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The purpose of this study was to analyze vowel articulation across various speaking tasks in a group

of 20 early Parkinson’s disease (PD) individuals prior to pharmacotherapy. Vowels were extracted

from sustained phonation, sentence repetition, reading passage, and monologue. Acoustic analysis

was based upon measures of the first (F1) and second (F2) formant of the vowels /a/, /i/, and /u/, vowel

space area (VSA), F2i/F2u and vowel articulation index (VAI). Parkinsonian speakers manifested

abnormalities in vowel articulation across F2u, VSA, F2i/F2u, and VAI in all speaking tasks except

sustained phonation, compared to 15 age-matched healthy control participants. Findings suggest that

sustained phonation is an inappropriate task to investigate vowel articulation in early PD. In contrast,

monologue was the most sensitive in differentiating between controls and PD patients, with classifica-

tion accuracy up to 80%. Measurements of vowel articulation were able to capture even minor abnor-

malities in speech of PD patients with no perceptible dysarthria. In conclusion, impaired vowel

articulation may be considered as a possible early marker of PD. A certain type of speaking task can

exert significant influence on vowel articulation. Specifically, complex tasks such as monologue are

more likely to elicit articulatory deficits in parkinsonian speech, compared to other speaking tasks.
VC 2013 Acoustical Society of America. [http://dx.doi.org/10.1121/1.4816541]
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I. INTRODUCTION

Parkinson’s disease (PD) is a neurological illness char-

acterized by the progressive loss of dopaminergic neurons

and is associated with a variety of motor and non-motor defi-

cits (Hornykiewicz, 1998). Prior research has demonstrated

that approximately 70%–90% of people with PD possess a

distinctive alteration of speech termed hypokinetic dysarth-

ria (Logemann et al., 1978), which is a multidimensional

impairment affecting various aspects of speech such as respi-

ration, phonation, articulation, and prosody (Darley et al.,
1969). Imprecise vowel articulation is a common deficit

associated with dysarthria and contributes to reduced speech

intelligibility (Kim et al., 2011a). Impairment of vowel artic-

ulation, occurring as a consequence of reduced articulatory

range of motion (“undershooting” of articulatory gestures)

(Forrest et al., 1989; Robertson and Hammerstadt, 1996),

has been widely documented in PD (Sapir et al., 2007; Sapir

et al., 2010; Skodda et al., 2011). Previous findings of acous-

tic and kinematic studies support a reduced amplitude and

velocity of articulators (lips, tongue, jaw) in parkinsonian

speakers (Forrest et al., 1989; Robertson and Hammerstadt,

1996), suggesting that articulation deficits reflect hypokine-

sia and rigidity of the vocal tract (Forrest et al., 1989;

Hunker et al., 1982).

Although imprecise vowel articulation has been

observed even in mild PD (Skodda et al., 2011), previous

studies have mainly focused on moderate or more advanced

stages. As dysarthria can exert significant influence on

speech performance in PD (Kim et al., 2011b), one might

expect that the extent of vowel articulation impairment is

likely to reflect the severity of dysarthria. Moreover, the se-

verity of dysarthria in PD is thought to be influenced by the

severity of motor symptoms, disease duration, as well as spe-

cific effects of dopaminergic treatment (Goberman and

Coelho, 2002; Schulz and Grant, 2000). Generally, findings

related to vowel articulation in the course of PD are some-

what ambiguous. With respect to early stages, improvement

of vowel articulation performance under dopaminergic ther-

apy has been noted for several PD speakers (Skodda et al.,
2010; Rusz et al., 2013). In contrast, recent research has

revealed further decline of vowel articulation performance in

PD throughout extended treatment periods (Skodda et al.,
2012). Considering that medical interventions as well as dis-

ease progression may affect speech performance in different

ways, the examination of vowel articulation in early PD,

before the onset of therapy, is essential to gain more insight

into the development of parkinsonian speech disorders.

While deficits of vowel articulation are commonly pres-

ent in PD speakers (Forrest et al., 1989; Sapir et al., 2007;

Skodda et al., 2011), little effort has been given to examine

the severity of vowel articulation impairment under various

speaking tasks. In treated patients with mild to moderate PD,
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imprecise vowel articulation has been found in the speaking

task of sentence repetition (Sapir et al., 2007; Sapir et al.,
2010) as well as reading passage (Skodda et al., 2011). In

addition, impaired vowel articulation has been observed in

patients with severe PD while performing sustained prolon-

gation of single vowels (Eliasova et al., 2013). However, to

the best of our knowledge, investigation of vowel articula-

tion in PD has been primarily based on a single task and lim-

ited to simple utterances, and no evidence has been given

regarding the sensitivity of vowel articulation under sponta-

neous speech. Additionally, there is a growing body of evi-

dence that the signs of dysarthria vary across the specific

type of speech task performed (Caligiuri, 1989; Rosen et al.,
2005). In particular, dysarthric speech performance has been

found to be even more significantly altered acoustically dur-

ing spontaneous speech production when compared to other

non-spontaneous tasks (Kempler and Van Lacker, 2002). A

study by Weismer (1984) has suggested that the degree of

articulatory deviances seem to vary between simple versus

complex utterances produced by speakers with parkinsonian

dysarthria, which may be explained by the fact that simple

speaking tasks do not require the subject’s full attention and

are likely to be more automatic than structured and complex

tasks such as spontaneous speech. Based on these observa-

tions, in the present study we endeavored to determine if a

certain type of speaking task is more sensitive to disturbed

vowel articulation in PD.

The quality and intelligibility of each vowel can be

determined primarily by the distinctive acoustic energy peak

of the first (F1) and second (F2) formant frequencies. The F1

and F2 frequencies particularly reflect tongue position, with

the acoustic-articulatory relationship defined such that the

F1 frequency varies inversely with tongue height and the F2

frequency varies directly with tongue advancement (Kent

et al., 1999). Thus, limited articulatory range of motion due

to PD may result in vowel formant centralization, i.e., for-

mants with naturally higher frequencies tend toward lower

frequencies, and formants with naturally lower frequencies

tend toward higher frequencies (Kent and Kim, 2003; Sapir

et al., 2007). The overall reduction of working space for

vowels in PD can be captured well by a reduced size of the

vowel space area (VSA), which is constructed by the

Euclidean distances between the F1 and F2 coordinates of

the corner vowels /a/, /i/, and /u/ in the triangular F1-F2

vowel space (Kent and Kim, 2003), as compared to normal

speech. Several studies have reported a relationship between

the VSA and the perceptual impression of intelligibility in

speakers with dysarthria (Liu et al., 2005; Weismer et al.,
2001). Conversely, a study by Kim et al. (2011a) demon-

strated that intelligibility in dysarthric speakers was better

represented by the degree of overlap among vowels than by

the vowel space. In fact, a report by Monses (1976) was the

first to show correlation between speech intelligibility in

speakers with severe hearing impairment and distance

among the F2 frequencies of adjacent vowels in the vowel

space. Similarly in PD, both the F2i/F2u ratio representing

the distance between the vowels /i/ and /u/ and vowel articu-

lation index (VAI) reflecting vowel centralization (consider-

ing all F1 and F2 frequencies across corner vowels) have

been shown to be more sensitive in differentiating dysarthric

speech from normal speech than the VSA (Roy et al., 2009;

Sapir et al., 2007; Sapir et al., 2010; Skodda et al., 2011).

Therefore, the current study further addresses the question of

whether certain formant-based measurements are more sen-

sitive than other measurements in capturing deficits of vowel

articulation, and examined early-stage PD speakers as the

main focus.

One potential application of the identification of

changes in vowel articulation may be related to the early di-

agnosis of PD. Tetrud (1991) reported that family members

and close friends of prospective patients with PD may note

changes in speech several years before the diagnosis is estab-

lished. More recently, Postuma et al. (2012) investigated

prodromal Parkinsonism-related motor changes in idiopathic

rapid eye movement (REM) sleep behavior disorder and

revealed that voice and face akinesia were the earliest indi-

cators of Parkinsonism with an estimated prodromal interval

of 9.8 yr before diagnosis. However, speech disorders in the

early stages of PD are often mild and have a limited effect

on speech intelligibility, making them barely perceptible to

others or even to the patients themselves (Stewart et al.,
1995). On the other hand, acoustic speech abnormalities

have been reported even in PD patients with no perceptible

dysarthria (Forrest and Weismer, 2009), and several investi-

gators have found impaired speech parameters in early-stage

PD using objective acoustic measures (Rusz et al., 2011a;

Stewart et al., 1995). In clinical practice, movement disorder

specialists (MDS) are responsible for making the early diag-

nosis of PD, with disability commonly evaluated using the

Unified Parkinson’s Disease Rating Scale (UPDRS)

(Stebbing and Goetz, 1998). A global perceptual description

of patient speech is part of the UPDRS III motor score (item

18) and its evaluation represents a part of daily practice for

the MDS. As speech deterioration may be a prodromal fea-

ture of Parkinsonism and defects of vowel articulation are

common findings in PD, the present study was designed to

investigate whether changes in vowel articulation captured

by objective acoustic analyses are superior to the perceptual

impression of disturbed speech raised by the experienced

MDS.

In summary, this study was designed to address follow-

ing questions:

1. Can imprecise vowel articulation be considered as an early

marker of PD? We hypothesized that early-stage, untreated

PD patients can be differentiated from healthy speakers

using objective measurements of vowel articulation.

2. Which speaking task, including sustained phonation, short

sentence repetition, reading passage, and monologue is

most sensitive to imprecise vowel articulation in PD? We

hypothesized that (a) sustained phonation would not be

sufficiently sensitive to differentiate healthy speakers

from early-stage PD speakers, but (b) spontaneous speak-

ing such as monologue would be more altered in PD

speakers when compared to other speaking tasks.

3. Are some formant-based measurements, including F1 and

F2 frequencies of each corner vowel (/a/, /i/, and /u/),

VSA, F2i/F2u, and VAI more sensitive in capturing
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deficits of vowel articulation in early-stage PD speakers

in comparison to healthy speakers? We hypothesized that

F2i/F2u and/or VAI would be superior to VSA in the

description of mildly impaired parkinsonian speech.

4. Are objective measurements of vowel articulation supe-

rior to the clinical impression of disturbed speech as

determined by the MDS? We hypothesized that changes

of vowel articulation captured by objective acoustic anal-

yses would uncover articulatory disorders in PD with

greater precision than perceptual evaluation by the MDS.

II. METHODS

A. Participants

A total of 35 male, Czech native speakers were recruited

for the study. Twenty subjects were diagnosed with idio-
pathic PD. They fulfilled the diagnostic criteria for PD

(Hughes et al., 1992) and were examined immediately after

the diagnosis was established and before symptomatic treat-

ment was started. Their age ranged from 34 to 83 yr (mean,

61.0; 6 standard deviation (SD) 12.0), the Hoehn and Yahr

(HY, Hoehn and Yahr, 1967, disability scale comprised of

stages 1 through 5, where 5 is most severe) disease stage

ranged from 1 to 3 (2.2 6 0.5), the UPDRS III (Stebbing and

Goetz, 1998, motor rating scaled from 0 to 108, where 108

represents severe motor impairment) ranged from 5 to 32

(17.9 6 7.3), and the estimated duration of PD manifesta-

tions prior to examination ranged from 6 to 82 months

(28.6 6 19.9). None of the participants reported speech, lan-

guage, or hearing disorders unrelated to their parkinsonian

symptoms, nor had a history of speech-language treatment

prior to participation in this study. All PD patients were free

of depression and cognitive deficits that could interfere with

measurements.

The healthy control (HC) group consisted of 15 persons

of comparable age ranging from 36 to 80 yr (62.6 6 13.4).

None of these individuals reported a history of neurological

disorders or other disorders that may affect speech, lan-

guage, or hearing. Age distributions were not significantly

different between the PD and HC groups. All participants

provided their consent to the speaking tasks and recording

procedure.

B. Recording

Recordings were made in a quiet room with a low ambi-

ent noise level using an external condenser microphone

placed approximately 15 cm from the subject’s mouth and

coupled to a Panasonic NV-GS 180 video camera; the video

material was not used in subsequent acoustic analysis. The

external condenser microphone was manufactured as part of

the original video camera set. The gain of the microphone

was set to the same optimal level for all participants to

ensure comparable recording conditions. The audio data

were digitized from the video recording tape to a computer

at a sampling rate of 48 kHz and 16-bit quantization using

original Panasonic software. All participants were recorded

in the same area of the neurological clinic. As the diagnosis

of individual PD patients was made at the time, the specific

date of recordings for each participant was different but the

overall time schedule was the same. Each participant was

recorded in a single session with the speech language pathol-

ogist. No time limits were imposed during the recording. All

of the participants were familiarized with the speaking tasks

and recording procedure. In each recording, the participants

performed various speaking tasks as a part of the larger pro-

tocol. All participants could repeat their performance in case

any errors occurred with respect to the speaking task.

Neither participant fatigue nor any changes in the quality of

voice from the beginning to the end of the session were

observed.

C. Speech samples

Four different speaking tasks were evaluated in the pres-

ent study including sustained phonation, sentence repetition,

reading passage, and monologue. In all speaking tasks, the

vowels /a/, /i/, and /u/ were of interest. In the first speaking

task, subjects were instructed to make a sustained phonation

at a comfortable pitch and loudness with one breath, each

vowel separately. The second speaking task was multiple rep-

etition of the Czech phrase “Kolik mate ted u sebe asi penez,”

([ ]; How much money do you

have in your wallet?) which was read in one breath and

repeated five times.1 The acoustic analysis of the corner vow-

els was performed from the part “u sebe asi”. In the third

speaking task, each participant read a standardized passage

composed of 80 words (see Appendix A). As indicated by the

underlined vowels in the text appearing in Appendix A, 30

vowels per passage were studied, including 10 occurrences of

/a/, 10 occurrences of /i/, and 10 occurrences of /u/. The fourth

speaking task consisted of monologue where the participants

were instructed to speak about what they did during the cur-

rent day or week, their family, their job, or their interests. For

each participant, 10 occurrences of the three vowels /a/, /i/,

and /u/ were extracted from the monologue. As there is no

available methodology for vowel selection from spontaneous

speech such as monologue, the inclusion criteria for the entire

word and the vowel itself was established as follows:

(a) The word from which the vowel was selected, as a

whole, had to be intelligible and perceptually normal.

(b) Only one same corner vowel (/a/, /i/ or /u/) could be

extracted from one specific word.

(c) As there is no reduction in vowel duration due to

occurrence in non-stressed syllables in the Czech lan-

guage, the vowels were elicited from both stressed as

well as non-stressed syllables equally.

(d) The selected vowel must not have been induced by

confounding effects such as coarticulation with sur-

rounding phonemes. To ensure this condition, the vow-

els were used only if they occurred separately or

followed a voiceless consonant.

(e) The minimal length of the vowel had to be 40 ms, with

at least a 30 ms segment that could be considered as a

stable part of the vowel. The stable part of the vowel

refers to the vowel segment where the first two for-

mants were visible and their format contours did not

exhibit marked slopes.
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(f) The vowels were extracted from the entire duration of

the monologue.2

D. Acoustic analyses

Acoustic measures were performed using the widely

used, specialized speech-analysis software PRAAT (Boersma

and Weenink, 2001, available at www.praat.org). Using

PRAAT, both the combined wideband spectrographic dis-

play and the power spectral density were used to determine

F1 and F2 frequencies in Hz. The formant frequencies of

vowels /a/, /i/, and /u/ were extracted from the entire dura-

tion of sustained phonation, and from a 30-ms segment at

the temporal midpoint of the stable part of each vowel (in

order to avoid the influence of vowels preceding or follow-

ing) in speaking tasks of sentence repetition, reading pas-

sage, and monologue.3 The vowel data of F1 and F2 were

separately averaged for all corner vowels of each participant

and each individual speaking task. The measurements of

VSA, F2i/F2u ratio, and VAI were calculated from these

averages. The measurement of VSA is expressed in Hz2, and

can be easily calculated using the following formula (Liu

et al., 2005):

VSA ¼ 0:5� jF1i � ðF2a � F2uÞ þ F1a

� ðF2u � F2iÞ þ F1u � ðF2i � F2aÞj: (1)

The measurement of VAI can be expressed using the follow-

ing formula (Roy et al., 2009):

VAI ¼ F1a þ F2i

F1i þ F1u þ F2a þ F2u
: (2)

E. Measurement reliability

Intra-judge reliability was assessed following the rean-

alysis of 25% of all vowel data by the investigator that per-

formed the original set of measures. Pearson correlation

analysis indicated significant, positive intra-judge correla-

tion for F1 measures (r¼ 0.91; p< 0.001) and for F2 mea-

surement (r¼ 0.99; p< 0.001). The mean intra-judge

standard error of measurement (SEM) was 15 6 11 Hz for

F1 measures and 16 6 12 Hz for F2 measures. Inter-judge
reliability was calculated based on the reanalysis of 25% of

all vowel data by a second investigator blinded to partici-

pant conditions that was well-trained in the analysis method

using the same program. Pearson correlation indicated a

significant, positive inter-judge correlation for F1 measures

(r¼ 0.93; p< 0.001) and for F2 measurement (r¼ 0.99;

p< 0.001). The mean inter-judge SEM was 15 6 11 Hz for

F1 measures and 17 Hz 6 12 Hz for F2 measures. Test-
retest reliability was performed following correlation

between the second and third set of sentence repetitions.

Pearson correlation indicated significant, positive test-retest

reliability for F1 (r¼ 0.93; p< 0.001) and F2 (r¼ 0.97;

p< 0.001) measures. Measurement reliability results in this

study are in agreement with previous studies on vowel

articulation in dysarthric speakers (Tjaden et al., 2005;

Sapir et al., 2007; Sapir et al., 2010).

F. Perceptual assessment of speech performance
in PD

For further investigation, the PD subjects were separated

into two groups according to independent perceptual assess-

ment performed by three equally trained MDS experienced

in the early diagnosis of PD. In accordance with clinical

practice, the speech of PD patients was evaluated by item 18

of the UPDRS III (global perceptual description of patient

speech, ranked from 0 to 4, where 4 represents complete

unintelligibility of speech). As a result, the first group con-

sisted of 10 PD subjects with an absence of perceptible dys-
arthria (hereafter, PDND (PDno dysarthria), 0 points on item 18

representing “unaffected speech”), and the second group

consisted of 10 PD subjects with the presence of mild hypo-
kinetic dysarthria [hereafter, PDMD (PDmild dysarthria), 1 point

on item 18 representing “slightly impaired speech”]. The

patient was designated as PDMD if at least one MDS raised

suspicion about affected speech due to PD.

G. Statistical analysis and classification

As the Kolmogorov-Smirnov test for independent sam-

ples showed that acoustic variables were normally distrib-

uted, analysis of variance (ANOVA) with post hoc
Bonferroni adjustment was used to assess group differences

across the data. The adjusted level of significance was set at

p< 0.01.

Although statistical significance provides useful infor-

mation regarding the difference between group distributions,

there are several classification methods that provide a com-

plete picture of the sensitivity of a given measurement in

determining subject-group status. To gain reliable classifica-

tion results, we first removed the statistically insignificant

measurements. As a result, only statistically significant

measures (hereafter, main indices) were included in the sub-

sequent classification.

The classification experiment was based on the minimax
theorem (Schlesinger and Hlavac, 2002). The solution of the

minimax theorem is established using a strategy which com-

pares the likelihood ratio with the threshold value.

Considering that X can be defined as a set of observations

and K as a set of object states, the probability distribution

pXjK(xjk) using the set X is then in correspondence with each

state k. The strategy is based on the decomposition of X(k), k
� K, which determines for each observation x � X that the

object is in the state k on condition x � X(k). Each strategy

is described by dividing set X into jKj numbers,

xðkÞ ¼
X

x 62Xk

pXjKðxjkÞ; (3)

i.e., by the conditional probabilities of a wrong decision

under the condition that the actual true hidden state of the

object is k. The minimax task can then be formulated to find

a strategy which minimizes maxk2K xðkÞ.
The Gaussian kernel density method with automatic

data-driven bandwidth was applied to model the probability

distribution of the main acoustic indices for the PD and HC

groups, and the minimax task was further solved through a
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linear programming technique (Schlesinger and Hlavac,

2002). To validate the reproducibility of the minimax classi-

fier, cross-validation with a leave-one-subject-out method

was applied, i.e., data from one speaker was used for testing

whereas data from the remaining speakers was used to train

the classification model.

H. Overall evaluation

The individual steps related to overall evaluation, corre-

sponding with the proposed aims of the study can be sum-

marized as follows:

1. Analysis of variance (ANOVA) was used to find statisti-

cally significant differences between the PD and HC

groups across all variables and speaking tasks. The signif-

icant differences between the PD and HC groups would

indicate that imprecise vowel articulation can be consid-

ered a marker of early PD.

2. To investigate the suitability of each speaking task in dif-

ferentiating between the PD and HC groups, we intro-

duced the measure of task index, which is computed as

the average classification performance (minimax task)

across all main acoustic indices. A better task index clas-

sification score would indicate greater potential of the

speaking task to reveal parkinsonian deficits in vowel

articulation.

3. To examine the suitability of the main acoustic indices in

differentiating between groups, we designed a measure

termed the acoustic index, which is calculated as the aver-

age classification performance (minimax task) across all

speaking tasks. A better acoustic index classification

score would imply greater sensitivity of the acoustic vari-

able to capture defects in vowel articulation of mildly

impaired PD speech.

4. The minimax task was used to determine whether objec-

tive acoustic measures were more sensitive in revealing

PD-induced articulation deficits than perceptual evalua-

tion by an experienced MDS, and to predict whether the

speakers with perceptible dysarthria (PDMD) as well as

speakers with no perceptible dysarthria (PDND) are cor-

rectly identified as PD. A high classification score for

PDND would indicate that objective acoustic measures are

able to capture even minor abnormalities in PD vowel

articulation, which may be barely distinguishable from

the speech of healthy individuals. A high classification

performance for PDMD would imply that the severity of

vowel articulation deficits contributes to the overall per-

ceptual impression of dysarthric speech.

III. RESULTS

A. Group differences (Objective 1)

Figure 1 shows the mean and SD (error bars), as well as

statistically significant differences (stars) between the PD

and HC groups, across all formant-based measurements and

speaking tasks. The four main acoustic indices (F2u, VSA,

F2i/F2u, VAI) were sufficiently sensitive to separate early-

stage PD from HC. For single formant measurements, only

F2u differed between PD and HC speakers. The significant

differences between both groups for F2u were found for the

speaking tasks of sentence repetition [F(1,34)¼ 16.6,

p< 0.001], reading passage [F(1,34)¼ 9.8, p< 0.01], and

monologue [F(1,34)¼ 18.8, p< 0.0001]. The direction of

group differences in each case was consistent with the gen-

eral hypothesis of increased F2u in PD. In addition, all three

complex measurements (VSA, F2i/F2u, VAI) were suffi-

ciently sensitive to capture deficits in vowel articulation,

with a consistent direction of group differences indicating

reduced vowel space as well as F2iF2u and VAI ratios due

to PD. Considering reduced vowel space, significant differ-

ences between the PD and HC groups captured by VSA were

revealed for the speaking tasks of sentence repetition

[F(1,34)¼ 11.2, p< 0.01] and monologue [F(1,34)¼ 8.4,

p< 0.01]. In the case of distinction between vowels, altered

PD speech performance was found in the measurements of

F2i/F2u for the speaking tasks of sentence repetition

[F(1,34)¼ 12.7, p< 0.001], reading passage [F(1,34)¼ 7.5,

p< 0.01], and monologue [F(1,34)¼ 19.6, p< 0.0001].

Regarding vowel centralization, significant differences

between both groups were found in the measurement of VAI

for the speaking tasks of sentence repetition [F(1,34)¼ 8.2,

p< 0.01] and monologue [F(1,34)¼ 13.3, p< 0.001].

Therefore, in agreement with our hypothesis, imprecise

vowel articulation can be considered an early marker of PD.

B. Differences across speaking tasks (Objective 2)

Figure 2 details classification results with estimated

probability distributions for each speaking task across all

main acoustic indices. In accordance with the results of sta-

tistical analyses, the task index showed that sustained phona-

tion reached the lowest classification performance of 58.7%.

All the remaining speaking tasks including sentence repeti-

tion, reading passage, and monologue can be considered

suitable for the evaluation of vowel articulation in PD.

Comparing the results of task index for non-spontaneous and

spontaneous speech, sentence repetition and reading passage

had an average performance of 69.5% (73.5% for sentence

repetition and 65.5% for reading text) whereas monologue

reached a score of 76.5%. These findings are consistent with

our hypothesis that the performance of vowel articulation in

PD speakers is altered to a greater extent in spontaneous

rather than non-spontaneous utterances, whereas isolated

sustained phonations cannot be considered a suitable task for

the investigation of vowel articulation in early PD.

C. Differences across formant-based measurements
(Objective 3)

Classification results based on the main acoustic indices

(F2u, VSA, F2i/F2u, VAI) through individual speaking tasks

are presented in Fig. 2. Considering differences between the

PD and HC groups among individual measurements, VSA

and F2i/F2u extracted from the monologue reached the best

classification performances of 80.4% and 80.0%, respec-

tively. The acoustic index showed very similar classification

accuracy across all acoustic indices with a performance of

70.6% for F2u, 70.4% for VSA, 69.1% for F2i/F2u, and
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64.1% for VAI. Contrary to our hypothesis, distinctions

between vowels and vowel centralizations were not revealed

to be superior to reduced vowel space in the detection of

mildly impaired speech in early stage PD, while articulation

of the vowel /u/ captured by F2u seems to be more affected

when compared to changes in other vowel frequencies.

D. Comparison between objective measures
and perceptual evaluation (Objective 4)

Table I details the results of classification for two groups

of PD speakers, with perceptible dysarthria (PDMD) and

without perceptible dysarthria (PDND), across all main

acoustic indices and speaking tasks. Altered vowel articula-

tion in PDMD patients was confirmed using all main acoustic

indices (F2u, VSA, F2i/F2u, VAI) through all investigated

speaking tasks except sustained phonation. This finding,

related to imprecise vowel articulation in PDMD subjects,

was in agreement with the perceptual evaluation of the

MDS. In other words, acoustic metrics generally achieved

better results in predicting the group status of PDMD patients

than PDND patients. Interestingly, the measurement of F2

frequency based on the single vowel /u/ (F2u) was best able

to capture mild dysarthria, with scores ranging from 81.9%

to 88.7%. On the other hand, F2u alone was not sufficiently

sensitive to reveal changes in vowel articulation of PDND

patients. The contrary is true for measurements of VSA and

F2i/F2u, especially when extracted from monologue, which

were able to detect impaired vowel articulation in both PD

groups. In fact, the VSA based on monologue was more suc-

cessful in predicting PDND group status with a classification

score of 80.3% in comparison to 76.3% achieved by F2i/

F2u. In contrast, F2i/F2u extracted from monologue reached

a higher score of 85.6% for the PDMD group in comparison

to 83.7% by VSA. The measurement of VAI was not found

to be superior to complex measurements of F2i/F2u and

VSA. In correspondence with our hypothesis, the perform-

ance of objective acoustic measures of vowel articulation

was superior to the subjective clinical evaluation of dis-

turbed speech.

IV. DISCUSSION

In the present study, we investigated various formant-

based measures in a group of de novo male PD patients in

comparison to healthy subjects. Vowel production was

examined across different types of speech tasks including

sustained phonation, sentence repetition, reading passage,

and monologue. The acoustic parameters for subsequent

analysis consisted of F1 and F2 for each corner vowel, the

FIG. 1. First (F1) and second (F2) formant frequencies for each corner vowel (/a/, /i/, and /u/), vowel space area (VSA), F2i/F2u ratio, and vowel articulation

index (VAI) in PD speakers (gray) and healthy controls (white). Measurements were performed using different types of speech material including sustained

phonation, sentence repetition, reading passage, and monologue. The bars represent mean values and error bars standard deviations. Stars indicate significant

differences between PD patients and controls: *p< 0.01; **p< 0.001; ***p< 0.0001.
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traditional measure of VSA, and the recently introduced

measures of F2i/F2u and VAI. Much of what is known about

vowel articulation in PD has generally been based on phar-

macologically treated patients with various degrees of dys-

arthria, without comparison between different types of

speaking tasks. Thus, the current investigation extends our

knowledge related to the characteristics of vowel articulation

in the early stages of PD prior to pharmacotherapy, and the

usage of more complex speech material.

Our results show that early-stage PD speakers manifest

increased F2u, lowered VSA, reduced distinction between

vowels captured by F2i/F2u, and abnormalities in formant

centralizations measured by VAI across sentence repetition,

reading passage, and monologue. In fact, vowel articulation in

PD was more acoustically altered during spontaneous speech

such as monologue in comparison to the non-spontaneous

tasks of sentence repetition and reading passage. Moreover,

isolated vowel phonation was found to be an inappropriate

task to reveal early changes in parkinsonian articulation.

Considering comparisons between measurements, there were

no essential differences between the results obtained using

various complex formant-based metrics (VSA, F2i/F2u, VAI),

although the production of the vowel /u/ (as captured by F2u)

was found to be altered to a greater extent when compared to

articulation of /a/ and /i/ vowels. Further results of our study

indicate that objective acoustic measures are more sensitive in

revealing PD-induced articulation deficits than perceptual

evaluation by experienced clinicians, and therefore may be

helpful in capturing even subclinical signs of speech impair-

ment in PD. To summarize, these findings provide greater

insight into impaired vowel articulation in the early stages of

PD and may be helpful regarding the advent of neuroprotec-

tive treatment as well as speech rehabilitation in PD (Rusz

et al., 2011b; Sapir et al., 2010).

FIG. 2. Probability densities P(‘measure’) with overall classification accuracy according to the minimax task across all main acoustic indices (F2u, VSA, F2i/

F2u, VAI) and speaking tasks (sustained phonation, sentence repetition, reading passage, monologue). Solid lines are displayed for PD subjects, the dash-dot

lines for HC speakers.
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A. Imprecise vowel articulation as an early marker
of PD

Although imprecise articulation is considered as one of

the most common deficits associated with hypokinetic dys-

arthria (Darley et al., 1969), previous studies have reported

that voice disorders in PD occur more frequently than articu-

lation disorders (Logemann et al., 1978). Moreover, prosodic

patterns and features of dysphonia have been suggested to be

the most salient early signs of vocal impairment in PD (Rusz

et al., 2011a; Stewart et al., 1995). In contrast to previous

reports, our results show that impaired vowel articulation

was present in 80% of our patients and may be one of the

first signs of speech impairment in PD. Individuals with

early-stage PD demonstrated significant differences in meas-

urements of F2u, VSA, F2i/F2u, and VAI relative to HC sub-

jects. Our results are generally consistent with previous

studies where reduced articulatory movements were investi-

gated in treated PD patients with mild to moderate dysarthria

(Sapir et al., 2007; Sapir et al., 2010; Skodda et al., 2011),

however, to the best of our knowledge, no previous studies

have examined vowel articulation in de novo patients with

hypokinetic dysarthria or dysarthria of another type.

B. Effect of speaking task

Our results indicate that both spontaneous and non-

spontaneous speech is suitable for the assessment of early

changes in vowel articulation associated with PD, while iso-

lated vowel phonations were found to be inappropriate. In

fact, vowel articulation performance in PD was found to be

altered to a greater extent in spontaneous speech such as

monologue when compared to the typical non-spontaneous

speaking tasks of sentence repetition or reading passage.

These findings are in agreement with the general assumption

that the efficiency of speech production in PD varies with the

task performed (Caligiuri, 1989; Rosen et al., 2005; Weismer,

1984). Furthermore, in a previous study where both spontane-

ous and non-spontaneous speech were collected from a single

patient with PD diagnosed 18 yr prior to investigation

(Kempler and Van Lacker, 2002), the intelligibility of sponta-

neous speech was found to be severely affected when com-

pared to non-spontaneous speech. As imprecise vowel

articulation commonly contributes to reduced speech intelligi-

bility in dysarthria (Kim et al., 2011a; Liu et al., 2005;

Weismer et al., 2001), the observation by Kempler and Van

Lacker (2002) is in accordance with our results showing

monologue as the most affected speaking task in parkinsonian

patients, even in the early stages of the disease. Thus, it might

be rewarding to take into account the type of speaking task

during the evaluation of dysarthria.

With respect to differences in articulatory impairment

between various types of speaking tasks, one possible expla-

nation is the complexity of the speaking task. Contrary to

more advanced stages of PD (Eliasova et al., 2013) where sus-

tained phonation may be a suitable task, in early-stage parkin-

sonian speakers it is too simple a task to capture subtle

changes in vowel articulation. Indeed, the size and centraliza-

tion of the VSA as well as the ratios of F2i/F2u and VAI

obtained from phonation differ in comparison to the results

elicited from other speaking tasks (see Fig. 1). Although sen-

tence repetition maintains the advantage that each individual

corner vowel is extracted from the same repeated phrase,

usage of these extracted vowels does not appear to reflect the

variety and flexibility of the entire utterance. Furthermore, the

lexical factors of phonological neighborhood density and

word frequency can significantly influence the performance of

vowel articulation (Watson and Munson, 2008). In contrast to

sentence repetition, the variety of utterances is captured well

using reading passage where the vowel performances are

extracted from a variety of words, and lexical factors are then

partially controlled by average measurements. However, in

non-spontaneous speech such as reading passage or sentence

repetition, the speaker is simply pronouncing ready-made text

and thus can provide special attention to articulatory planning

(Levelt, 1989). In contrast to non-spontaneous tasks, sponta-

neous speech represented by monologue requires that the

speaker carry out the complete planning process, and there-

fore the articulatory mechanisms receive relatively less atten-

tion. However, in spontaneous speech, there is a limited

possibility of using the same words in the same phrases for

each participant, and thereby the identification and extraction

of vowels must be carefully conducted. In summary, we can

assume that the final speech performances are related to the

overall articulatory demands and complexity of the individual

speaking tasks.

C. Acoustic changes in vowel articulation due to PD

In the present study, we did not detect any fundamental

differences between various complex formant-based

TABLE I. List of classification results for PD speakers with mild dysarthria

(PDMD) and no perceptible dysarthria (PDND) across all main acoustic indi-

ces (F2u, VSA, F2i/F2u, VAI) and speaking tasks (sustained phonation, sen-

tence repetition, reading passage, monologue).

Classification score (%)

Measurement PDMD PDND

Sustained phonation

F2u 53.5 6 5.6 60.4 6 4.8

VSA 67.0 6 13.3 69.9 6 12.9

F2i/F2u 72.8 6 6.7 58.9 6 4.8

VAI 64.3 6 6.7 50.2 6 7.7

Sentence repetition

F2u 84.0 6 3.0 72.9 6 6.5

VSA 84.7 6 3.5 69.7 6 3.8

F2i/F2u 78.6 6 3.2 64.3 6 3.9

VAI 84.9 6 3.0 67.2 6 4.3

Reading passage

F2u 81.9 6 2.9 66.0 6 3.6

VSA 62.2 6 4.1 68.0 6 4.1

F2i/F2u 72.3 6 6.0 59.1 6 5.9

VAI 69.0 6 7.3 58.7 6 7.7

Monologue

F2u 88.7 6 3.4 61.5 6 3.8

VSA 83.7 6 5.3 80.3 6 5.5

F2i/F2u 85.6 6 5.7 76.3 6 5.2

VAI 71.0 6 4.0 69.1 6 3.9
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measurements. However, this is not unexpected as all of the

complex formant-based measurements are based upon the

same base measures of F1 and F2 frequencies. On the other

hand, subtle differences in findings across formant-based

measurements may provide certain clues about acoustic

changes in vowels due to the development of PD.

Considering the main acoustic indices, F2u is sensitive

only to the vowel /u/, F2i/F2u to both /u/ and /i/ vowels,

and VAI to all three corner vowels /u/, /i/, and /a/. F2u was

the only measurement based on a single vowel that allowed

the differentiation of PD and HC groups, and therefore the

vowel /u/ can be considered the most affected in mild dys-

arthria of PD individuals. F2i/F2u was more sensitive in

capturing deficits of PD vowel articulation than F2u alone,

while VAI, which also takes formant frequencies of the

vowel /a/ into account, achieved the worst classification

performance in separating PD from HC speakers. The

vowel /a/ also contributes to the VSA, but the formants

based on the vowel /a/ do not need to negatively contribute

to its overall performance (as given by the principle of

VSA construction) such as in the case of formant central-

ization measured by VAI. In light of these observations, we

may hypothesize that articulatory deficits are due mainly to

alterations of the vowel /u/, followed by the vowel /i/, with

the vowel /a/ remaining most resistant to change in the ear-

lier stages of PD. This hypothesis is also in agreement with

previous studies reporting the measurement of VAI supe-

rior to VSA in parkinsonian patients several years after the

diagnosis was established (Sapir et al., 2010; Skodda et al.,
2012).

This continuum of articulatory deficits developing

through the vowels /u/, /i/, and /a/, respectively, can be also

discussed in physiological terms. Considering tongue posi-

tion and lip posture for the cardinal vowels /a/, /i/, and /u/,

the tongue is positioned low for the vowel /a/, high and for-

ward for the vowel /i/, and high and backward for the vowel

/u/, whereas lip posture is spread for both the /a/ and /i/ vow-

els and rounded for the vowel /u/ (Hasegawa-Johnson et al.,
2003). Therefore, we may assume that production of the

vowel /a/ is a less demanding task than production of the

vowels /i/ and /u/. In comparison to the vowel /i/, the articu-

lation of the vowel /u/ requires more demanding involve-

ment of the orofacial muscles to create a tightly rounded lip

posture. Admittedly, as the vowel /u/ is characterized by a

posterior rise of the tongue root, we may consider that prob-

lems with tongue articulation develop in reverse, i.e., from

the root to the tip of the tongue, and the resulting tongue

restriction may also be related to swallowing abnormalities

in PD (Sapir et al., 2008; Tjaden, 2008). In general, concern-

ing the pathophysiological mechanism responsible for the

development of speech and other motor deficits in PD,

speech impairment has generally been attributed to dopa-

mine deficiency as well as hypokinesia and rigidity of the

vocal tract (Schulz and Grant, 2000). On the basis of investi-

gation in PD patients tested and re-tested within a few years,

recent innovative studies have found that bradykinesia, rigid-

ity, and axial parkinsonian symptoms are primarily responsi-

ble for restricted vowel articulation in PD (Rusz et al., 2013;

Skodda et al., 2012).

D. Perceptual and acoustic findings in the speech of
early-stage PD individuals

Previous studies have reported a relationship between

measurements of vowel articulation and the perceptual

impression of intelligibility in dysarthric speakers (Kim et al.,
2011a; Liu et al., 2005; Weismer et al., 2001). Although the

perceptual classification of dysarthria is typically based on

intelligibility rating measures using orthographic transcription

(for example, see Kim et al., 2011a; Liu et al., 2005), such

methods are not applicable to the evaluation of speech disor-

ders in early-stage PD, where dysarthria is rather mild or even

imperceptible, and has no or limited effect on speech intelligi-

bility (Stewart et al., 1995). In the present study, parkinsonian

speakers were subjectively separated into two groups (no per-

ceptible dysarthria and mild dysarthria) by experienced clini-

cians, and a very high classification performance was

achieved (up to 90%) when comparing patients with mild dys-

arthria and controls. This finding suggests that measurements

of vowel articulation may be considered suitable for the

assessment of speech intelligibility. Subsequently, we

observed that the objective acoustic measures of vowel articu-

lation were able to predict articulatory impairment in PD

patients with no perceptible dysarthria with relatively high ac-

curacy (up to 80%). Accordingly, it has been proposed that

objective acoustic measures may capture even minor abnor-

malities in PD speech (Forrest and Weismer, 2009; Rusz

et al., 2011a; Stewart et al., 1995). Therefore, objective acous-

tic analyses may be helpful in revealing even subclinical signs

of speech impairment in PD.

E. Limitations of the present study

In the course of this study, we investigated only 20 male

parkinsonian patients due to limited opportunities in recruit-

ing more early-stage PD individuals prior to dopaminergic

treatment. Despite this limitation, we do not believe that

there would be any fundamental changes in the overall pro-

gression of vowel articulation or that the current findings

would differ with a substantial increase in the number of

subjects. Previous research has suggested that gender may

have an impact on the progression of dysarthria due to sexual

dimorphism of laryngeal size (Hertrich and Ackermann,

1995). As our study consisted only of male participants, we

cannot exclude that impairment of vowel articulation is

influenced by gender-specific aspects of speech. One further

limitation of the present study is that we did not investigate

relationships between vowel durations and vowel articula-

tion measurements (Tjaden et al., 2005), and hence possible

effects related to the speaking rate on vowel articulation in

PD cannot be eliminated.

V. CONCLUSION

The present study provides evidence for restricted vowel

articulation in early-stage PD speakers prior to dopaminergic

treatment. Our results demonstrate that spontaneous speech

is more likely to show true deficits in the speech perform-

ance of PD patients. Specific changes in speech due to neu-

rological disorders such as PD may have the potential to
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contribute to existing assessment batteries. Acoustic meas-

urements of vowel articulation may therefore be useful in

the early detection of speech impairment in PD, for monitor-

ing the severity of dysarthria and disease progression, and in

the evaluation of treatment response.
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APPENDIX

Reading passage with labeled corner vowels /a/, /i/, and

/u/ that was used in acoustical analyses.

Kdy�z člov�ek poprv�e vsad�ı do zem�e sazeničku, chod�ı se

na ni d�ıvat t�rikr�at denn�e: tak co, povyrostla u�z nebo ne? I

taj�ı dech, nakl�an�ı se nad n�ı, p�ritlač�ı trochu půdu u jejich

ko�r�ınků, načechr�av�a j�ı l�ıstky a vůbec se obt�e�zuje různ�ym

kon�an�ım, kter�e pova�zuje za u�zitečnou p�eči. A kdy�z se saze-

nička p�resto ujme a roste jako z vody, tu člov�ek �zasne nad

t�ımto divem p�r�ırody, m�a pocit čehosi jako z�azraku a pova�z-

uje to za jeden ze sv�ych nejv�et�s�ıch osobn�ıch �usp�echů.

1The motivation behind the single exhalatory effort required for each sen-

tence was to differentiate the task of sentence repetition from the con-

nected reading of text, since it has been reported that the performance of

PD speakers may differ at the beginning and end of an utterance (Skodda

and Schlegel, 2008).
2As the previous observation has shown that the performance of PD speak-

ers may differ through an utterance (Skodda and Schlegel, 2008), we sug-

gest extracting vowels throughout the entire length of the monologue.

However, in our early-stage PD patients there were no statistically signifi-

cant differences between formants calculated using the first five occur-

rences and second five occurrences of corner vowels.
3In the sustained phonation speech task, only one repetition for each corner

vowel was used to calculate formant frequencies as (a) articulation of iso-

lated vowels is not influenced by the preceding or following phoneme and

(b) certain fluctuations of formants are treated by the choice of multiple

window length of the analyzed segment when compared to 30-ms seg-

ments used in sentence repetition, reading passage, and monologue tasks.
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