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Abstract: This study examines acoustic features of speech production
in speakers of Mandarin with Parkinson,s disease (PD) and relates them
to intelligibility outcomes. Data from 11 participants with PD and 7
controls are compared on several acoustic measures. In speakers with
PD, the strength of association between these measures and intelligibil-
ity is investigated. Speakers with PD exhibited significant differences in
fundamental frequency, pitch variation, vowel space, and rate relative
to controls. However, in contrast to the English studies, speech rate was
consistently slow and most strongly correlated with intelligibility. Thus,
acoustic cues that strongly influence intelligibility in PD may vary
cross-linguistically.
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1. Introduction

Individuals with Parkinson,s disease (PD) commonly exhibit the motor speech disor-
der of hypokinetic dysarthria. To date, the majority of studies examining the key
characteristics of hypokinetic dysarthria and their relationship to speech intelligibility
have been conducted with speakers of English. However, extending this research to
languages other than English is important for both theoretical and clinical reasons.
Theoretically, an understanding of the key features influencing intelligibility across
languages is required in the development of robust models of dysarthric speech—in
particular when determining whether certain speech features are language-universal or
language-specific.1 For speech-language pathologists working with speakers of lan-
guages other than English, an understanding of key speech features and their
language-specific consequences for intelligibility is vital in assessment and treatment
planning.
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In English speakers, key features of hypokinetic dysarthria include monoloud-
ness, monotone, reduced stress, articulatory imprecision, breathy or hoarse voice, vari-
able rate, and short rushes of speech.2 Studies have also shown these speech features to
be salient in speakers with PD who speak languages other than English, such as
Spanish,3 Korean,4 and Japanese.5,6 These perceptual features are often represented
acoustically by vowel centralization,7,8 a flattened F0 contour,9 and normal or fast
articulatory rate.8 In English, the occurrence of these acoustic features has been linked
to intelligibility deficits experienced by speakers with PD. In particular, measures of
vowel articulation have been most closely associated with reductions in intelligibility in
individuals with PD.7,8 However, there has been limited investigation of how specific
characteristics of hypokinetic dysarthria are linked to speech intelligibility in speakers
of languages other than English. This is particularly apparent for Chinese.1

Approximately 20% of the world,s languages are tonal, including Mandarin
and Cantonese.1 Tonal languages use variation in fundamental frequency (F0) to signal
lexical contrasts. Hence in tonal languages, the ability to modify F0 in a language-
appropriate manner is necessary to maintain intelligibility.1,10 Given that hypokinetic
dysarthria is generally characterized by impairments in F0 variation, it seems reason-
able to suspect that this speech feature may have a larger influence on intelligibility in
tonal languages than in non-tonal languages. To date, examination of the key speech
features of hypokinetic dysarthria in tonal languages has focused predominately on
Cantonese.1 Similarly to speakers of English, Cantonese speakers exhibit monoloud-
ness, monotone, and imprecise articulation.1 Whitehill and Wong10 reported reduced
F0 variation at the sentence level, but relatively intact F0 variation at the syllable level
in Cantonese speakers with PD. Furthermore, reduced pitch variation at the sentence
level was associated with reduced speech intelligibility. To our knowledge, there have
been few studies investigating the speech features of hypokinetic dysarthria in other
Chinese languages1—such as Mandarin—or how salient speech features link to the
intelligibility deficits experienced by this population. It is particularly important that
studies consider Mandarin, as it differs from Cantonese in certain ways. For example,
Cantonese has six tones, whereas Mandarin has four. Furthermore, Mandarin has a
falling-rising tone that requires more complex pitch transitions than those seen in
Cantonese (i.e., flat, falling, and rising tones only10). Thus, it is unclear that findings
of studies focusing on Cantonese can be generalized to speakers of Mandarin.
Although a study on young Mandarin adults with dysarthria due to cerebral palsy
(CP) reported reduced intelligibility associated with a flattened F0 contour in their lexi-
cal tone,11 it is not known whether lexical tone is affected in Mandarin speakers with
PD and dysarthria.

The present study addressed two questions pertaining to Mandarin speakers
with PD. (1) How does hypokinetic dysarthria affect measures of mean F0, F0 varia-
tion, vowel centralization, speech rate, and rate variance? (2) Is there a significant rela-
tionship between these measures and intelligibility outcomes? It should be noted that
the current study focused on vowel acoustics because the Mandarin literature has
documented that vowels make a greater contribution to sentence intelligibility than
consonants do.12 Moreover, studies on English speakers with dysarthria have reported
a strong association between vowel distinctiveness and speech intelligibility.7,8 It was
predicted that, like English speakers with PD, Mandarin speakers with PD would
exhibit vowel centralization, reductions in F0 variation, and a normal to fast speech
rate in relation to healthy controls; however, it was anticipated that F0 variation
would exhibit the strongest relationship with intelligibility outcomes.

2. Method

2.1 Speakers

Eleven Mandarin-speaking participants with PD (diagnosed by a neurologist) and
hypokinetic dysarthria (henceforth, the PD group), and seven age- and gender-matched
healthy controls (four males, three females), ranging in age from 64 to 86 years [mean
(M)= 72, standard deviation (SD)= 7] (henceforth, the HC group), participated in the
study. In addition, we calculated the ratio of males to females and mean age for the
PD group and the results were used to match healthy controls with the same ratio and
mean age. Biographical details of the participants with PD are presented in Table 1.
All individuals provided written consent to participate.

2.2 Speech stimuli and recording procedure

All participants with PD and healthy controls were audio recorded in a sound-treated
booth, while reading a Mandarin translation of the Rainbow Passage13 in three
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speaking conditions (i.e., habitual speech and speech in response to prompts to speak
loudly or slowly). The same recordings were used for intelligibility testing and acoustic
analysis. Speech samples were recorded on a Shure SM10A head-mounted microphone
placed 8 cm away from speakers, mouths and connected to a Tascam Dr-100 portable
digital recorder with a sample rate of 44.1 kHz, and 16-bit resolution on a mono
channel.

2.3 Listeners and measurement of EOU

Fifteen native Mandarin-speaking listeners with no prior experience with dysarthric
speech rated ease of understanding (EOU) on a visual analog scale (VAS) marked with
the endpoints “difficult” and “easy.” This measure describes the effort required, on the
part of the listener, to comprehend each speaker. EOU scores range from 0 to 100,
with higher scores indicating that speech is easier to understand and lower scores indi-
cating speech that is more difficult to understand. EOU has been used as a general
index of speech intelligibility or speech severity in a number of studies of dysarthric
speech8; thus, in the current study, EOU is also referred to as “intelligibility.” As this
study forms part of a larger investigation of the effect of various treatment manipula-
tions on speech outcomes, the perceptual data were collected as part of that larger
study. In the current experiment, we were interested in speech intelligibility of partici-
pants with PD only. Hence, listeners heard seven sentences produced by each of the
participants with PD across three speaking conditions—habitual, loud, and slow.
Seven sentences (sentences 1, 2, 3, 6, 8, 9, and 16) were extracted from the 19-sentence
passage produced by each speaker. Each listener heard a total of 231 sentences (7 sen-
tence stimuli� 3 conditions� 11 speakers with PD). The experiment was conducted
free-field in a quiet room using customized computer software,14 with all stimuli played
via loudspeakers at a consistent distance from the listener. A calibration procedure was
conducted, and speech stimuli were played at their actual recorded sound pressure
level. For the purpose of this study on speech characteristics in Mandarin PD, listener
ratings of the sentences in the habitual condition only are reported.

2.4 Automated acoustic analysis

Five acoustic features were extracted from participants, reading of the passage by
means of an automatic feature extraction system described below. The pitch contour
was estimated by averaging the results of three state-of-the-art pitch estimation meth-
ods only when the estimates of the three algorithms were within 10Hz of each
other.15–17 The algorithms estimate the F0 on a 10-ms windows with 50% overlap.
Pitch variation was measured by estimating the SD of the pitch contour using a 1-s
window with 50% overlap. In other words, we processed each speaker,s pitch contour
using a 1-s sliding window and obtained multiple “local” estimates of pitch variation
for each speaker. We discarded 1-s windows for which there were fewer than ten
estimates of F0 and averaged the F0 SD of the remaining windows into a single pitch
variation value for a speaker. Larger values of this value indicate greater local varia-
tion in F0. Vowel space area (VSA) was estimated using an automated estimation
algorithm.18,19 In brief, this method automatically extracts the values of the first and
second formants from the speech stream for all voiced segments and estimates the area
of the bounding polygon. The approach does not require manual segmentation and
correlates strongly with the more cumbersome approach that requires hand-labeling of

Table 1. Biographical details of the 11 Mandarin-speaking patients with Parkinson
,
s disease.

Participant Age Sex Years post diagnosis Dysarthria severity

P1 76 M 1 Moderate
P2 62 M 10 Mild
P3 73 F 23 Severe
P4 79 F 14 Moderate-severe
P5 80 M 16 Moderate
P6 75 M 6 Moderate-severe
P7 83 M 10 Mild
P8 79 M 10 Moderate
P9 65 M 2 Moderate
P10 68 F 12 Moderate-severe
P11 68 M 18 Mild
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corner vowels.19 Speech rate was measured using the feature-based approach.20,21

Furthermore, the rate was estimated for every 3-s segment in the speech signal with a
2-s overlap. This allowed an estimation of the average rate for the entire passage and
the variation in speech rate.

2.5 Statistical analysis

Unpaired t-tests were used to compare the means of the acoustic feature values
between the HC and the PD groups. This allowed us to accept or reject the null
hypothesis that there was no difference in the mean for a particular feature value
between the two groups. We further fit multiple regression models to examine the best
linear combination of the acoustic variables. We also examined the correlation between
EOU score and year post diagnosis in participants with PD. It should be noted that
the conventions of Cohen21 guided interpretations regarding the strength of the
correlations.

3. Results and discussion

3.1 Speakers with PD versus healthy controls

Table 2 shows the mean values for each of the two groups across the five acoustic
measures. Results of two-sample t-tests with unequal variances revealed a number of
significant differences between the two groups. Participants with PD exhibited a signifi-
cant reduction in pitch variation relative to the HC group (t = 3.45, p< 0.01), indicat-
ing that participants with PD exhibited reduced local pitch variation compared to
HCs. As predicted, the group with PD exhibited significant vowel centralization rela-
tive to the HC group (t = 2.96, p< 0.01), suggesting that vowel space in the PD group
was constrained. The difference in speech rate between the two groups was also statisti-
cally significant; speakers with PD showed a slower speech rate than the healthy con-
trols (t = 7.69, p< 0.01). Standard deviation of speech rate (SDSR) was significantly
lower in the PD group (t = 3.02, p< 0.01), indicating that speech rate was less variable
in speakers with PD. While the group with PD exhibited a trend towards higher F0
than the HC group (t =−0.41, p< 0.1), the difference was not statistically significant.

As predicted, Mandarin speakers with PD exhibited a smaller pitch range and
reduced VSA compared to the HC group. These findings are consistent with previous
studies, which have found that reduced intelligibility is associated with flattened F0
contour at the word level in Mandarin speakers of CP with dysarthria11 and, further-
more, that compressed VSA is associated with less distinct vowel articulation in speak-
ers of Spanish3 and English.7,8 Hence, it is reasonable to conclude that these speech
feature might be language-universal features of dysarthria.

The Mandarin speakers with PD revealed a consistently slow speech rate and
low SDSR relative to healthy controls. A slower speech rate has been reported for
Japanese speakers with PD, relative to healthy Japanese speakers.6 In contrast,
speech rate has been reported as variable in English speakers with PD (Ref. 22) and
approximately normal in German speakers with PD.23 The discrepancy in speech
rate between tonal and non-tonal languages may be associated with linguistic differ-
ences. In the tonal language of Mandarin, speakers use pitch variation to distinguish
word meaning. Although Japanese is not a tonal language, Japanese speakers can
signal lexical differences by means of pitch patterns along with segmental duration.24

According to Xu,25 achieving pitch changes in Mandarin requires time (e.g., approxi-
mately 124ms for healthy speakers to raise or lower a pitch by four semitones); thus,
the relationship between duration and pitch changes in tone languages is complex.
Further investigation is needed to determine whether the differences in speech rates
between speakers with PD of tonal and non-tonal languages might be related to such
linguistic differences.

Table 2. Descriptive statistics for mean fundamental frequency (F0), F0 variation, vowel space area, speech
rate (SR), and standard deviation of SR for healthy controls (HC) and individuals with Parkinson

,
s disease.

Acoustic measure HC (n=7) PD (n=11)

Mean F0 (Hz) 153.976 16.14 160.716 43.12
F0 variation (Hz)a 16.946 4.43 10.286 3.18
VSA (kHz2)a 0.166 0.08 0.046 0.08
Average SR across the passage (syll/s)a 3.446 0.23 2.586 0.24
Standard deviation of SR within the passage (syll/s)a 0.766 0.09 0.636 0.05

ap< 0.01.

Hsu et al.: JASA Express Letters [http://dx.doi.org/10.1121/1.4978342] Published Online 17 March 2017

EL296 J. Acoust. Soc. Am. 141 (3), March 2017 Hsu et al.

http://dx.doi.org/10.1121/1.4978342


3.2 Speech intelligibility and multiple regression outcomes

Figure 1 demonstrates the range of EOU values exhibited by the speakers with PD. As
can be seen, levels of intelligibility varied, ranging from mild to more severe. These
data were subsequently used to examine the relationship between the acoustic measures
and intelligibility in multiple regression analyses (see Tables 3 and 4).

We conducted a multiple regression analysis that began with a model that
included all of the acoustic variables (mean pitch, pitch variation, VSA, speech rate,
and rate variance) as predictors of EOU. The result of this model revealed that speech
rate and rate variance were strongly correlated. Thus, we implemented a second multi-
ple regression model that included mean pitch, pitch variation, VSA, and speech rate.
We elected to use speech rate instead of rate variance because it was highly correlated
with EOU (p= 0.004). The result of the second multiple regression model revealed that
a combination of the four acoustic variables significantly predicted EOU, F (4, 6)
= 5.01, p= 0.041 (p< 0.05), with speech rate significantly contributing to the prediction.
The adjusted R squared value was 0.62, indicating that 62% of the variance in EOU
was explained by the model and the effect was large.21

We also examined the correlation between EOU and year post diagnosis. The
results of the analysis reveal that year post diagnosis was moderately, but not signifi-
cantly, correlated with EOU (r=−0.42, p= 0.66), suggesting that disease progress of
PD did not affect intelligibility.

The finding that speech rate most strongly correlated with intelligibility out-
comes was unexpected. However, it is perhaps not surprising considering the slow rate
of speech evidenced by the current cohort of participants with PD. That is, as speech
rate “normalized,” intelligibility improved. The literature shows that speech rate has
differential effects on pitch variability. In English, as individuals with dysarthria reduce
their rate of speech, reductions in pitch range at the sentence level co-occur.26 In con-
trast, Xu,s study on neurologically healthy Mandarin speakers27 found that pitch peak
and slope at the word level did not vary at different speech rates. Our finding is in par-
tial agreement with Xu. That is, pitch variation at the word level did not significantly
increase as rate was slowed, but mean pitch did. The findings from the previous and
current studies are particularly important for speakers of Mandarin, given the impor-
tance of pitch variation to intelligibility in tonal languages.1,10

The finding of only a weak association between vowel space and intelligibility
was of interest. In speakers of English, enhanced vowel space has consistently been

Fig. 1. Listener ratings of EOU on a scale of 0 to100 of speech produced by 11 speakers with Parkinson
,
s dis-

ease. (Higher scores= easier to understand; lower scores=more difficult to understand.)

Table 3. M, SD, and intercorrelations for EOU and mean F0, F0 variation, VSA, and SR (N=11).

Variable M SD Mean F0 F0 variation VSA SR

EOU 52.64 18.42 −0.66a 0.27 0.30 0.75b

Mean F0 160.71 43.12 — 0.11 0.10 −0.52a

F0 variation 10.28 3.18 — — −0.33 0.14
VSA 44542.20 83949.47 — — — 0.10
SR 2.58 0.24 — — — —

ap< 0.05.
bp< 0.01.
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associated with intelligibility gain7,8—and it appears that the same strength of associa-
tion did not co-occur, at least for the cohort of participants studied in the current
investigation. Therefore, the specific acoustic cues that most strongly influence intelligi-
bility in speakers with PD appear to vary cross-linguistically. Future studies that com-
pare these relationships across speakers of different languages but with similar levels of
intelligibility deficit would be of interest.

4. Conclusion

Generally consistent with Mandarin CP11 and English PD7,8 studies, Mandarin speak-
ers with PD exhibited a smaller local pitch range and reduced vowel space area com-
pared to healthy controls. However, in contrast to the English studies, speech rate was
consistently slow and most strongly correlated with intelligibility—vowel space area
played a lesser role. Future studies that investigate these relationships across multiple
languages are required to ascertain the language-specific effects of salient speech fea-
tures in the dysarthrias.
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