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Abstract
Purpose—To investigate the effects of increased syntactic complexity and utterance length
demands on speech production and comprehension in individuals with Parkinson’s disease (PD)
using behavioral and physiological measures.

Method—Speech response latency, interarticulatory coordinative consistency, accuracy of speech
production, and response latency and accuracy on a receptive language task were analyzed in 16
individuals with PD and 16 matched control participants.

Results—Individuals with PD had higher oral motor coordination variability, took a longer time
to initiate speech, and made more errors on the speaking task compared with the control group.
They also received lower scores on the 2 complex conditions of the receptive language task.
Increased length and syntactic complexity negatively affected performance in both groups of
speakers.

Conclusions—These findings provide a novel window into the speech deficits associated with
PD by examining performance on longer, sentence-level utterances in contrast to earlier
investigations of single-word or nonword productions. Speech motor control processes and
language comprehension were adversely affected in the majority of our participants with mild to
moderate PD compared to the control group. Finally, increased syntactic complexity and sentence
length affected both the healthy aging and PD groups’ speech production performance at the
behavioral and kinematic levels.
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Linguistic Complexity, Speech Production, and Comprehension in
Parkinson’s Disease: Behavioral and Physiological Indices

Parkinson’s disease (PD) affects approximately 1% of the general population over the age of
65 years and 2% of those over the age of 85 years (Burn, 2000). The central pathology of
PD is the progressive degeneration of dopaminergic cells of the substantia nigra of the basal
ganglia. This results in dopamine depletion in striatal structures as well as in other areas of
the brain. The basal ganglia are widely recognized as a network of nuclei supporting the
planning and execution of movement. Our understanding of basal ganglia function has
evolved, in part, through research from the last 2 decades of individuals with neurological
diseases such as PD. Multiple distributed cortico-striatal-cortical circuits are thought to
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mediate aspects of cognition, speech, and language (e.g., Alexander, DeLong, & Strick,
1986; Crosson et al., 2003; Cummings, 1993; Friederici, Kotz, Werheid, Hein, & von
Cramon, 2003; Grossman et al., 2003; Lashley, 1951; Lieberman, 2001; Mesulam, 1990;
Murdoch, 2001; Zgaljardic, Borod, Foldi, & Mattis, 2003). However, the precise role that
the basal ganglia play in these higher order processes is not well understood. As our view of
the basal ganglia has progressed, we have seen an increasing number of studies focusing on
cognitive deficits in PD and, to a far lesser extent, on speech and language impairments.

Speech Production in PD
Dysarthria, which is a disturbance of speech caused in part by neurological disease, is a
prominent characteristic of PD; nearly 90% of these individuals develop speech and voice
disorders (Ho, Iansek, Marigliani, Bradshaw, & Gates, 1998; Logemann, Fisher, Boshes, &
Blonsky, 1978). Clinical characteristics of hypokinetic dysarthria in PD include hypophonia,
monotonicity, breathiness/hoarseness, imprecise articulation, and rate problems (for a
review, see Ramig, Fox, & Sapir, in press). Most studies of hypokinetic dysarthria in PD
have relied upon perceptual measures and, to a lesser extent, on acoustic and physiological
ones. Of particular relevance to this research is the fact that there have been few studies into
the nature of the complex interarticulatory movements underlying the articulation deficits in
PD. Connor, Abbs, Cole, and Gracco (1989) analyzed the sequencing of upper and lower lip
and jaw peak velocities during the production of the nonword sapapple and reported
decreased coordination across these articulators in nine participants with mild-to-moderate
PD. Kleinow, Smith, and Ramig (2001) examined lower lip and jaw movement during
production of a syntactically simple phrase using a composite measure of spatial and
temporal patterning. They found that eight adults with mild-to-moderate PD performed
similarly to age-matched controls on this measure. However, when speakers were asked to
repeat the same test phrase at different rates and loudness levels, the patterns of movement
associated with a particular speaking condition were the least distinctive in the participants
with PD compared to the young adult and age-matched controls.

Language and Cognitive Influences on Speech Motor Control
Most studies of human communication have concentrated on speech production or language
processing separately. A. Smith and Goffman (2004) posited that language and motor
speech functions interact to a much greater extent than earlier speech/language production
models suggest (e.g., Levelt, 1989; Levelt, Roelofs, & Meyer, 1999). To understand motor
functions during speech, they suggest that the linguistic structure and goals of the utterance
spoken be taken into account. In support of their hypothesis, earlier work from our
laboratories has confirmed that linguistic factors indeed affect speech motor coordination.
Specifically, increasing the length and syntactic complexity of experimental speaking tasks
results in increased variability in lip and jaw kinematics in children and adults with no
neurological impairments (Kleinow & Smith, 2006; Maner, Smith, & Grayson, 2000).

In populations with neurological speech disorders, there is evidence that increased linguistic
demands produce more disruptions to the speech system. Several studies have reported
higher disfluency rates under conditions of increased length and syntactic complexity in
typically fluent children and in children who stutter (e.g., Logan & Conture, 1997;
Silverman & Bernstein Ratner, 1997). Kleinow and Smith (2000) found that adults who
stutter showed increased variability in articulatory movement patterns as syntactic
complexity and length increased. Taken together, these studies support the hypothesis that
higher order linguistic processes influence speech motor control even in adults and children
with no neurological impairments. Those adults with a communication disorder may be
more vulnerable to increased linguistic demands.
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There have been no previous studies of the direct influence of linguistic complexity on
speech production in PD. Research in individuals with this disease provides a vital
opportunity to learn how deficient subcortical networks impact speech and language
processes. Lieberman et al. (1992) found a significant correlation between an increase in
syntactic errors on a language assessment task and voice onset timing errors on a single-
word production task in participants with PD. The effect was pronounced in the moderate
compared to the mild group of participants with PD. Lieberman et al. hypothesized that
these deficits could be attributed to a common pathology—namely, damage to the neural
circuitry connecting prefrontal and basal ganglia areas.

Language Production and Comprehension in PD
Studies focusing on semantic, syntactic, and prosodic aspects of language, collectively,
suggest that 50%–60% of individuals with PD without dementia have a mild-to-moderate
impairment in their language comprehension, even in the earlier stages of the disease (for
reviews, see Grossman, 1999; Lieberman, 2000; Murray, 2008). With respect to spoken
language, Illes, Metter, Hanson, and Iritani (1988) and Cummings, Darkins, Mendez, Hill,
and Benson (1988) elicited speech samples from individuals with mild-to-moderate PD and
found reduced utterance length and syntactic complexity compared with controls. In
contrast, Murray (2000) and Murray and Lenz (2001) found that the utterance length and
syntactic structure of spoken language samples were similar in their mild to moderate-to-
severe PD and in healthy control groups; however, these researchers documented that the
individuals with PD produced a smaller proportion of grammatically intact sentences.

Relevant to the present experiment, comprehension of complex syntactic structures appears
to be disrupted in individuals with PD (Angwin, Chenery, Copland, Murdoch, & Silburn,
2006; Colman, Koerts, van Beilen, Leenders, & Bastiaanse, 2006; Grossman et al., 1991,
2002; Lee, Grossman, Morris, Stern, & Hurtig, 2003; Hochstadt, Nakano, Lieberman, &
Friedman, 2006; Lieberman et al., 1992; Natsopoulos et al., 1991). For example, individuals
with PD were significantly impaired compared with controls on a sentence-to-picture
matching task, suggesting deficient syntactic processing (Colman et al., 2006; Hochstadt et
al., 2006; Lieberman et al., 1992; Natsopoulous et al., 1991). Grossman and colleagues
(Grossman et al., 1991, 2002; Lee et al., 2003) found that individuals with PD had decreased
accuracy answering probes paired with complex sentences (i.e., with central or terminal
clauses). Participants in these studies had mild PD and were not taking dopaminergic
medications at the time of testing (Grossman et al., 1991) or, alternatively, were on their
Parkinson’s medications (Grossman et al., 2002; Lee et al., 2003). Angwin et al. (2006)
extended this line of research to show that participants with PD had poorer accuracy
comprehending sentences with object-relative embedded clauses compared with subject-
relative clauses and longer reading times for object-relative sentences on a self-paced
reading task.

Summary and Hypotheses
There have been few studies of the complex interarticulatory movements underlying
articulation deficits in PD (Connor et al., 1989; Kleinow et al., 2001). These studies included
a small number of participants and assessed nonword or short-phrase production. This may
be problematic, given that individuals with PD are often able to produce perceptually
accurate speech at the single-word level; however, breakdowns in articulatory precision are
more likely to occur at the phrase or discourse level (Robertson & Thomson, 1987;
Weismer, Jeng, Laures, Kent, & Kent, 2001; Yorkston & Beukelman, 1980). We
investigated interarticulatory coordination during the production of sentences that varied in
length and syntactic complexity to assess how higher order linguistic processes affected
speech motor performance. We chose to manipulate syntactic complexity given that
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previous research in the areas of language production and comprehension has shown that
syntax may be especially problematic for individuals with PD. Specifically, they are less
accurate at comprehending sentences that are syntactically more complex (e.g., Angwin et
al., 2006; Colman et al., 2006; Grossman et al., 1991, 2002; Lee et al., 2003; Hochstadt et
al., 2006; Lieberman et al., 1992; Natsopoulos et al., 1991), and they use simplified syntactic
structure (Cummings, Darkins, Mendez, Hill, & Benson, 1988; Illes et al., 1988) and/or a
smaller proportion of grammatically intact sentences (Murray, 2000; Murray & Lenz, 2001)
during conversational speech.

In summary, the purpose of the present investigation was to perform multilevel assessments
of speech production and comprehension abilities in individuals with PD. We included both
behavioral and physiological assessments of speech production as well as behavioral
measures of language comprehension. Because of the obvious motor deficiencies caused by
PD, we hypothesized that the individuals with PD would show higher coordination
variability in a speech production task. Previous research has also revealed that these
individuals are less accurate at comprehending syntactically complex sentences and may use
simplified syntactic structure in their spontaneous speech. Therefore, we also hypothesized
that increases in utterance length and complexity would have greater deleterious effects on
oral motor coordination in the group with PD. In order to assess these two hypotheses, we
used a measure of speech motor coordination that captures the consistency of temporal and
spatial relations among the upper lip, lower lip, and jaw (Kleinow & Smith, 2006; A. Smith
& Zelaznik, 2004; Walsh, Smith, & Weber-Fox, 2006). We also examined the effect of
syntactic complexity and utterance length on behavioral measures of speech production—
namely, speech response latency and the number of production errors. Finally, we employed
a sentence comprehension task designed to parallel the speech production task, as the
syntactic complexity of the stimuli was manipulated similarly for both tasks. We adopted
this strategy to replicate earlier findings (but employing a visual rather than an auditory
paradigm to remove the reliance on memory to generate the sentences) and to explore
whether the integrity of language comprehension and speech production was similarly
compromised in individuals with PD.

Method
Participants

Participants were 11 men and five women (M = 73 years, range = 62–82 years) with
idiopathic PD diagnosed by a neurologist and 16 healthy adults (M = 73 years, range = 63–
80 years) matched for age (±3 years), gender, and level of education (±3 years) to the
individuals with PD. Education ranged from a total of 12 years to 20 years (M = 16.0 years)
for the participants with PD, and from a total of 12–20 years (M = 15.9 years) for the control
participants. All participants were native speakers of American English. The individuals
with PD were tested within 1–2 hr of taking their medication to control for possible on–off
effects. Although the severity of their motor symptoms was not formally assessed, all
participants with PD were ambulatory and were living independently at the time of testing.
Summary characteristics for the participants with PD are provided in Table 1.

Screening Measures and Dysarthria Severity Assessment
Participants had a negative history of dementia per self-report and passed screenings on the
Standardized Mini Mental State Examination (SMMSE; Molloy, 1999), a global measure of
cognitive ability. A score below 24 on this measure indicates cognitive impairment (see
Table 1). All participants passed a pure-tone hearing screening at 40 dB for 500, 1000, and
1500 Hz, bilaterally (Ventry & Weinstein, 1983), and reported normal or corrected-to-
normal vision. The participants with PD completed a history form providing information
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about the time since diagnosis and medication regimens. Prospective participants were
excluded from the experiment if they reported other neurological conditions or had problems
with speech, language, or reading unrelated to their PD. The control participants also
completed a medical history form providing information about illnesses, medication, and/or
speech, language, and learning problems. Control participants were excluded if they
reported neurological disorders, took medication likely to affect performance (e.g., muscle
relaxants, antidepressants), or reported problems with speech, language, reading, or hearing.

In general, the individuals with PD had mild-to-moderate speech and voice impairment
based on the perceptual ratings of three speech-language pathologists with experience
assessing individuals with dysarthria. In order to assess whether the participants spoke with
reduced loudness, the expert listeners heard recordings of participants reading aloud a
portion of “The Papa Passage” (Sapienza & Stathopoulos, 1995). Selected portions of this
speaking passage were also used to assess speech rate and articulatory precision, equated for
peak intensity at 70 dB to ensure that intensity differences did not influence listener
judgments of rate and precision. To assess each dysarthria characteristic, the first recording
that the listeners heard was from a control participant whose speech was determined to be
normal by the experimenter. They were instructed to compare each subsequent recording to
this exemplar by circling the number corresponding to severity (1 = normal, 2–3 = mild, 4–5
= moderate, and 6–7 = severe). The exemplar was replayed after every five participant
recordings; however, the listeners were encouraged to replay it as often as needed. Specific
dysarthria characteristics for each participant with PD are provided in Table 2.

Experimental Procedure Overview
All data were collected during one experimental session, which was 1½–2 hr in length.
During the first portion of the session, the speech production protocol was completed, and
kinematic data were collected. Next, the participants were given the pure-tone hearing
screening and produced speaking samples, which we recorded in order to assess dysarthria
severity (as described above). During the final portion of the session, the SMMSE was
administered, and participants then completed the sentence comprehension protocol. All
experimental and screening sessions were video recorded.

Speech Production Task
Speech production: Stimuli: Stimuli consisted of six sentences that varied in both length
and syntactic complexity; the sentences (with their acronym codes, for brevity) are listed in
Table 3. They were designed such that they contained predominantly bilabial consonants, so
that lip and jaw movements were targeted and constrained. These stimuli were developed to
include different levels of syntactic complexity and contained either 11 or 12 (short
conditions) or 16 or 17 (long conditions) syllables, creating a length contrast.

We manipulated sentence complexity so that there were declarative sentences (Simple 1);
sentences containing a center-embedded, subject-relative clause (Complex 2); and sentences
containing a center-embedded, object-relative clause (Complex 3). This strategy was used
on the basis of the results from earlier studies employing behavioral, functional magnetic
resonance imaging (fMRI), and/or event-related potential (ERP) analyses of syntactic
complexity and comprehension, which showed distinctions between these sentence types
(Just & Carpenter, 1993; Just, Carpenter, Keller, Eddy, & Thulborn, 1996; King & Just,
1991; King & Kutas, 1995; Lee et al., 2003; Miyake, Just, & Carpenter, 1994).

Speech production: Recording equipment: Speech response latencies (i.e., the time
between the visual presentation of the sentences on a computer monitor and the onset of the
participant’s speech acoustic signal) were recorded with E-Prime software (Psychology
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Software Tools) and a Serial Response Box (Model 200a) from Psychology Software Tools.
The speech acoustic signal was detected with a condenser microphone positioned 6 in. away
from the participant’s mouth and at a 45° angle to the lips.

Kinematic data were collected with a Northern Digital Optotrak 3020 system. The camera
system recorded three-dimensional movements of small infrared markers affixed to the
upper lip, lower lip, and jaw with adhesive collars. The lip markers were attached to the
vermilion border of the lips at midline. Jaw movement was recorded with a marker affixed
to a splint attached under the chin; however, this signal was not analyzed for this
experiment. Optotrak data collection parameters described by A. Smith, Johnson, McGillem,
and Goffman (2000) were followed. Additional markers were used to compute a head
coordinate system so that extraneous movements—due to dyskinesias, for example—did not
interfere with the collection of movement from the articulators. Marker motions were
digitized by the Optotrak system at 250 Hz. The participants’ acoustic signal was digitized at
an 18-kHz sampling rate by an analog-to-digital unit within the Optotrak system so that it
was synchronized with the movement signals. We used the acoustic signal to ensure that (a)
the target sentences were spoken correctly and, thus, to tabulate production accuracy scores,
and (b) the kinematic data segmented for analysis corresponded to the appropriate speech
sample (i.e., was not inadvertently cut off).

Speech production: Experimental protocol: In order to familiarize the participants with
the six-sentence stimuli, they practiced producing each sentence one time as it appeared on a
20-in. monitor positioned 7 ft. in front of the participants. The sentences were presented on
three lines of text for the short-sentence conditions and on five lines of text for the long-
sentence conditions in 48-point Arial boldfaced font using E-Prime software. During data
collection, 15 blocks of six sentences were presented. The six sentences were
pseudorandomized within each block so that each sentence appeared in a particular position
within the block an approximately equal number of times. Ninety trials (15 productions of
each of the six sentences) were produced by each participant. There were pauses of
approximately 2 s between presentation of each sentence. Participants were instructed to
read each sentence as soon as it appeared on the monitor using their typical speaking voice
and habitual rate.

Speech production: Kinematic data analysis: To systematically select 10 productions of
each sentence for the kinematic analysis, we adhered to the following rules: The first
production of each sentence was discarded for all participants. The next 10 error-free
productions of each sentence were then selected. A production of a sentence was judged to
be error free when it did not contain substitutions, omissions, additions, distortions, dis-
fluencies, aberrant prosody, or inappropriate pauses. These judgments were made by the first
author and one other experimenter online and were confirmed by the first author later during
offline data analysis.

Only superior–inferior articulatory movements were analyzed because this is the primary
dimension of movement for bilabial stop consonants. The kinematic records for the 10
exemplars of each sentence were imported into MATLAB (The Math Works) for analysis.
As illustrated in Figure 1, the lower lip (plus jaw) velocity signal (superior–inferior
dimension) was used to define the beginning and end points (peak velocity of the initial and
final opening movements) of each sentence. This interval excluded “the” and started at the
peak velocity of the bilabial opening movement (opening from /b/ to /ɔI/ in the word boys
or /m/ to /e/ in the word messy) to the peak velocity of the last opening movement for the
utterance (release of the /p/ to /aI/ in pies). These indices were used to extract the upper lip
and lower lip (plus jaw) displacement interval for analysis (see Figure 1). The lower lip
(plus jaw) displacement signal was subtracted from the upper lip signal to produce the lip
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aperture (LA) signal. Thus, the LA signal reflects the coordination of the upper lip, lower
lip, and jaw to control oral opening as a function of time for the entire utterance (A. Smith &
Zelaznik, 2004). We acknowledge that our signal is not an exact representation of actual LA,
which is a complex three-dimensional measure (see Westbury & Hashi, 1997). However, it
is a reasonable and frequently utilized estimate (e.g., Kleinow & Smith, 2006; A. Smith &
Zelaznik, 2004; Walsh et al., 2006). As illustrated in Figure 2, the LA signals for each
sentence were then linearly time and amplitude normalized (e.g., A. Smith et al., 2000).
Finally, following A. Smith and Zelaznik (2004), an LA variability index was computed for
each participant and each sentence by calculating theSDacross the sets of 10 time-and
amplitude-normalized displacement waveforms. These SDs were then summed to produce
the LA variability index (see inset, Figure 2). This value reflects the dispersion of the set of
normalized LA trajectories for the entire utterance.

Receptive Language Task
Sentence comprehension: Stimuli: The participants completed a sentence comprehension
task consisting of 54 sentences paired with a probe question. Mirroring the speech
production stimuli, the syntactic complexity of the task was manipulated by the grammatical
phrase structure of the target sentence. One third of the sentences were simple in structure
(e.g., The playful puppy nipped the frightened kitten.). One third of the sentences included a
center-embedded, subject-relative clause (e.g., The submarine that bumped the yacht was
reckless.). The remaining third of the target sentences included a center-embedded, object-
relative clause (e.g., The dean that the professor criticized was sheepish.). Sentences from
the three conditions contained approximately the same number of words to control for length
confounds. Half the probes for each sentence condition were in the active voice (e.g., “What
did the nipping?”), and half were in the passive voice (e.g., “Whowas criticized?”). These
stimuli were adapted and were used with permission from Grossman and colleagues
(Grossman et al., 1991).

Sentence comprehension: Experimental protocol: The participants were seated in front of
a 17-in. monitor for the sentence comprehension task. The sentence stimuli were
randomized and presented in 20-point Arial boldfaced font using E-Prime software, which
was used to detect the participants’ accuracy and response times (RTs). The participants
were informed that their RT and accuracy were being measured and were encouraged to
answer each item as quickly as possible without compromising accuracy. Each sentence
item appeared on the computer screen for 5 s before the accompanying probe, and two
answer choices appeared beneath the sentence. The participants were asked to answer each
probe by pressing either the number 1 or number 2 key on the number pad of the computer
keyboard. The participants rested their preferred hand on a pad in order to be as close as
possible to the keyboard. In addition, brightly colored stickers with the numbers printed on
them in large font were placed on the number 1 and number 2 answer keys to facilitate
responding. Once an answer key was pressed, the next sentence automatically appeared on
the screen. The sentences remained on the screen throughout the duration of each trial so
that the participants could review the sentence as needed to answer the item. This step
ensured that the task assessed the comprehension of syntactic structure rather than working
memory processes. If performance fell below 60% on a 10-item practice test, instructions
were re-administered to ensure that the participant understood the task.

Statistical Analysis—The reliability of the expert listeners’ dysarthria assessments was
determined by repeating recordings from one pseudorandomly chosen female and male
speaker for each of the six dysarthria characteristics. Correlation coefficients were then
computed between the first and second rating. The correlation coefficient and mean
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difference between the original and reanalyzed data were r = .90, p < .01, indicating good
reliability.

Speech production response latencies less than 500 ms or greater than 4,000 ms were
considered outliers and were removed from the data set. For the participants with PD, 3.55%
of the trials were removed from the data set as outliers. For the control participants, 1.25%
of the trials were removed from the data set as outliers. Before conducting statistical
analyses on data from the sentence comprehension task, those responses counted as outliers
(i.e., extremely short [< 700 ms] or prolonged [> 15 s]) were eliminated. For two
participants with PD, this resulted in a 46% and 67% loss of their data, respectively.
Because these individuals were extreme outliers, their RT and accuracy data on the sentence
comprehension task were removed from the data set. For the other participants with PD,
error responses accounted for approximately 1% of the total number of trials and were
removed from the data set. For the control participants, an average of 0.7% of the trials was
removed from the data set. Finally, three participants with PD did not produce 10 accurate
and fluent repetitions of each sentence. In these cases, LA variability index calculations
were derived from the eight or nine available tokens. However, in one instance, a participant
produced only three tokens of the complex, subject-relative long sentence. In this case, the
average sentence LA variability index for the group with PD for this particular sentence
condition was substituted for the missing value in the statistical analyses.

For the speech production task, group differences (PD vs. control) in the LA variability
index, production accuracy, and speech production response latencies were assessed by
performing separate analyses of variance (ANOVAs) with repeated measures on sentence
complexity (3 levels: simple, subject-relative, and object-relative) and sentence length (2
levels: short and long). For the receptive sentence comprehension task, group differences
were examined for sentence comprehension accuracy and sentence comprehension RT with
separate ANOVAs, with repeated measures on sentence complexity (3 levels: simple,
subject-relative, and objective relative). Log-transformed speech response latencies for
fluent productions and log-transformed sentence comprehension RTs for correctly answered
items were used in the repeated-measures ANOVA (Ratcliff, 1993).

For all ANOVAs, degrees of freedom and F values are reported utilizing the Greenhouse–
Geisser probability adjustment for cases in which the assumption of sphericity was violated.
The alpha level was set at p < .05. In cases in which the parametric assumption of
homogeneous variances was violated and not amenable through transformation, between-
group differences were assessed with Mann–Whitney U analyses (p < .05).

We wished to perform correlational analyses between variables related to PD severity (i.e.,
time postonset of PD [TPO], general cognitive status [SMMSE score], age, level of
dysarthria [degree of reduced loudness, articulatory imprecision, level of speech rate
impairment] and performance on comprehension and speech motor tasks in the PD group).
To reduce the number of correlations involved, as there were six sentences on the speaking
task, the average LA index and average production accuracy score were calculated for each
individual with PD for the analyses. Justification for doing so stemmed from the fact that
pairs of LA index values and production accuracy scores were correlated (all rs between .
51–.91; all ps < .05). In addition, scatterplots of these correlations were inspected to ensure
homoscedasticity and a linear relationship of the data before Pearson’s r correlations (p < .
05) were computed to summarize the strength of the relationship between these variables of
interest. Finally, it is possible that antidepressant use could influence performance in the
participants with PD, especially on response-timed tasks. Therefore, we divided the
individuals with PD into two groups (those taking antidepressant medication and those not
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taking an antidepressant) and compared performance on speech RT, comprehension
accuracy, and comprehension RT using separate repeated-measures ANOVAs.

Results
Speech Production Task

Speech production latencies—In Figure 3, mean response latencies (and standard error
of the mean [SEM]) are plotted for the PD and control groups. The group with PD was, on
average, significantly slower to produce the sentences than the control group, F(1, 30) = 7.8,

p = .009, , by approximately 246 ms. There was also a sentence length effect, F(1, 30)

= 16.7, p ≤ .001, , across both groups. The shorter sentences resulted in longer speech
response latencies by approximately 44 ms. There was no significant effect of sentence
complexity on this measure and no significant interactions.

LA variability index—Figure 4 shows the mean LA variability indices as a function of
sentence condition (SEM) for each group of participants. As this figure shows, there was a

significant group effect, F(1, 30) = 6.3, p = .02, . For all sentences combined,
individuals with PD (M = 32.7, SD = 6.5) had higher LA variability indices, denoting less
consistent oral motor coordination than the control participants (M = 28.1, SD = 5.4). The
main effects of length and complexity were significant, and the interaction between

complexity and length was also significant, F(2, 60) = 5.1, p = .009, . Post hoc tests
revealed that longer and/or more complex sentence conditions resulted in higher LA
variability indices in both groups of participants. Specifically, the LA index for the SL, CSL,
COS, and COL sentence conditions was significantly higher than the LA index for the SS
and CSS conditions (Tukey’s honestly significant difference [HSD], p < .05). There was no
interaction between group and sentence length or complexity.

Production accuracy—Table 4 lists the percentage correct (out of a possible 15) and
theSDs for the six sentences for each participant group. These data confirm that the control
group performed near ceiling across all sentence conditions. Examples of errors included
productions that had omissions, additions, distortions, disfluencies, false starts, aberrant
prosody, or inappropriate pauses. Because a Levene’s test of homogeneity of variance was
significant, a nonparametric Mann–Whitney U analysis was used to assess group
differences. The individuals with PD had significantly lower production accuracy scores
than did the control participants across all sentence conditions (all Us between 39.5 and
75.0; all ps < .05).

Receptive Language Task
Sentence comprehension: Response time—Table 5 shows that on average, the
participants with PD were slower to respond to the question probes on the sentence
comprehension task by approximately 700 ms compared with the control participants;
however, this difference was not statistically significant F(1, 28) = 1.4, p = .2. RT means and
SDs (in ms) for correctly answered items on the sentence comprehension task are reported
for the two subject groups for each sentence condition in the first two columns of Table 5.
There was a significant effect of sentence complexity on RT, F(1.5, 42.8) = 16.6, G-G p < .

001, . For both groups combined, comprehension RT was significantly slower for the
two complex sentence conditions, subject-relative (M = 4,441 ms, SD = 2,066 ms) and
object-relative (M = 4,786 ms, SD = 2,101 ms), compared to the simple sentence condition
(M = 3,725 ms, SD = 1,603 ms) (Tukey’ sHSD, p < .001). The interaction between group
and sentence complexity was not significant.
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Sentence comprehension: Accuracy—The last two columns of Table 5 list the
sentence comprehension accuracy means and SDs for the individuals with PD and controls
for each sentence condition. A Levene’s test revealed a violation of the homogeneity of
variance assumption; thus, a Mann–Whitney U test confirmed that the individuals with PD
had lower comprehension accuracy scores on the subject-relative condition (U = 43; p < .01)
and the object-relative condition (U = 59.5; p = .02). However, the groups received
statistically similar scores on the simple sentence condition (U = 79.5; p = .16). Figure 5
shows the mean sentence comprehension accuracy score for the subject- and object-relative
conditions for each participant plotted against his/her log-transformed mean sentence
comprehension RT. The inset lines show the median value for each variable across all
participants. The lower right quadrant of each graph, therefore, contains data from
participants with the highest accuracy scores and fastest RTs, whereas the upper left
quadrant of this graph represents data from participants with lower accuracy scores and
slower RTs. From these graphs, it is apparent that the majority of participants with PD are
clustered in the upper left quadrants, whereas a number of control participants are clustered
in the lower right quadrants.

Relationship Among PD Severity Measures, Speech Production, and Receptive Language
Performance

We wanted to determine whether performance on the speech production and receptive
language tasks correlated with cognitive status, dysarthria severity, TPO, and age of the
participants with PD. Half of the participants with PD scored at ceiling on the SMMSE
screener. These seven individuals also represented the full range of data values on the other
variables of interest, so that significant correlations would not be expected. Given the
moderate sample size, these preliminary findings should be interpreted cautiously.

As expected, ratings for the three dysarthria characteristics—reduced loudness, articulatory
imprecision, and speech rate impairment—correlated with one another (see Table 6). The
dysarthria characteristic of reduced loudness significantly correlated with average LA
variability index (see Table 6). This signifies that greater interarticulatory variability is
associated with greater degree of reduced loudness. The dysarthria characteristic reduced
articulatory precision that was negatively correlated with production accuracy (see Table 6),
such that poorer accuracy on the speech production task was associated with a greater
degree of articulatory imprecision. Reduced articulatory precision and reduced loudness also
correlated with subject-relative and object-relative comprehension task conditions,
respectively. As anticipated, subject-relative and object-relative scores were correlated. No
correlation between degree of speech rate impairment and any performance variable was
significant. Unpredictably, we found that age did not correlate with any dysarthria
characteristic or performance variable. Speech production accuracy correlated with the two
complex conditions of the receptive language task. Production accuracy also correlated with
LA index and TPO. Finally, no significant performance differences were found between (a)
those seven participants taking antidepressant medication and (b) those nine participants not
taking antidepressant medication (see Table 1) with respect to their speech RT, F(1, 14) =
0.3, p = .59; their comprehension RT, F(1, 12) = 2.1, p = .17; or their comprehension
accuracy, F(1, 12) = 0.19, p = .67.

Discussion
We used both behavioral and physiological measures to analyze the planning and execution
of longer, sentence-level productions and thus to provide a novel window onto the speech
production deficits associated with PD. This study, which contained the largest number of
participants in a kinematic study of speech production in PD to date, showed that individuals
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with PD had higher oral motor coordination variability for all sentence conditions, required
a longer period of time to initiate speech, and made more errors on the speaking task
compared with the control group. These findings indicate the presence of a significant level
of speech motor impairment characteristic of individuals with PD. We also hypothesized
that the participants with PD would be disproportionately vulnerable to effects of increased
sentence length and syntactic complexity. We were surprised to find that both the PD and
control groups showed equally robust effects of syntactic complexity and sentence length on
their speech motor coordination, as evidenced by higher LA variability indices and lower
production accuracy scores for the production of more complex, longer sentences. In
addition, increasing the syntactic complexity of sentences in the comprehension task yielded
longer RTs in both groups of participants. Thus, the present findings clearly demonstrate
that speech production and comprehension processes are challenged by increased utterance
length and complexity in older, healthy adults. One result, however, revealed differential
impairment in individuals with PD; they scored significantly lower than the controls on the
two complex conditions of the receptive language task.

Speech Production: Speech Response Latency, LA Variability Index, and Production
Accuracy Scores

It is well-documented in the limb motor control literature that individuals with PD not only
have difficulty with movement execution but also manifest movement planning deficits
resulting in delayed movement onset to achieve specific task goals (e.g., Chan, 1986;
Harrington & Haaland, 1991; Rafal, Winhoff, Friedman, & Bernstein, 1987; Stelmach,
Worringham, & Strand, 1986). We also found that individuals with PD had longer speech
response latencies compared with control participants on the speech production task.
Spencer and Rogers (2005) measured speech onset time as a window onto speech motor
programming in individuals with hypokinetic dysarthria (including those with PD). Using an
RT paradigm, they reported that individuals with PD had slower speech onset times when
cued to produce the target—a monosyllabic word—compared with control participants,
although the trend of delayed speech onset did not reach statistical significance for syllabic
strings. Ho, Iansek, and Bradshaw (2002) also found that individuals with PD had longer
speech latencies compared with control participants in an oral counting task.

Contrary to our predictions, the individuals with PD did not demonstrate longer speech
response latencies as a result of increasing syntactic complexity. For both groups of
participants, the effect of sentence complexity on speech response latency was not
significant; however, there was a robust effect of sentence length. Paradoxically, the
presentation of the shorter sentences resulted in longer speech response latencies in both
groups of participants. In contrast to our findings, Ferreira (1991) showed that increasing the
length and syntactic complexity of sentences resulted in longer speech initiation time in
healthy young adults. A critical difference, however, is that the participants in Ferreira’s
study were required to reproduce the sentence stimuli from memory. In the present study,
the sentence was available on the computer screen throughout the trial. Because we used a
reading paradigm, it is possible that our participants adopted a “chunking” strategy for
speech motor programming—that is, they programmed the longer sentences in “chunks”
online as they read them, allowing them to begin speaking the long sentences more rapidly
and thus accounting for shorter speech response latencies. Conversely, programming the
short sentences as a whole would result in longer speech response latencies due to the
greater demand placed on preparatory processes. We acknowledge that this argument is
speculative, but our paradigm was substantially different from Ferreira’s (1991) RT study
reporting longer RTs for longer sentences in healthy young adults.

The LA variability index captures the consistency of upper lip, lower lip, and jaw
coordination for repeated productions of the same utterance. Thus, a higher index reflects
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higher interarticulatory coordination variability across repeated productions. The individuals
with PD had consistently higher LA variability indices compared with the age-matched
control participants. One might speculate that increased oral motor coordination variability
in the individuals with PD is simply an epiphenomenon of a slower speaking rate (e.g.,
Crystal & House, 1988; B. L. Smith, Sugarman, & Long, 1983). However, acoustic analyses
of speech rate collected from these two groups of participants undertaken for a separate
publication showed that the participants with PD (M = 3.71 syllables/s) demonstrated
similar speech rates as the control participants (M = 3.60 syllables/s; Walsh & Smith, 2011).
Thus, we conclude that the higher LA variability indices are clear evidence of more variable
speech motor execution processes in speakers with PD and did not arise from speaking rate
differences.

The finding of delayed speech response latencies and higher interarticulatory coordination
variability on the speech production task in the PD group could be interpreted as evidence of
longer and more variable speech motor planning processes as well. Using a pattern
recognition analysis, Kleinow et al. (2001) reported that patterns of lip movement associated
with speaking conditions (loud vs. habitual) were less distinctive in individuals with PD
compared with a young and an aged control group. However, the individuals with PD and
aged control participants had similar values on a variability index for the lower lip motion.
This result for a single articulator is in contrast to the present findings regarding
interarticulatory coordination in individuals with PD. Kleinow et al. (2001) included only
eight participants in their study, five of whom were in the earliest stages of the disease.
Furthermore, these researchers analyzed lower lip movement during the production of a
simple short phrase, which would be less likely to tax the speech production system (Maner
et al., 2000). Because we used an index to capture the consistency in the coordination of
multiple articulators to produce more complex stimuli, we believe that the probability of
observing differences in performance of the participants with PD was higher in the present
study. Our finding of higher variability in articulatory movement coordination is consistent
with that of an earlier study by Connor et al. (1989), in which individuals with PD had more
variable sequencing of lip and jaw motions to produce oral closure compared with control
participants. Thus, examining the more sensitive measure of interarticulatory coordination—
especially in more complex production tasks—is more likely to reveal differences between
speakers with and without a speech disorder.

For studies of the effects of increasing syntactic complexity, length is always a difficult
confound, as more complex sentences tend to be longer. The stimuli in the present study
were designed to disambiguate the potential effects of length and complexity. When both
groups of speakers produced the longest and/or most syntactically complex sentences, they
manifested the greatest degree of articulatory variability and made a greater number of
production errors. Kleinow and Smith (2006) reported that as the length and syntactic
complexity of sentences increased, oral motor coordination decreased in typically
developing children and healthy young adults (also assessed with the LA variability index).
We hypothesized that the individuals with PD would be especially vulnerable to increased
linguistic demands resulting in disproportionately higher LA indices for the more complex
and longer sentences; however, there was no interaction between group and sentence length
or sentence complexity. One alternative explanation to consider is that our reading paradigm
greatly reduced formulation demands for the complex sentences. It is possible that we would
have seen a Complexity × Group interaction if we elicited speech production using an
auditory paradigm. However, an auditory task introduces a substantial working memory
load, which would confound results, as individuals with PD have deficient working memory
capabilities (Gabrieli, Singh, Stebbins, & Goetz, 1996; Kensinger, Shearer, Locascio,
Growdon, & Corkin, 2003). Thus, we opted to use a reading task so that our participants
would be able to complete the experiment. Clearly, a preferable approach would be to
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examine speech motor processes in speakers with PD compared with healthy aging
individuals using a generative language production task in which the speaker is formulating,
planning, and producing speech. The present kinematic analysis cannot be applied to
spontaneous speech, but we are currently exploring methods that may allow us to do this in
the future.

It is widely accepted that lesions to the basal ganglia resulting from PD disrupt speech
production. The pattern of results provides additional evidence of basal ganglia involvement
in the programming and coordination of speech movement sequences. On average, the
speakers with PD had longer speech response latencies, had less consistently coordinated
articulatory movements, and had lower accuracy scores across all sentences on the speech
production task. If the basal ganglia played a significant role in the integration of linguistic
and motor processes, we should have observed a greater decrement in the performance of
the PD group on the syntactically more complex sentences. Although complexity clearly
affected coordination for both groups, the relative increases in coordination variability were
similar. Thus, the basal ganglia may be more involved at the motor programming and
production levels than at the language/speech motor interface, whereas the integration of
speech motor and language processes is more likely the function of cortical networks,
presumably involving supplementary, premotor, and motor areas. This suggestion is
supported by the fact that adults who stutter, compared with their matched controls, do show
greater decrements in speech motor performance with increased linguistic demands
(Kleinow & Smith, 2000), and neuroimaging studies suggest that the neural bases of
stuttering lie in the cortical networks involved in supplementary, premotor, and primary
motor speech areas (Salmelin, Schnitzler, Schmitz, & Freund, 2000; Sommer, Koch, Paulus,
Weiller, & Buchel, 2002).

One issue to consider when interpreting our findings is that our participants with PD were on
the mild-to-moderate end of the disease continuum because they were ambulatory and were
living independently. It is possible that more severely affected individuals with PD may
show disproportionately larger effects of increased sentence length and complexity. Also,
our participants with PD were optimally medicated during the experiment; thus, it is also
possible that their dopaminergic medications moderated potential effects on speech
production as well.

Sentence Comprehension: Accuracy and RT
The participants with PD had significantly lower accuracy scores than the control group on
the subject- and object-relative conditions of the receptive language task (but not on the
simple condition). Complex sentence processing deficits in individuals with PD have been
substantiated by other studies; however, the basis for the impairment is unclear. Several
investigators attribute the finding to deficient language processing—specifically, a
grammatical processing deficit (e.g., Cohen, Bouchard, Scherzer, & Whitaker, 1994;
Lieberman et al., 1992; Natsopoulos et al., 1991) or slowed lexical retrieval (Angwin et al.,
2006). Alternatively, other researchers attribute poorer sentence comprehension to deficient
executive functioning—for example, decreased working memory span (e.g., Grossman et
al., 2002; Kemmerer, 1999), reduced attention and processing speed (Lee et al., 2003), and
impaired set-switching and inhibitory processes (Colman et al., 2006; Hochstadt et al.,
2006). We did not include sentence comprehension in our study to disambiguate these
hypotheses but, rather, to parallel our speech production measure in order to learn whether
increased syntactic complexity similarly affects the integrity of language comprehension and
speech production in PD. It appears that slowed processing and/or working memory
processes did not play a significant role in our findings. A fundamental difference between
these earlier studies and ours is that our sentence comprehension task effectively minimized
working memory demands by allowing the sentence to remain on the monitor throughout
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each trial, so that the participant could reread it as needed to answer the probe. It is evident
that the participants took advantage of this, based on the fact that the two complex sentence
conditions resulted in significantly longer RTs for both groups. However, whereas the
controls adopted a speed/accuracy tradeoff response strategy as they maintained a consistent
degree of accuracy across all sentence conditions, the participants with PD were less
accurate than the controls on the complex conditions, implicating possible deficiency in
basal ganglia/cortical circuitry.

Relationship Between PD Severity Measures and Speech Production and Receptive
Language Performance

We did not have reliable access to our participants’ PD severity rating. However, an obvious
question of interest is the relationship between the factors indicative of disease severity (i.e.,
TPO, SMMSE score, age, degree of reduced loudness, articulatory imprecision, and level of
speech rate impairment) and performance on comprehension and speech motor tasks. For
example, is TPO related to poorer comprehension accuracy? Is interarticulatory coordination
variability associated with greater articulatory imprecision? Although we had 16 participants
with PD, as an exploratory probe into these questions, we examined the correlations between
severity factors and performance on the speech and receptive language tasks. The results
from these preliminary analyses, reported in Table 6, confirmed that the dysarthria
characteristic of reduced loudness correlated with the LA variability index such that those
individuals with PD who were judged to speak more softly were likely to have greater
interarticulatory variability. The dysarthria characteristic of articulatory imprecision
correlated with production accuracy. Perhaps not surprisingly, the individuals with PD who
were judged to have less precise articulation also had greater difficulty producing fluent,
error-free productions on the speaking task. TPO also correlated with production accuracy
but, unexpectedly, not with any other variable. Age and the dysarthria characteristic of rate
impairment were not associated with any of the performance variables. Interestingly, several
speech production variables correlated with comprehension variables. Greater accuracy on
the two complex conditions of the comprehension task was associated with greater accuracy
on the speaking task, whereas the participants who were judged to have a greater degree of
reduced articulatory precision and reduced loudness also performed more poorly on the
complex conditions of the sentence comprehension task. These preliminary results point to
potentially important relationships between production and comprehension processes in
individuals with PD.

Finally, it is estimated that approximately 40% of individuals with PD suffer symptoms of
depression (for a review, see Reijnders, Ehrt, Weber, Aarsland, & Leentjens, 2008), which
could conceivably confound performance, especially on timed tasks. Although depression
was not formally evaluated, we documented that seven of 16 of our participants with PD
reported taking antidepressants (see Table 1). We found that there was no difference
between the group taking antidepressants and the group not taking antidepressants with
respect to their response time on the speaking task and their response time or accuracy on
the sentence comprehension task.

The disease processes of PD clearly affect motor control, including the control and
execution of articulatory movements for speech production. We found that both speech
production and language comprehension were adversely affected in the majority of our
participants who had mild-to-moderate PD. We observed a constant level of deficit on
speech motor planning and production regardless of syntactic complexity, suggestive of a
general disease factor impacting speech production. Increasing the syntactic complexity of
the receptive language task resulted in decreased accuracy in the PD group, which may be
indicative of cognitive deficiency. It is important to note, however, that not all of our
participants with PD were impaired on all measures of comprehension and speech motor
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performance. There was a range of individual differences within the group of participants
with PD. The heterogeneity in the course of the degenerative processes of PD is the likely
explanation of differences in task performance and suggests that studies of speech and
language parameters in this group of participants with neurological disorders must include
enough participants so that the full range of their behavior is observed.
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Figure 1.
Sample raw data: Kinematic data from a control participant during one production of the
following sentence: The boys and the pipers baked moist pumpkin pies. Displacement
trajectories from the upper lip and lower lip are plotted under the lower lip velocity signal.
In this figure, the vertical lines pass through the velocity peaks of the initial bilabial opening
movement for the /b/ in boys and last opening movement for the /p/ in pies to demonstrate
segmentation. mm = millimeters; sec = seconds.
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Figure 2.
Lip aperture (LA) variability index calculation. The top panel shows 10 LA displacement
trajectories of the sentence, The boys and the pipers baked moist pumpkin pies, spoken by a
control participant. Zero on the y-axis of this panel represents minimal interlip distance or
lip closure. Because the markers were placed on the vermilion border of the participant’s
upper and lower lip, intermarker distance should not be 0 at closure. In the middle panel, the
trajectories have been time- and amplitude-normalized and, as a result, closely align. The
bottom panel shows the SDs of the 10 normalized LA trajectories computed at successive
intervals as a function of relative time. The LA variability index is reported in the inset. Lip
Ap. Var = lip aperture variability.
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Figure 3.
Mean and standard error bars for log-transformed speech production response latencies are
plotted for the individuals with Parkinson’s disease (PD; filled triangles) and control
participants (open circles) as a function of the six sentence conditions (simple, short [SS];
simple, long [SL]; complex, subject-relative, short [CSS]; complex, subject-relative, long
[CSL]; complex, object-relative, short [COS]; and complex, object-relative, long [COL]).
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Figure 4.
Mean and standard error bars for the LA variability index are plotted for the individuals with
PD (filled triangles) and controls (open circles) as a function of the six sentence conditions
(SS, SL, CSS, CSL, COS, and COL).
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Figure 5.
Data points for sentence comprehension accuracy (x-axis) are plotted for 14 of the
individuals with PD (filled triangles) and 16 control participants (open circles) against his or
her log-transformed average sentence comprehension response time (y-axis). The left graph
in this figure shows data from the subject-relative sentence condition, and the right graph
shows data from the object-relative sentence condition. In these graphs, the vertical and
horizontal solid lines indicate the median value across all participants for each variable. RT
= response time.
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Table 2

Relevant speech severity ratings for participants with PD.

Participant

Degree of
reduced
loudness

Reduced
articulatory

precision

Impairment
of speech

rate

PD1 Normal–mild Mild Normal

PD2 Mild Mild Mild

PD3 Moderate Mild Moderate

PD4 Moderate Mild Mild

PD5 Mild Normal Normal–Mild

PD6 Normal Normal Mild

PD7 Severe Mild–moderate Mild–Moderate

PD8 Moderate Mild Mild–Moderate

PD9 Normal–mild Mild Moderate

PD10 Moderate Mild Mild

PD11 Mild Mild Mild

PD12 Normal Mild Mild

PD13 Mild Mild Mild–Moderate

PD14 Mild Mild Normal–Mild

PD15 Mild Normal–mild Mild

PD16 Mild Normal Normal–Mild
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Table 3

Sentence stimuli for speech production tasks.

Description Sentence Sentence code

Simple, short The boys and the pipers baked moist pumpkin pies. SS

Simple, long The messy boys and the merry pipers baked many moist pumpkin pies. SL

Complex, subject-relative, short The boys who saw pipers baked moist pumpkin pies. CSS

Complex, subject-relative, long The messy boys who saw merry pipers baked many moist pumpkin pies. CSL

Complex, object-relative, short The boys whom the pipers saw baked moist pumpkin pies. COS

Complex, object-relative, long The messy boys whom the merry pipers saw baked many moist pumpkin pies. COL
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Table 4

Means (and SDs) for the percentage of accurate productions for each sentence condition of the speech
production task.

Sentence
condition

Control participants
(n = 16)

Participants with PD
n ( = 16)

SS 97 (0.01) 92 (0.03)

SL 98 (0.01) 89 (0.03)

CSS 97 (0.01) 80 (0.04)

CSL 96 (0.01) 80 (0.05)

COS 99 (0.01) 91 (0.03)

COL 91 (0.02) 80 (0.04)
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Table 5

Means (and SDs) for accuracy percentage and response time (in ms) for the sentence comprehension task.

RT % accuracy

Sentence condition
Control participants

(n = 16)
Participants with PD

(n = 14)
Control participants

n ( = 16)
Participants with PD

n ( = 14)

Simple 3,561.5 (1,624.0) 3,911.8 (1,617.2) 95.0 (6.0) 86.4 (18.1)

Subject-relative 4,065.9 (1,981.9) 4,869.6 (2,150.1) 96.8 (4.5) 83.6 (14.6)

Object-relative 4,335.7 (2,123.3) 5,301.5 (2,123.3) 93.3 (10.8) 79.8 (18.3)

Note. RT = response time.
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