3D
distance time history. The 3D distance time history is
based on each marker’s Euclidean distance from the head-
based origin.

Cumulative Path Distance (mm)

3D cumulative distance was calculated as the dis-
tance traveled by each sensor during the production of the
target word.

Movement Range (mm)

Based on each marker’s Euclidean distance, the
relative distance from minimum to maximumin in the z
(anterior—posterior) and y (ventral-dorsal) dimensions was
calculated for each sensor to index articulatory movement
range for each word.

Movement Duration (s)

Movement duration was calculated as the total time
of sensor movement between the onset and offset of the
target word. Note that this durational measure does not in-
clude time during which the sensor was stationary. Thus,
movement duration can differ between sensors depending
on how much each sensor moved during the target word.

Spatiotemporal Variability Index

The spatiotemporal variability index (STI) was used
to estimate the trial-to-trial variability in vertical movement
patterns for words within each complexity category (Smith
et al., 1995). In order to calculate STI, vertical displacement
signals were time- and amplitude-normalized. For time nor-
malization, a cubic spline procedure was used to adjust
each movement time-history onto a constant axis length of
1,000 points. Each time series was also amplitude normal-
ized by subtracting the mean of the displacement signal and
dividing by its standard deviation. The standard deviation
of the normalized time series was calculated at fixed 2% in-
tervals in relative time. The 50 SDs were then added.

Statistical Analysis

The effects of phonetic complexity (low, medium,
high), articulator (jaw, posterior tongue, anterior tongue),
and group (PD, healthy controls) on articulatory motor
performance (speed, distance, range, duration, STI) were
analyzed using three-way analysis of covariance (ANCOVA)
with repeated measures on words within each complexity
category. For the ANCOVA analysis, for a given partici-
pant, the mean values of measures across word repetitions
were computed before submitting the data to the ANCOVA.
In addition, the correlation structure for different words
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from each participant was taken into account by the
repeated-measures model. Log transformations were ap-
plied to all dependent measures to meet the assumption of
normality. To control for possible confounding variables,
neighborhood density, phonotactic probability, and word
length were included as covariates in the analysis. The sig-
nificance level was set at « = .05. The analyses were carried
out using SAS 9.4 version using PROC MIXED procedure.

Results

Main and interaction effects are listed in Table 3. For
the significant three-way interactions, the between-groups
difference for each articular and complexity combination
was analyzed using posthoc tests, and the significance level
was set at o = .05. Results of the post hoc analyses and
effect sizes of between-groups differences calculated using
Cohen’s d are shown in Figures 2-4. Effect sizes may be
interpreted as small (0.2-0.4), medium (0.5-0.7), and large
(> 0.8; Cohen, 1992). Effect sizes, along with the 95% confi-
dence intervals were used to interpret the significant post
hoc comparisons (Nakagawa, 2004).

Average Movement Speed

Statistical tests revealed significant main effects of
articulator and phonetic complexity on movement speed.
The Group x Articulator and Group x Complexity inter-
actions were not significant but, the Group x Articulator
x Complexity interaction was significant. Post hoc analysis
of the significant three-way interaction revealed a between-
groups difference in jaw movement speed only for words
with high phonetic complexity (p = .02, d = 0.83, 95% CI
[0.30, 1.36]). Specifically, jaw speed was significantly lower
in talkers with PD compared to healthy controls for high-
complexity words (see Figures 2a and 2b).

Cumulative Path Distance

The main effects of articulator and phonetic com-
plexity on cumulative distance were significant. In contrast,
the Group X Articulator and Group x Complexity interac-
tions were not significant but, the Group x Articulator x

Complexity interaction was significant. Post hoc analysis
of the significant three-way interaction revealed a between-
groups difference in the cumulative path distance traveled
by the jaw only for words with high phonetic complexity
(p=.04,d=0.68,95% CI[0.16, 1.20]). Specifically, the
PD group had significantly shorter cumulative distance for
the jaw than controls (see Figures 2¢ and 2d).

Movement Range

The main effects of articulator and phonetic complexity
on range of movement in the anterior—posterior (z) dimen-
sion were significant. In contrast, the Group x Complexity
interaction was not significant, but the Group X Articulator
and Group X Articulator x Complexity interactions were
significant. Post hoc analysis of the significant three-way
interaction revealed between-groups differences in jaw move-
ment range in the z-dimension for words with low (p = .03,
d =0.69, 95% CI [0.16, 1.21]) and high phonetic complexity
(p =.0003, d = 1.09, 95% CI [0.55, 1.64]). Range of jaw
movement in the z-dimension was significantly lower in
talkers with PD compared to healthy controls (see Figures 3a
and 3b). Post hoc analysis of the significant two-way Group X
Marker interaction revealed a between-groups difference
only for the jaw (p = .003, d = 0.75, 95% CI [0.74, 0.90]),
where talkers with PD had significantly lower jaw move-
ment range compared to the control group.

For range of movement in the ventral-dorsal () dimen-
sion, the main effects of articulator and phonetic complexity
were significant. Furthermore, the Group x Articulator,
Group x Complexity, and Group x Articulator x Complex-
ity interactions were significant. Post hoc analysis of the
significant three-way interaction revealed a between-groups
difference in anterior tongue movement range (p = .04,

d =0.73, 95% CI [0.21, 1.25]) only for high-complexity words,
where talkers with PD displayed significantly reduced

y range of movement for the anterior tongue compared
to controls (see Figures 3¢ and 3d).

Movement Duration

The main effects of articulator and phonetic complex-
ity on movement duration were significant. In addition, the

Table 3. Repeated-measures analysis of covariance for articulatory kinematic measures.

Average speed Cumulative

Horizontal (z) movement Vertical (y) movement

Movement

(mm/s) distance (mm) range (mm) range (mm) duration (s) STI

Source df F P F P F P F P F P F p

Grp? 1 197 A7 116  .292 4.15 .05 0.21 .650 226 .145 0.01 915
Art 2 640.7 <.0001 775.24 <.0001 424.07 < .0001 290.37 <.0001 78.64 <.0001 4.87 .012
Complex 2 144 <.0001 39.47 <.0001 32.83 < .0001 3.71 .031 3.91 .026 6.15 .004
Grp x Art 2 221 119 249  .092 4.7 .013 4.26 .019 11.01 .0001 7.23 .002
Grp x Complex 2 235 105 232 .108 0.94 .398 3.25 .046 0.14 870 04 .672
Grp x Art x Complex 8 2.74 .009 3.35 .002 4.38 .0001 2.2 .034 0.99 448 1.47 179

Note.
@n = 15 for the PD group and n = 15 for the healthy control group.

Bolded text indicates p < .05. STI = spatiotemporal variability index; Grp = group; Art = articulator; Complex = complexity levels.
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Figure 2. Between-groups effect sizes (Cohen’s d) by articulator and complexity level for average speed (a) and cumulative distance (c). Mean
(standard error) of average speed (b) and cumulative distance (d) for each participant group, articulator, and complexity level. Statistically
significant between-groups differences are indicated by circles on the right. PD = Parkinson’s disease.
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Group x Articulator interaction was significant, but the Discussion

Group x Complexity and Group X Articulator X Complex-
ity interactions were not significant. Post hoc analysis of the
significant two-way interaction revealed a between-groups
difference only for jaw movement duration (p = .001, d =
0.48, 95% CI [0.48, 0.63]), where the PD group had signifi-
cantly shorter movement durations compared to the con-
trols (see Figures 4a and 4b).

STI

The main effects of articulator and phonetic complex-
ity on STI were significant. Furthermore, the Group X
Articulator interaction was significant; however, the Group x
Complexity and Group x Articulator x Complexity in-
teractions were not significant. Post hoc analysis of the
significant two-way interaction revealed a significant be-
tween-groups difference in STI only for the jaw (p = .03,
d = 0.44, 95% CI [0.43, 0.59]), where jaw STI was signifi-
cantly higher in the PD group compared to controls (see
Figures 4c and 4d).

The overall goal of the current study was to deter-
mine the feasibility of using phonetic complexity manipula-
tions as a way to systematically assess articulatory deficits
in talkers with predominantly mild dysarthria due to PD.
Overall, the findings support our hypothesis about the effect
of phonetic complexity on articulatory motor performance
because between-groups differences in movement speed,
cumulative distance, and movement range were significant
only when words were sufficiently complex. Although no
specific predictions were made regarding differential involve-
ment of the tongue versus the jaw, effect sizes for between-
groups differences were larger for the jaw compared to the
tongue for several kinematic measures. These main findings
are discussed in detail below.

Complex Phonetic Contexts May Improve
Detection of Articulatory Deficits in PD

Although very few acoustic and kinematic studies
have investigated phonetic complexity effects systematically,
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Figure 3. Between-groups effect sizes (Cohen’s d) by articulator and complexity level for z range (anterior—posterior; a) and y range (ventral—
dorsal; ¢). Mean (standard error) of z range (b) and y range (d) for each participant group, articulator, and complexity level. Statistically significant
between-groups differences indicated by circles on the right. PD = Parkinson’s disease.
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all the existing literature, including our current study, sup-
port the notion that complex phonetic contexts are better
suited to detect incremental changes in articulatory perfor-
mance than relatively simple phonetic contexts (Flint et al.,
1992; Forrest et al., 1989; Hermes et al., 2019; Kearney et al.,
2017; Y. Kim et al., 2009; Rosen et al., 2008; Yunusova

et al., 2008). Perceptual studies that have manipulated pho-
netic complexity and utterance length systematically to assess
speech performance in dysarthria also lend their support to
this idea (Allison & Hustad, 2014; H. Kim et al., 2010;
Kuruvilla-Dugdale et al., 2018). In this study, the PD group
displayed hypokinesia of the jaw and anterior tongue for
words with high phonetic complexity as indexed by smaller
movement range and shorter cumulative distance relative
to controls. Because the anterior tongue is actively involved
in consonant production, reduced anterior tongue movements,
specifically during closing movements, may be linked to con-
sonant imprecision. It is important to recognize that subtle
articulatory deficits may be perceptible only when the pho-
netic complexity of the stimuli places sufficiently high de-
mands on the speech motor system. Therefore, future studies
need to investigate the links between complexity-based

articulatory performance and auditory—perceptual speech
features in PD.

Our kinematic data also show that the movement
range of the posterior tongue in talkers with PD was com-
parable to that of controls, even for words with high pho-
netic complexity. This finding is surprising given that
previous studies showed a reduced acoustic vowel space,
even in the preclinical stages of speech decline in those with
PD (Rusz et al., 2013; Skodda et al., 2011). Furthermore,
this finding is unexpected given the fact that tongue move-
ments were not decoupled from the jaw and therefore also
included contributions of the jaw, which by contrast showed
a significantly smaller movement range in PD than controls.
Although speculative, it is possible that talkers with PD held
the jaw in a relatively fixed position to permit greater flexi-
bility for posterior tongue movements during more challeng-
ing phonetic contexts. As explained by Forrest et al. (1989),
in clinical populations with impaired sensorimotor integra-
tion, the jaw may be used as a fixed reference to permit
greater accuracy of tongue and lip movements to be pro-
duced. Currently, the mechanisms that underlie reduced artic-
ulatory movement range in talkers with PD are still poorly
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Figure 4. Between-groups effect sizes (Cohen’s d) by articulator and complexity level for movement duration (a) and spatiotemporal variability
index (STI; ¢). Mean (standard error) of movement duration (b) and STI (d) for each participant group, articulator, and complexity level. PD =

Parkinson’s disease.
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understood; however, an interplay between disease- and
compensation-related factors as well as trade-offs between
efficiency and intelligibility are likely contributing factors.
Because speed and displacement typically co-vary
(Munbhall et al., 1985; Ostry & Munhall, 1985) and the rel-
ative scaling of these two parameters determines changes in
movement duration, findings of reduced speed are best
interpreted when also considering between-groups differ-
ences for displacement and duration. In the current study,
for words with high phonetic complexity, jaw movement
speed was significantly lower in the PD group than in the
control group. By contrast, jaw displacement tended to be
shorter in talkers with PD than controls in the high pho-
netic complexity condition. As a result, jaw movement du-
rations between talkers with PD and controls did not differ
significantly. Because durational differences can be achieved
if displacement was disproportionately more downscaled
than speed or vice versa, the large between-groups effect
size for jaw movement duration in the high-complexity con-
dition suggests that either jaw displacement was dispro-
portionately more downscaled than speed or vice versa. If

jaw speed was disproportionally more reduced than jaw
displacement, it would indicate mandibular bradykinesia
or an inability to generate sufficient speed. Prior research
suggests that mandibular bradykinesia is more likely to
occur at advanced stages of the disease and that very few
individuals with mild-to-moderate dysarthria exhibit slow
mandibular movements (Umemoto et al., 2011).

Articulator-Specific Performance May Vary
Depending on Phonetic Demands of the Stimuli

According to the forward progression framework
proposed by Critchley (1981), the tongue is assumed to be
affected earlier than the lips in PD; however, progression to
the jaw is not specified within this framework. Interestingly,
in the current study, the effect sizes of between-groups differ-
ences were greater for jaw kinematic measures than for
anterior tongue and posterior tongue kinematic measures.
This finding is congruent with prior research studies that
showed more changes to jaw motor performance than tongue
motor performance (Kearney et al., 2017) and lip motor
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performance (Connor et al., 1989; Forrest et al., 1989) in
talkers with PD. Specifically, at the sentence level, smaller
movements were observed for the jaw but not the posterior
tongue segments (Kearney et al., 2017). Similarly, at the
word level, the jaw demonstrated greater impairments than
the lips in PD (Connor et al., 1989). In fact, bradykinesia
was only observed in the jaw (Connor et al., 1989) and jaw
movements of talkers with severe dysarthria due to PD
failed to reach the movement amplitude or velocities pro-
duced by healthy controls (Forrest et al., 1989).

In contrast, the study by Mefferd and Dietrich (2019),
which included most of the talkers with PD in the current
study, showed that jaw displacements during the diphthong
“ai” in “kite” were comparable between the two groups,
whereas decoupled tongue displacements were significantly
smaller in the PD group than in healthy controls. Thus,
contrasting findings in the literature may not necessarily be
due to differences in dysarthria severity or heterogeneity
of dysarthria symptoms within a specific severity range.
Rather, the articulator that is being challenged the most
within the specific epoch (i.e., sentence, word, phoneme seg-
ment) may show the greatest articulatory decrement. Specifi-
cally, words with high phonetic complexity in the current
study may have placed great demands on the jaw. By con-
trast, the production of the diphthong “ai” may be particu-
larly challenging for the posterior tongue. Therefore, future
dysarthria studies need to compare articulatory perfor-
mance across utterances that explicitly engage specific artic-
ulators. Ultimately, the auditory—perceptual consequences
of such articulator-specific breakdowns need to be explored
in order to optimize clinical dysarthria assessment.

Limitations and Future Directions

One limitation of the current study was that some
talkers with PD and some healthy controls spoke with a re-
gional dialect, and the number of talkers with a regional
dialect was not balanced between groups. However, it is
rather unlikely that this imbalance confounded the between-
groups findings because the Southern dialect is typically
associated with a slow speaking rate (Jacewicz et al., 2010)
and the speaking rate of our PD group tended to be faster
than that of our controls (i.e., 199 and 183 words per minute,
respectively).

A history of speech therapy may have also impacted
the articulatory performance of talkers with PD because
of which we compared the control and PD kinematic data
with and without those participants who underwent treat-
ment. Three-way interaction effects for Group (control,
PD) x Articulator (jaw, posterior tongue, anterior tongue) X
Complexity (low, medium, high) as well as two-way inter-
action effects for Group x Complexity and Group X Artic-
ulator were the same for all kinematic measures regardless
of whether the treatment group (N = 4) was included or ex-
cluded from the PD group.

Similar to other research studies, participants with
PD in this study were tested while medicated, so our kine-
matic measurements may be affected by medication. Future

studies should consider studying articulatory motor perfor-
mance in both “on” and “off” medicated states to deter-
mine the contribution of medication to complexity effects
(Miicke et al., 2018).

Regarding phonetic complexity, the framework used
in the current study is just one way to manipulate phonetic
complexity, and other approaches such as the Index of
Phonetic Complexity (Jakielski, 1998) and the Word Com-
plexity Measure (Stoel-Gammon, 2010) also exist. The
ability to detect impaired articulatory motor performance
by leveraging phonetic complexity may be further improved
using one of these alternative approaches. Another consider-
ation for future studies is to include more stimuli at each
phonetic complexity level that are well controlled for neigh-
borhood density, phonotactic probability, and word length
to identify those stimuli that provide the most robust find-
ings. Finally, kinematic findings will need to be linked to
auditory—perceptual ratings to determine if deficits at the
kinematic level are also detectable at the perceptual level,
particularly in individuals with a medical diagnosis of
PD, but who are nonsymptomatic for dysarthria. It could
be argued that a complexity-based approach gives little
consideration to other subsystem (i.e., respiration, phona-
tion, resonance) impairments that may also impact speech
performance. However, a systematic manipulation of pho-
netic complexity should predominantly vary articulatory
demands and minimally affect other speech subsystems.

Conclusions

Smaller articulatory movements and slower move-
ment speed were observed in talkers with predominantly
mild dysarthria due to PD, mostly during words with high
phonetic complexity. Additionally, jaw motor performance
was affected to a greater extent than tongue motor perfor-
mance in talkers with PD, at least for the stimuli used in
the current study. These results support the feasibility of
using phonetic complexity manipulations for the improved
detection of articulatory deficits in talkers with PD. Ulti-
mately, this line of research seeks to improve the sensitivity
of dysarthria assessments by designing speech stimuli that
systematically vary in their articulatory motor demands.
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