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Articulatory undershoot of vowels in isolated REM sleep
behavior disorder and early Parkinson’s disease
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Imprecise vowels represent a common deficit associated with hypokinetic dysarthria resulting from a reduced articulatory range of
motion in Parkinson’s disease (PD). It is not yet unknown whether the vowel articulation impairment is already evident in the
prodromal stages of synucleinopathy. We aimed to assess whether vowel articulation abnormalities are present in isolated rapid
eye movement sleep behaviour disorder (iRBD) and early-stage PD. A total of 180 male participants, including 60 iRBD, 60 de-novo
PD and 60 age-matched healthy controls performed reading of a standardized passage. The first and second formant frequencies of
the corner vowels /a/, /i/, and /u/ extracted from predefined words, were utilized to construct articulatory-acoustic measures of
Vowel Space Area (VSA) and Vowel Articulation Index (VAI). Compared to controls, VSA was smaller in both iRBD (p = 0.01) and PD
(p =0.001) while VAI was lower only in PD (p = 0.002). iRBD subgroup with abnormal olfactory function had smaller VSA compared
to iRBD subgroup with preserved olfactory function (p = 0.02). In PD patients, the extent of bradykinesia and rigidity correlated with
VSA (r=—0.33, p = 0.01), while no correlation between axial gait symptoms or tremor and vowel articulation was detected. Vowel
articulation impairment represents an early prodromal symptom in the disease process of synucleinopathy. Acoustic assessment of
vowel articulation may provide a surrogate marker of synucleinopathy in scenarios where a single robust feature to monitor the

dysarthria progression is needed.
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INTRODUCTION

Isolated rapid eye movement sleep disorder (iRBD) is a
parasomnia characterized by dream-enactment behavior and loss
of physiologic muscle atonia during the rapid eye movement
sleep phase. iRBD is considered a prodromal stage of neurode-
generation as more than 80% of diagnosed patients developed
alfa-synuclein-aggregation disorders such as Parkinson’s disease
(PD), Lewy body dementia, or multiple system atrophy'-.
Considering the development of Parkinson’s disease-modifying
treatment?, a multicentre study including 1280 iRBD patients
identified quantitative fine motor skill testing as the strongest
predictor for conversion®. Another study by Postuma et al. *
revealed that voice and face akinesia represent the earliest
prodromal motor manifestations in iRBD subjects preceding the
onset of parkinsonism by a mean 9.8 years. This is likely a
consequence of motor speech complexity and its sensitiveness to
neural damage®.

Hypokinetic dysarthria of PD, which is mainly characterised by
articulatory, phonatory and prosodic alterations, occurs in up to
90% of patients over the course of the disease®’. Moreover,
speech impairment is present in a majority of newly diagnosed PD
patients®®. Considering that patients with iRBD are at high risk of
developing PD, the speech behavior assessment in iRBD is
subjected to thorough investigation. Recent multilanguage
research based on fully automated analysis of seven distinctive
speech dimensions of hypokinetic dysarthria'®, including harsh
voice, slow sequential motion rates, imprecise consonants,
monoloudness, monopitch, prolonged pauses, and articulation
rate performed on 150 iRBD patients revealed that only
monopitch was able to significantly differentiate iRBD patients
from controls''. Interestingly, monopitch was found in iRBD

subjects with impaired olfactory function before the nigrostriatal
dopaminergic transmission is affected?, that is, in Braak stage 2
before the substantia nigra is affected by synucleinopathy'>.
Among monopitch, vowel articulation impairment represents one
of the core deficits contributing to dysarthric speech, as it reflects
the range of articulatory movements and strongly correlates with
overall intelligibility'*'%. The potential of imprecise vowel
articulation to serve as an early biomarker can also be supported
by a previous pilot study where deficits in vowel articulation were
detected in a small sample of 20 patients with de novo PD'.
However, potential changes of vowel articulation in iRBD have
never been investigated. Also, no previous research indepen-
dently related articulation impairment to other essential prodro-
mal features of synucleinopathy, such as olfactory dysfunction.

The purpose of this study is to investigate vowel articulation in
iRBD and early-stage PD patients compared to healthy controls in
order (i) to verify the prospect of using measurement of vowel
articulation as a biomarker for the detection of prodromal PD and
(i) to investigate the relationship between articulation measures
and the degree of motor and smell dysfunction.

RESULTS

Group differences

Normative values of the first two formants for iRBD, PD and
healthy control (HC) groups are summarized in Table 1. Vowel
Space Area (VSA) was found to be the best parameter for
differentiating between groups [F(2,177) = 7.4, p=0.001,
n?=0.08] (Fig. 1). Post hoc comparisons revealed significantly
smaller VSA in both iRBD (p =0.01) and PD (p =0.001) compared
to HC individuals. In addition, group differences were also
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Table 1. Normative values of formant frequencies in male groups of iRBD, PD and HC.
iRBD PD HC
mean/SD (range) mean/SD (range) mean/SD (range)
F1/a/ (Hz) 548/43 (448—627) 548/53 (452—676) 582/49 (497—-667)
F2/a/ (Hz) 1331/78 (448—627) 1328/81 (1172—1567) 1350/86 (1119—1535)
F1/i/ (Hz) 331/16 (300—376) 332/18 (293-380) 348/23 (304—408)
F2/i/ (Hz) 1980/108 (1680—2179) 1931/128 (1703—-2190) 2012/103 (1750—2226)
F1/u/ (Hz) 331/19 (294—-377) 337/20 (295/401) 340/20 (299—405)
F2/u/ (Hz) 770/64 (661—957) 786/52 (680—894) 762.9/54 (666—903)
iRBD, isolated rapid eye movement sleep behaviour disorder, PD Parkinson’s disease, HC Healthy control, F1 First formant frequency, F2 Second formant
frequency
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Fig. 1 Comparison of vowel measurements including VSA, VAl and vowel duration between HC, iRBD and PD using boxplots. The centre
line indicates the median, and the bounds of the box indicate the 25th and 75th percentiles. The whiskers extend to the most extreme data
points not considered outliers, and the outliers are plotted individually using the x’ symbol. VSA, vowel space area, VAl vowel articulation
index, “Asterisks” indicate significant differences after Bonferroni correction: *p < 0.05; **p < 0.01.

detected for Vowel Articulation Index (VAI) [F(2,177) = 63,
p=0.002, n2=0.07], as the PD group manifested significantly
smaller VAl (p=0.002) compared to HC group. Slight vowel
duration differentiation was also observed across groups [F(2,177)
= 3.2, p = 0.04, n? = 0.04), associated with differences between PD
and iRBD groups (p=0.04). The sub-experiment concerning
olfactory function in iRBD showed that iRBD group with preserved
olfactory function (iRBD-POF) had greater VSA than iRBD group
with abnormal olfactory function (iRBD-AOF) [F(1,54) = 54,
p = 0.024, n? = 0.094] (Fig. 2a). In addition, iRBD-AOF with normal
dopamine transporter single-photon emission computed tomo-
graphy (DAT-SPECT) showed greater VSA than iRBD-AOF with
abnormal DAT-SPECT [F(1,31) = 4.2, p=0.049, n?=0.140] (Fig.
2b). No significant differences for VAl and vowel duration were
found.

Correlations between speech and motor variables
Movement Disorder Society Unified Parkinson’s Disease Rating
Scale motor part (MDS-UPDRS Ill) total in PD patients showed
negative correlation with VSA (r=-029, p=0.03) and VAl
(r=-0.29, p=0.03). In addition, bradykinesia and rigidity sub-
score in PD patients showed negative correlation with VSA
(r=-0.33, p=0.01) and VAI (r=—-0.34, p<0.01) while neither
correlation between postural instability and gait difficulty (PIGD)
subscore and VSA (r = —0.04, p = 0.75) or VAl (r= —0.12, p = 0.75)
nor between tremor subscore and VSA (r=0.01, p = 0.96) or VAI
(r=0.06, p = 0.64) was detected (Fig. 3).

Regarding brain imaging, the putamen binding ratio in iRBD
showed positive correlation with VSA (r=0.35, p = 0.01). No other
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significant correlations were found between vowel articulation
parameters and clinical scales in PD or iRBD.

DISCUSSION

Results of our study revealed that subtle impairment in vowel
articulation due to the reduced articulatory range of motion is
already evident in prodromal synucleinopathy. Articulatory
impairment in iRBD was detectable through objective acoustic
analysis despite almost no perceptual dysarthria severity was
noted during clinical examination. Since the extent of articulatory
undershoot was related to bradykinesia and rigidity in our PD
cohort, we may hypothesize that vowel articulation abnormalities
in parkinsonism result mainly as a consequence of nigrostriatal
degeneration. The strength of this study is that vowel articulation
features were evaluated in a large sample of iRBD and de-novo PD
patients. Examining drug-naive patients is especially important as
dopaminergic treatment may improve certain aspects of speech
disorder such as vowel articulation'®. Since the vowel articulation
performance of iRBD subjects intermediated between controls
and de-novo PD patients and since it was more severe in iRBD
with hyposmia compared to iRBD with preserved smell function,
acoustic assessment of vowels could be potentially useful as a
diagnostic and prognostic biomarker in a-synuclein-aggregation
disorders.

Our findings of lowered vowel space in iRBD demonstrate that
vowel articulation is already altered in the prodromal stages of
synucleinopathy. In particular, vowel articulation was more
impaired in iRBD subgroup with severe hyposmia, which is one
of the most common and earliest non-motor prodromal features
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Fig.2 Mean F1 and F2 values and vowel space area for a) iRBD-POF compared iRBD-AOF subgroups and b) iRBD-AOF with normal DAT-
SPECT compared to iRBD-AOF with abnormal DAT-SPECT. VSA vowel space area, VAl vowel articulation index, VD vowel duration, iRBD-POF
isolated rapid eye movement sleep behaviour disorder patients with preserved olfactory function, iRBD-AOF isolated rapid eye movement
sleep behaviour disorder patients with abnormal olfactory function, DAT-SPECT dopamine transporter single-photon emission computed

tomography; “Asterisks” indicate significant differences: *p < 0.05.
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Fig. 3 Significant correlations between clinical motor scales and acoustic data plotted to 2D space with the trend of averaged data (black
line) in the PD group. VSA Vowel space area, VAl Vowel articulation index, MDS-UPDRS Ill Movement Disorder Society — Unified Parkinson'’s

Disease Rating Scale part Ill.

to emerge in PD**. Thus, we might assume that vowel articulation
impairment is an early prodromal symptom that progresses along
with olfactory dysfunction in the disease process of synucleino-
pathy. Accordingly, recent research demonstrated that

Published in partnership with the Parkinson’s Foundation

dysprosody is already present in iRBD subjects with impaired
olfactory function but still intact nigrostriatal pathway'2. Together,
these findings might indicate that speech production is already
slightly affected in Braak's stage 2, which is associated with Lewy
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pathology within brainstem nuclei'®, a brain region crucial for
controlling vocal fold tension'®.

Furthermore, our findings in iRBD subgroup with impaired
olfactory function implies that articulatory undershoot is also
result of nigrostriatal neurodegeneration, as greater vowel deficits
were found in the subgroup of patients with abnormal compared
to those with normal DAT-SPECT. This assumption can be further
supported by the observed link between the extent of vowel
articulation decline and bradykinesia and rigidity but not axial gait
symptoms in our de-novo PD group. Also, the previous pilot study
discovered a positive correlation between amelioration of vowel
articulation and dopaminergic treatment-related improvement in
bradykinesia and rigidity'®. On the other hand, degeneration in
non-dopaminergic brain regions may further contribute to the
worsening of vowel articulation performance as PD progresses.
This is in agreement with a previous longitudinal study reporting a
further decline of vowel articulation in the course of the disease in
PD patients with an average disease duration of 6 years after the
diagnosis?. Indeed, it is well known that vowel articulation
impairments strongly correlate with overall intelligibility'*'S,
which tends to be affected in the later stages of PD. A recent
study showed that articulatory deficits in de-novo PD patients are
indicative of more widespread brain damage affecting extranigral
cortical or subcortical regions®. In accordance with this assump-
tion, a former study reported that aggravation of dysarthria during
PD progression results particularly from the increasing severity of
cerebral non-dopaminergic lesions®'. Finally, in PD patients
treated with bilateral subthalamic nucleus deep brain stimulation,
the severity of the residual parkinsonian speech score was
predictive of a poor postoperative outcome, likely due to the
presence of non-dopaminergic lesions within the brain?2. How-
ever, we cannot exclude that vowel articulation impairment in
advanced PD may be also related at least in part to levodopa-
induced dyskinesia®3, together with the neurodegeneration of
dopaminergic and non-dopaminergic brain areas. In summary,
given the existing evidence in literature, we may hypothesize that
vowel articulation deficits, along with limb bradykinesia, are
primarily related to dopaminergic involvement in the early stages,
whereas nondopaminergic lesions further contribute to the
worsening of vowel articulation in the later stages of PD.
Therefore, acoustic assessment of vowel articulation may provide
a surrogate marker of neurodegeneration from prodromal to more
advanced synucleinopathy for scenarios where a single robust
feature to monitor the dysarthria progression is desired.

In our study, both VSA and VAI reflected speech impairment in
drug-naive PD patients, which is in accordance with a previous
pilot study investigating a small sample of 20 de-novo PD
patients'”. Contrary to our results on de-novo PD patients, several
authors suggested VAl is superior over VSA in moderate to
advanced stages of PD?°?%. The principle of VAI construction
focuses on formant centralization in order to minimize the effect
of interspeaker variability; as a consequence, VAl may not reflect
subtle articulatory spatial modifications2®. On the other hand, VSA
is calculated out of the maximal extent of vowel working space,
which might better mirror subtle speech changes'®?®, In other
words, we may hypothesize that PD vowel articulatory impairment
is tongue-dominant and emerge initially in the posterior parts of
an articulatory organ®%?’, Since the individual vowel /u/, which is
characterised with tongue positioning high and backward?®, seem
to be the most affected vowel in early stages of PD', VSA
construction shall significantly acknowledge single-vowel fre-
quency shift, whereas the sensitivity of VAI might be lowered as
it accounts for centralization of all corner vowel that does not
need to be affected in the early disease process.

Previous studies assumed that speaking rate may influence
vowel articulation performance in dysarthrias?®. However, we did
not find differences for vowel duration at the group level between
HC and both patient cohorts, likely as a consequence of the very
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early stages of synucleinopathy investigated. Despite inconclusive
results regarding articulation rate in later stages of synucleino-
pathies, including no changes in the speech rate, decreased
speech rate, or even an accelerated speech rate*°=32, our findings
are in agreement with a recent study showing no speech rate
changes in de-novo PD and only a trend toward slower speech
rate in iRBD33, Faster speech observed in advanced PD is likely to
reflect a physiological tendency to accelerate speech due to the
impaired motor planning (oral festination)3%' whereas the
tendency toward a slower speech rate may be theoretically
attributed to the degeneration of non-dopaminergic pathways®.

This study has certain limitations. We enrolled exclusively male
participants primarily because of the strong predominance of
male subjects within iRBD patients>*. Anatomical dispositions of
the vocal tract reflect sexual dimorphism3>3¢, and we therefore
cannot exclude a potential sex effect on our results. On the other
hand, no sex-specific speech dysfunction in de-novo PD was
found®. The findings of current study are based on a cross-
sectional design. Future research is needed to estimate the
sensitivity of vowel articulation features in long-term follow-up
and in predicting phenoconversion from iRBD to established
parkinsonism.

In conclusion, the vowel articulation deficits in male subjects
significantly differentiated both iRBD and de-novo PD patients
from controls. Future studies should elaborate our findings in the
female population, and vowel articulation analysis might then
have the potential to serve as a speech biomarker indicating the
prodromal stage of synucleinopathy. Introducing novel acoustic
biomarkers enable to design a speech assessment battery
allowing for valid and easy evaluation of a large number of
subjects in clinical trials as speech assessment is inexpensive,
noninvasive and digitally storable. Additionally, vowel articulation
analysis may facilitate better speech phenotype classification of
PD and has, thus, the potential utility for personalized medicine.

METHODS
Participants

From 2015 to 2021, a total of 180 male Czech participants,
including a separate group of iRBD, PD, and HC participants, were
recruited. Each participant provided written informed consent.
The study received approval from the Ethics Committee of the
General University Hospital in Prague, Czech Republic, and has
been performed in accordance with the ethical standards
established in the 1964 Declaration of Helsinki.

The iRBD group consisted of 60 male patients aged 65.6 (SD 7.1)
years diagnosed according to the third edition of the International
Classification of Sleep Disorders3”. None of the iRBD patients
suffered a significant communication disorder or had a history of
treatment with antiparkinsonian medication, nor were they taking
any medication affecting sleep, cognition or motor function. The
PD group consisted of 60 untreated drug-naive male patients
aged 61.8 (SD 11.6) years, fulfilling the Movement Disorder Society
clinical diagnostic criteria for PD*%. At the time of examination,
none of the PD patients had a history of communication disorder
unrelated to PD, nor were they taking any medication affecting
sleep or cognition function.

Both iRBD and PD subjects were examined by a movement
disorder specialist (P.D.) using the MDS-UPDRS III*°. Symptom
duration was assigned based on the self-reported occurrence of
the first motor symptoms. To define specific movement disorder
manifestations that may influence speech disorder, three sub-
scores from the MDS-UPDRS lll scale were calculated as follows: (i)
PIGD subscore (MDS-UPDRS part lll, 3.9 Arising from the chair, 3.10
Gait, 3.11 Freezing of gait, 3.12 Postural stability, 3.13 Posture), (ii)
Bradykinesia and Rigidity subscore (MDS-UPDRS part Ill, 3.3
Rigidity, 3.4 Finger tapping, 3.5 Hand movements, 3.6 Pronation-

Published in partnership with the Parkinson’s Foundation
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Table 2.

Patient clinical and demographic characteristics.

PD, n = 60

Mean/SD (range) or
n (%)

iRBD, n = 60

Mean/SD (range) or
n (%)

iRBD-POF, n = 23

Mean/SD (range) or
n (%)

iRBD-AOF, n = 32

Mean/SD (range) or
n (%)

Clinical characteristics

Male gender

Age (years)

Symptom duration (years)
MoCA

SCOPA-AUT

UPSIT?

MDS-UPDRS Il total
MDS-UPDRS Il speech item
MDS-UPDRS Il tremor subscore
MDS-UPDRS Il PIGD subscore

MDS-UPDRS Il bradykinesia and rigidity
subscore

iRBD presence

Brain imaging (DAT-SPECT)
Caudate binding ratio
Putamen binding ratio
Abnormal DAT-SPECT

60 (100%)
61.8/11.6 (34—81)
1.1/1.5 (0.3-5.9)
25.5/3.1 (17—-30)
8.8/5.2 (0-23)
20.9/7.5 (2-35)
22.5/11.8 (10—-63)
0.5/0.5 (0—2)
6.3/4.0 (0—15)
2.5/1.5 (0—6)
12.5/9.1 (4—42)

17 (28%)

2.8/0.6 (1.3—3.8)
1.5/0.4 (0.8—2.5)
60 (100%)

60 (100%)
65.6/7.1 (46—81)
6.5/5.5 (1-28)
24.1/2.7 (18—30)
12.4/7.6 (1-33)
22.1/7.9 (9-37)
6.8/6.2 (0—25)
0.1/0.3 (0—1)
2.3/2.5 (0—11)
0.7/0.9 (0—4)
0.6/0.8 (0—3)

60 (100%)

3.6/0.7 (2.3—-5.4)
2.8/0.7 (1.3—4.5)
16 (27%)

23 (100%)
63.7/8.5 (46—77)
5.8/4.0 (1-13)
24.5/2.5 (20—29)
15.3/9.4 (1-33)
30.2/3.4 (26-37)
6.0/5.9 (0—22)
0.0/0.0 (0—0)
2.3/3.0 (0—11)
0.5/0.7 (0—2)
2.7/3.1 (0—11)

23 (100%)

3.8/0.7 (2.5-5.3)
3.1/0.6 (1.9-4.1)
3 (13%)

32 (100%)
67.6/5.7 (57—81)
8.5/8.4 (1-39)
23.8/3.0 (18—30)
11.0/5.6 (2-23)
16.3/4.5 (9-24)
7.3/6.4 (0—25)
0.1/0.3 (0—1)
2.1/2.4 (0-9)
0.9/1.0 (0—4)
3.7/4.4 (0—20)

32 (100%)

3.4/0.6 (2.3—-5.4)
2.6/0.7 (1.3—4.5)
12 (38%)

subjects

PD Parkinson'’s disease, iRBD isolated rapid eye movement sleep behaviour disorder, iRBD-POF iRBD patients with preserved olfactory function, iRBD-AOF iRBD
patients with abnormal olfactory function, MDS-UPDRS Movement Disorder Society Unified Parkinson disease rating scale, PIGD Postural instability and gait
difficulty, MoCA Montreal cognitive assessment, SCOPA-AUT Scales for Outcomes in Parkinson’s Disease - Autonomic Dysfunctionm, UPSIT University of
Pennsylvania Smell Identification Test, DAT-SPECT dopamine transporter single-photon emission computed tomography, UPSIT was not available in five

supination movements of hands, 3.7 Toe-tapping, 3.8 Leg agility,
3.14 Body bradykinesia) and Tremor subscore (MDS-UPDRS part llI,
3.15 Postural tremor of the hands, 3.16 Kinetic tremor of the
hands, 3.17 Rest tremor amplitude, 3.18 Constancy of rest tremor).
Item 3.1 Speech of the MDS-UPDRS Il was used for the perceptual
description of overall dysarthria severity. In addition, patients were
examined using the University of Pennsylvania Smell Identification
Test (UPSIT)*®, Montreal Cognitive Assessment and Scales for
Outcomes in Parkinson’s Disease - Autonomic Dysfunction*'. iRBD
patients were categorized into two groups based on their
olfactory function: iRBD group with preserved olfactory function
(iRBD-POF) consisted of patients with UPSIT > 25 (i.e. normosmic
to moderately microsmic) and the iRBD group with abnormal
olfactory function (iRBD-AOF) of patients with UPSIT <25 (i.e.
severely microsmic or anosmic). Patient clinical and demographic
characteristics are summarised in Table 2.

The HC group consisted of 60 male volunteers of comparable
aged 64.1 (SD 12.8) years, with no history of significant
neurological or communication disorder. No group differences in
age distribution were revealed between iRBD, PD and HC groups
(ANOVA, p =0.15).

Speech examination

The audio data were recorded in a quiet room with a low level of
ambient noise using a head-mounted condenser microphone
(Beyerdynamic Opus 55, Heilbronn, Germany) placed approxi-
mately 5cm from the subject’s lips. The speech signals were
sampled at 48 kHz with 16-bit resolution. The recordings were
obtained during one session with a speech specialist (D.S., JR,
M.N. or T.T.) who conveyed instructions to the participants. Each
participant completed a series of speaking tasks, including reading
twice a standardised passage composed of 80 words as part of a
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Kdyz ¢lovék poprvé vsadi do zemé sazenicku, chodi se na ni
divat trikrat denné: tak co, povyrostla uz nebo ne? | taji dech,
naklani se nad ni, pfitlac¢i trochu ptadu u jejich kofinki,
nacechrava ji listky a viibec ji obtéZuje riznym konanim, které
povaZuje za uzZiteCnou péci. A kdyzZ se sazenicka presto ujme a
roste jako z vody, tu ¢lovék zasne nad timto divem pfirody,
ma pocit ¢ehosi jako zazraku a povazuje to za jeden ze svych
nejvétsich osobnich tspéchd.

Fig. 4 The text of the reading passage. Ten occurrences of each
corner vowel used for the acoustic analysis are depicted by red
(vowel /a/), green (vowel /i/) and blue (vowel /u/) colour.

longer protocol lasting about 20 minutes. A reading passage (Fig.
4), written by famous Czech writer Karel Capek, was chosen as it is
a standardised speaking task representing a natural condition of
connected speech that was further shown to possess the highest
accuracy for discriminating iRBD from HC'". The second realization
of the reading passage was utilized to minimize effect of patient’s
natural ability to read aloud*2. Neither signs of fatigue nor any
changes in the quality of voice from the beginning to the end of
the session were observed in any participant.

Speech analyses

Acoustic measures were performed using the widely used speech-
analysis software PRAAT (available at www.praat.org). Using
PRAAT, both the combined wideband spectrographic display
and the power spectral density were used to determine the first
(F1) and the second (F2) formant frequencies in Hz. A total of 30
vowels per passage were studied, including 10 occurrences of /a/,
10 occurrences of /i/, and 10 occurrences of /u/ (Fig. 4). The
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formant frequencies of vowels /a/, /i/, and /u/ were extracted from
a 30-ms segment at the temporal midpoint of the stable part of
each vowel (to avoid the influence of vowels preceding or
following); this method has been previously validated*® and
proved to be reliable when applied to different languages'”4445,
The values of F1 and F2 frequencies were separately averaged for
the individual corner vowel of each participant. The measurement
of VSA and VAI were used. VSA is traditional and probably the
most used articulatory-acoustic measure?®*’, and can be easily
calculated using the following formula:*®

VSA = 0.5x ([FZ/U/ + FZ/,-/] X [F]/u/ — F1/,-/] — [F2/a/ +F2/u/]
* [F1jay = F ] = [F2/a) + F2ji/] % [F10) = F1y/]). (1)

The measurement of VAl is another commonly used measure*®
that was introduced by Roy et al *°. and can be expressed using
the following formula®®

VAl = (FZ/;/ + F1/a/)/(F1 Ji) + F1 Ju) + FZ/U/ + F2/a/). (2)

In addition, vowel duration was measured as the difference
between the onset and offset of each vowel according to
previously published methodology°. The final value used for
statistical analysis was averaged across all 30 occurrences
available.

Analysis of inter- and intra-judge reliability was not performed
as the stability of methodology used for both healthy as well as
dysarthric speech was thoroughly validated in previous
studies'”*°.

Dopamine transporter imaging

In PD and RBD patients, we performed DAT-SPECT using the
[123[]-2-b-carbomethoxy-3b-(4-iodophenyl)-N-(3-fluoropropyl)
nortropane (DaTscan®, GE Healthcare) tracer according to
European Association of Nuclear Medicine procedure guidelines®’
using common acquisition and reconstruction parameters
described in detail previously®>. Automated semi-quantitative
analysis was applied using the BasGan V2 software®*, and specific
binding ratios in both caudate nuclei and putamina relative to
background binding were calculated; the lower value from both
hemispheres was used for further analyses. Specific binding ratio
values below the 95% reference prediction interval were
considered abnormal.

Statistical analyses

As the Kolmogorov-Smirnov test for independent samples showed
that all acoustic variables were normally distributed, we used
analysis of covariance (ANCOVA) with post hoc Bonferroni
adjustment to assess group differences. Since there was wide
variability in age among PD participants, age was considered as a
covariate. The Pearson’s partial correlation analysis controlled for
age was performed to test for significant relationships between
the clinical and acoustic data. The level of significance was set to
p<0.05. All statistical analyses were performed in MATLAB
(MathWorks, Natick, MA, USA).

Reporting summary

Further information on research design is available in the Nature
Research Reporting Summary linked to this article.
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Abstract

Clear speech refers to intentionally modifying conversational speech to maximise intelligibility. This study aimed to compare
the speech behaviour of patients with progressive supranuclear palsy (PSP), multiple system atrophy (MSA) and Parkinson’s
disease (PD) under conversational and clear speech conditions to gain greater pathophysiological insight. A total of 68 par-
ticipants including 17 PD, 17 MSA, 17 PSP and 17 healthy controls (HC) performed two readings of the same standardized
passage. During the first reading, participants were instructed to read the text in an ordinary way, while during the second
reading to read the text as clearly as possible. Acoustic analyses were based upon measurements of mean loudness, loud-
ness variability, pitch variability, vowel articulation, articulation rate and speech severity. During clear speech production,
PD patients were able to achieve improvements mainly in loudness (p < 0.05) and pitch variability (p <0.001), leading to a
reduction in overall speech severity (p <0.001), whereas PSP and MSA patients were able to modulate only articulation rate
(p <0.05). Contrary to HC and PD groups, which slowed or maintained articulation rate, PSP and MSA groups employed
a markedly faster articulation rate under the clear speech condition indicating an opposing approach to speech adaptation.
Patients with atypical Parkinsonism showed a different strategy to intentionally improve their speech performance following
a simple request to produce speech more clearly compared to PD, suggesting important therapeutic implications for speech
rehabilitation management.

Keywords Parkinson’s disease - Atypical parkinsonian syndromes - Clear speech - Dysarthria - Speech impairment -
Acoustic analysis

Introduction

Idiopathic Parkinson’s disease (PD) is a neurological disor-
der characterized by a combination of motor and non-motor
manifestations such as bradykinesia, rigidity, resting tremor,
Electronic supplementary material The online version of this postural instability, REM sleep behaviour disorder, depres-
article (https://doi.org/10.1007/s00702-020-02171-5) contains sion and cognitive decline (Poewe et al. 2017). Progres-
supplementary material, which is available to authorized users. sive supranuclear palsy (PSP) and multiple system atrophy
54 Tereza Tykalova (MSA) represent atypical parkinsonian syndromes (APS),
tykalova.tereza@ gmail.com a group of closely related disorders featuring parkinson-
o ism combined with various overlapping symptoms such as
Department of Neurology and Centre of Clinical oculomotor disturbances and cognitive deficit in PSP, and
Neuroscience, First Faculty of Medicine, Charles University, R K X K
Katerinska 30, 120 00, Prague 2, Czech Republic cerebellar ataxia and autonomic dysfunction in MSA. APS
differ from PD by more widespread detrimental neurode-
Department of Circuit Theory, Faculty of Electrical . y . . P .. . .
Engineering, Czech Technical University in Prague, generation, resulting in additional clinical signs, more rapid
Technicka 2, 166 27, Prague 6, Czech Republic disease progression and poor levodopa response (O’Sullivan
et al. 2008; Wenning et al. 2011).

Institute of Anatomy, First Faculty of Medicine, Charles
University, U nemocnice 3, 128 00 Prague 2, Czech Republic

Published online: 19 March 2020 @ Springer


http://orcid.org/0000-0003-1156-3709
http://crossmark.crossref.org/dialog/?doi=10.1007/s00702-020-02171-5&domain=pdf
https://doi.org/10.1007/s00702-020-02171-5

D. Skrabal et al.

Speech and voice impairment represent cardinal clini-
cal features developing in 90-100% of patients with PD,
PSP and MSA during the course of the disease (Ho et al.
1998; Kluin et al. 1993, 1996; Rusz et al. 2015). Com-
pared to PD, dysarthria is generally more severe in PSP
and MSA (Rusz et al. 2015; Tykalova et al. 2017). The
majority of PD patients exhibit pure hypokinetic dysar-
thria (Darley et al. 1969; Ho et al. 1998), while PSP and
MSA patients typically develop a mixed dysarthria with
a combination of hypokinetic, ataxic and spastic compo-
nents (Kluin et al. 1993, 1996; Rusz et al. 2015) as a result
of more widespread neurodegeneration. In particular,
MSA patients typically manifest predominant ataxic pat-
terns of dysarthria due to cerebellar dysfunction, while in
PSP, spastic elements prevail as a result of damage to the
corticobulbar pathways. These divergent dysarthria pat-
terns associated with differing pathophysiology including
a-synucleinopathy in MSA and tauopathy in PSP may have
important prognostic and therapeutic implications, espe-
cially for speech rehabilitation management.

Conversational speech represents spontaneous, effort-
less and habitual speech production. On the contrary, clear
speech refers to a speaking style where talkers intention-
ally modify their conversational speech to maximise intel-
ligibility, generally by hyperarticulation, a reduction of
speaking rate and increased loudness. Healthy speakers
naturally adopt clear speech strategies in day-to-day life
when talking in a noisy environment or with someone with
a hearing impairment (Payton et al. 1994). Nevertheless,
regular application of clear speech techniques has also
been recommended as a suitable behavioural therapy for
speakers with dysarthria secondary to various neurologi-
cal disorders, including PD (Beukelman et al. 2002; Duffy
2013; Hustad and Weismer 2007). Acoustic analyses of
clear speech production have revealed that PD patients
are able to use some of the same clear strategies as non-
impaired speakers (Goberman and Elmer 2005; Kearney
et al. 2017; Lam and Tjaden 2016; Tjaden et al. 2013,
2014; Whitfield and Goberman 2014). In particular, PD
speakers produce significantly slower articulation rate
(Goberman and Elmer 2005; Kearney et al. 2017; Tjaden
et al. 2013, 2014), increased loudness (Kearney et al.
2017; Tjaden et al. 2013, 2014), increased pitch variability
(Goberman and Elmer 2005), increased pitch level (Gober-
man and Elmer 2005) and increased articulatory-acoustic
vowel space (Whitfield and Goberman 2014) under the
clear speech condition. The positive association between
these acoustic alterations in PD speech and increased clar-
ity (Whitfield and Goberman 2014), intelligibility (Kear-
ney et al. 2017; Tjaden et al. 2014) as well as movement
size of the articulators including the jaw, tongue blade and
tongue dorsum (Kearney et al. 2017) has been documented
by perceptual and kinematic studies. However, the ability

@ Springer

of PSP or MSA patients to intentionally improve their
speech performance remains to be investigated.

Therefore, the current study aimed to investigate speech
behaviour in PSP and MSA patients compared to PD and
healthy speakers under conversational and clear speech
conditions to gain greater insight into speech changes that
would improve speech therapy management and facilitate
differential diagnosis.

Methods
Participants

From 2011 to 2016, a total of 51 consecutive patients were
recruited for the present study including 17 with a medi-
cal diagnosis of probable PSP (12 men and 5 women), 17
with a medical diagnosis of probable MSA (8 men and
9 women) and 17 with a medical diagnosis of idiopathic
PD (7 men and 10 women). The PSP group included 14
patients diagnosed with PSP-Richardson syndrome, 2 with
PSP-parkinsonism, and 1 with PSP-pure akinesia with gait
freezing. The MSA group consisted of 13 patients diagnosed
with MSA-parkinsonian subtype and 4 patients with MSA-
cerebellar subtype. The clinical diagnoses of all patients
were established by a movement disorders specialist (JK)
according to the UK Parkinson’s Disease Society Brain Bank
Criteria for PD (Hughes et al. 1992), the NINDS-PSP clini-
cal diagnostic criteria for PSP (Litvan et al. 1996) and the
consensus diagnostic criteria for MSA (Gilman et al. 2008).
At the time of examination, all patients were on stable medi-
cation for at least 4 weeks consisting of various doses of
levodopa alone or in combination with different dopamine
agonists and/or amantadine. PD patients were in their best
on-medication state and did not manifest dyskinesia at the
time of examination. None of the participants received antip-
sychotic drugs or benzodiazepines. Disease duration was
determined based on the self-reported occurrence of the first
motor symptoms. PSP and MSA patients underwent scor-
ing according to the Neuroprotection and Natural History
in Parkinson Plus Syndromes (NNIPPS) scale (Payan et al.
2011), while PD patients were rated by the Unified Parkin-
son’s Disease Rating Scale (UPDRS) motor subscore. Item
18 of the UPRDS III was used for the perceptual description
of speech severity. None of the patients reported a history
of speech-language disorders apart from possible neurologic
disease manifestations. No statistically significant differ-
ences between PSP and MSA groups for disease duration,
medication dose, cognitive status, motor or speech severity
were found (Mann—Whitney U test: p=0.14-0.91).

The dysarthria presence, type, and severity estimates
were evaluated based on the auditory-perceptual judgment
of a speech language specialist experienced in movement
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disorders using audio recordings of vowel prolongation, /
pa/-/ta/-/ka/ syllable repetition, and monolog following the
perceptual criteria outlined by Darley et al. (1969). Patient
clinical and demographic characteristics are summarised
in Table 1.

The healthy control (HC) group consisted of 17 par-
ticipants (7 men and 10 women) of comparable age (mean
age 63.3, SD 7.4, range 53—-74). No HC subjects reported
a history of neurological disorders or other disorders that
may affect speech, language or hearing. No significant
differences in age distribution were detected among PSP,
MSA, PD and HC groups (analysis of variance: p=0.37).

All subjects in the present study were Czech native
speakers, and none manifested marked depressive or cog-
nitive deficits that would conflict with the recording proce-
dure. The study was approved by the Ethics Committee of
the General University Hospital in Prague, Czech Republic
and have therefore been performed in accordance with the
ethical standards laid down in the 1964 Declaration of
Helsinki and its later amendments. All participants pro-
vided written, informed consent to the neurological exami-
nation and recording procedure.

Table 1 Patient clinical and demographic characteristics

Recording procedure

The audio data were recorded in a quiet room with a low
level of ambient noise using a head-mounted condenser
microphone (Beyerdynamic Opus 55, Heilbronn, Germany)
placed approximately 5 cm from the subject’s lips. The
speech signals were sampled at 48 kHz with 16-bit resolu-
tion. The recordings were obtained during one session with
a speech specialist who conveyed instructions to the par-
ticipants. Each participant completed a series of speaking
tasks, including the reading of two different standardised
passages (Supplementary material Fig. S1 and Fig. S2) as
part of a longer protocol lasting about 20 min. A reading
passage was preferred to create a more natural condition of
connected speech and, at the same time, to maintain a stand-
ardised speaking task. The reading passage in Supplemen-
tary material Fig. S2 was read under clear and conversation
instructions and used for evaluation of the clear speech con-
dition, while the reading passage in Supplementary mate-
rial Fig. S1 was read twice and was included to assess the
effect of repeated reading. The first passage was comprised
of 80 words (Supplementary material Fig. S1) and was pre-
sented at the beginning of the recording session. During the

PSP (n=17; 12 men, 5 women)

Mean/SD (range)

MSA (n=17; 8 men, 9 women)
Mean/SD (range)

PD (n=17; 7 men, 10 women)
Mean/SD (range)

General

Age (years)
Disease duration® (years)
Levodopa equivalent (mg/day)
Amantadine (mg/day)
NNIPPS total
NNIPPS mental function subscore
UPDRS III total
UPDRS III speech item

Dysarthria severity
None (%)
Mild (%)
Moderate (%)
Severe (%)

Dysarthria type
Hypokinetic (%)
Hypokinetic—spastic (%)
Hypokinetic—ataxic (%)
Hypokinetic—spastic—ataxic (%)
Ataxic (%)
Ataxic—spastic (%)

66.2/5.0 (54—72)
43/222-11)
468/527 (0 — 1500)
171/172 (0= 500)
71.2/27.7 (19— 132)
7.6/4.6 (0-17)

2.0/0.7 (1=3)

0 (n=0)
18 (n=3)
53 (n=9)
29 (n=5)

6(n=1)
41 (n=17)
6(n=1)
35 (n=6)
6(n=1)
6(n=1)

62.3/6.3 (52=72)
3.9/1.4 (2-7)

64.5/7.3 (49—74)
8.8/6.5 (2—25)
444/524 (0 — 1700) 840/536 (0— 1680)
121/123 (0—300) 117/133 (0—300)
69.5/24.9 (41 —123) -

5.9/3.8 (0-14) -

- 15.1/8.5 (7=31)

1.6/0.6 (1=3) 0.8/0.8 (0—2)
0 (n=0) 23 (n=4)
41 (n=7) 65 (n=11)
35 (n=6) 12 (n=2)
24 (n=4) 0 (n=0)
6(n=1) 100 (n=13)
6(n=1) 0 (n=0)
41 (n=7) 0 (n=0)

29 (n=5) 0 (n=0)

12 (n=2) 0 (n=0)
6(n=1) 0 (n=0)

PSP progressive supranuclear palsy; MSA multiple system atrophy; PD Parkinson’s disease; NNIPPS Natural History and Neuroprotection on
Parkinson plus syndromes-Parkinson plus scale; UPDRS Unified Parkinson Disease Rating Scale

#Based on self-reported occurrence of first motor symptoms
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first attempt, speakers were asked to read the passage “in a
habitual manner which they employ in everyday life” (here-
after, the first reading). During the second attempt, speak-
ers were asked to read the passage “once again” (hereafter,
the second reading). The second passage consisted of 137
words (Supplementary material Fig. S2) and was acquired
approximately 10 min later. During the first performance,
participants were instructed to read the passage “in a habit-
ual manner which they employ in everyday life” (hereafter,
conversational speech). During the second performance,
participants were asked to read the passage “as clearly as
possible, as if they were presenting in front of a large audi-
ence” (hereafter, clear speech).

Acoustic analyses

Audio samples were analysed using PRAAT® (Boersma
and Weenink 2001) specialised speech software. Five dif-
ferent acoustic measures including intensity level (intensity),
intensity variability (intensity SD), fundamental frequency
variability (FO SD), vowel space area (VSA), and articula-
tion rate (AR) were applied to objectively investigate speech
changes in the reading utterances. These specific measures
were chosen as they have previously been reported to be
affected in patients with both PD and APS (Rusz et al.
2013a, 2015), employed during clear speech production in
PD (Goberman and Elmer 2005; Lam and Tjaden 2016), and
can be obtained from the reading passage.

Average loudness of speech was established as the mean
value of the intensity contour. Loudness variability was
defined as the standard deviation of the intensity contour
after removing periods of silence exceeding 60 ms (Rusz
et al. 2011). Fundamental frequency variability, which char-
acterises intonation, was calculated by defining the stand-
ard deviation of the fundamental frequency contour that
was established via the autocorrelation-based procedure
in PRAAT® (Boersma and Weenink 2001), after manual
adjustment of pitch range for each speaker. Moreover, the
conversion of fundamental frequency contour from Hertz to
semitone scale was accomplished in order to compensate for
gender-related differences (Rusz et al. 2011). Vowel space
area, which mirrors precision of vowel articulation, is the
traditional acoustic parameter defined as Euclidean distances
between the first (F1) and second (F2) formant frequency
coordinates of the corner vowels /a/, /i/, /u/ in the triangular
F1- F2 vowel space and can be easily calculated by follow-
ing formula: VSA =0.5 XIF1ix (F2a—F2u) + Flax (F2u—
F2i) + Flux (F2i — F2a)l. The F1 and F2 frequencies were
extracted from a 30 ms segment at the temporal midpoint of
the stable part of each vowel. Each of the enlisted vowels /a/,
/i/, and /u/ were represented by 10 occurrences predefined
within each standardised reading passage (Supplementary
material Fig. S1 and Fig. S2). Detailed methodological
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information has been described previously (Rusz et al.
2013a). Articulation rate, which reflects proper speech tim-
ing ability, was calculated as the number of words per sec-
ond after removing periods of silence exceeding 60 ms (Rusz
etal. 2011).

The dysarthria index, based upon quantitative acoustic
analysis of four individual speech dimensions including
loudness, loudness variability, pitch variability, and vowel
articulation, was calculated as the mean z-score of the
four individual measures, which were converted to z-scores
using the HC means and standard deviations. For those
measures in which the lower raw scores were associated with
greater dysarthria, the z-scores were reversed, allowing all
results to be interpreted as higher z-scores indicating more
speech impairment. The articulation rate was not included
in the dysarthria index as slow rate has been reported to
be common in PSP, manifest occasionally in MSA and
rarely in PD (Rusz et al. 2015); thus both increased as well
as decreased speaking rate might be expected to enhance
speech performance under the clear speech condition.

Statistical analyses

All acoustic features were found to be normally distributed
by the Kolmogorov—Smirnov test. Statistical analyses were
performed using repeated measures analysis of variance
(RM-ANOVA) with GROUP (PSP vs. MSA vs. PD vs. HC)
treated as a between-group factor and TASK (clear vs. con-
versational) treated as a within-group factor. Post-hoc sig-
nificance was assessed with a paired ¢ test for effect of TASK
among individual groups and by the Fisher least-squares
difference for effect of GROUP. Bonferroni correction for
multiple comparisons was applied for the six tests performed
with a corrected p threshold equal to p <0.0083 (i.e., 0.05/6)
for a p <0.05 level of significance.

Results
Clear vs. conversational speech

Figure 1 depicts the results of acoustic analyses for clear
vs. conversational speech among PSP, MSA, PD and HC
subjects.

For loudness, RM-ANOVA showed a significant effect
for TASK [F(1,64)=8.5, p=0.03, #*=0.12], particularly
as the PD group increased loudness (average change from
conversational to clear speech 1.36 dB, p=0.03). No signifi-
cant effect was found for GROUP [F(3,64)=2.9, p=0.25,
n*=0.12] or GROUP x TASK [F(3,64)=3.0, p=0.21,
n*=0.13].

For loudness variability, we detected a significant effect
for TASK [F(1,64)=7.6, p=0.046, nz =0.11], particularly
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as the HC group increased loudness variability (aver-
age change from conversational to clear speech 0.36 dB,
p=0.002). No significant effect was found for GROUP
[F(3,64)=2.9, p=0.24, n*=0.12] or GROUP x TASK
[F(3,64)=2.0, p=0.75, *=0.09].

For pitch variability, a significant effect was found for
TASK [F(1,64)=85.6, p<0.001, #*=0.57], mainly as the
PD group increased pitch variability (average change from
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supranuclear palsy, MSA multiple system atrophy, PD Parkinson’s
disease, HC healthy controls. “Asterisks” indicate significant dif-
ferences after Bonferroni correction: *p<0.01; **p<0.001; ***
p<0.0001

conversational to clear speech 0.36 st, p <0.001) as well as
HC group increased pitch variability (average change from
conversational to clear speech 0.57 st, p <0.001). In addition,
a significant effect was found for GROUP [F(3,64)=14.4,
p<0.001, #*=0.40], mainly due to differences between
PSP and HC (p <0.001), MSA and HC (p <0.001), PD and
HC (p=0.02), and PSP and PD (p=0.01) groups. Finally,
significant interaction was revealed for GROUP X TASK
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[F(3,64)=16.3, p<0.001, 4*=0.43] as both PD and HC
groups (p <0.001) were able to increase pitch variability in
the clear condition while PSP (p=1) and MSA (p=0.23)
groups were not.

For vowel articulation, we revealed a significant effect for
TASK [F(1,64)=7.9, p=0.04, *=0.11] as well as GROUP
[F(3,64)=10.3, p<0.001, 772 =0.33]. Post-hoc tests showed
significant differences between HC and both APS groups
(p<0.001) as well as PSP and PD groups (»p =0.03). No sig-
nificant effect was found for GROUP x TASK [F(3,64)=1.1,
p=1.0, 7*=0.05].

For articulation rate, a significant effect was detected
for GROUP [F(3,64)=12.3, p<0.001, n>=0.37], reflect-
ing differences between PSP and both PD and HC groups
(» <0.001). Importantly, a significant effect was revealed
for GROUP x TASK [F(3,64)=11.0, p<0.001, n>=0.34],
as the PSP group increased articulation rate (average change
from conversational to clear speech 0.26 words/s, p=0.01)
as well as MSA group increased articulation rate (average
change from conversational to clear speech 0.15 words/s,
p=0.04), whereas the HC group decreased articulation rate
(average change from conversational to clear speech —0.32
words/s, p=0.004). No significant effect was detected for
TASK [F(1,64)=0.3, p=1, 7*=0.01].

For dysarthria index, we revealed a significant effect
for TASK [F(1,64)=72.8, p<0.001, °=0.53], reflecting
increased speech performance (average change from con-
versational to clear speech) in PD (z-score change of —0.36,
p<0.001), HC (z-score change of —0.42, p<0.001), and
partially MSA (z-score change of — 0.17, uncorrected
p=0.03) groups. In addition, a significant effect was found
for GROUP [F(3,64)=5.9, p=0.007, nz =0.22], mainly
attributed to differences between PSP and HC (p=0.001),
and MSA and HC (p=0.01) groups. Finally, a significant
interaction was revealed for GROUP x TASK [F(3,64)=9.7,
p<0.001, 5°=0.31] as both PD and HC (p <0.001) groups
were able to improve speech performance while PSP (p=1)
and MSA (p=0.18) groups were not.

First vs. second reading

Figure 2 shows the results of acoustic analyses for first vs.
second reading among PSP, MSA, PD and HC subjects.

For loudness, RM-ANOVA revealed no significant
effect for TASK [F(1,62)=0.01, p=1, 4*=0.00], GROUP
[F(3,62)=2.0, p=0.71, 4*=0.09], or GROUP x TASK
[F(3,62)=1.0, p=1, #*=0.05].

For loudness variability, we observed no significant
effect for TASK [F(1,62)=0.2, p=1, 172=0.()0], GROUP
[F(3,62)=2.8, p=0.29, 4*=0.12], or GROUP x TASK
[F(3,62)=3.3, p=0.16, 7*=0.14].

For pitch variability, a significant effect was found for
GROUP [F(3,62)=10.5, p<0.001, n*=0.34], mainly
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attributed to differences between PSP and HC (p <0.001),
MSA and HC (p<0.001), and PD and HC (p =0.049)
groups. No significant effect was found for TASK
[F(1,62)=2.3, p=0.82, n*=0.04] or GROUP x TASK
[F(3,62)=0.8,p=1, 7*=0.04].

For vowel articulation, we revealed a significant effect
for GROUP [F(3,62)=6.9, p=0.003, 172 =0.25]. Post-hoc
tests showed significant differences between PSP and HC
(p=0.004), MSA and HC (p=0.045) as well as PSP and
PD (p=0.005) groups. No significant effect was revealed for
TASK [F(1,62)=0.0, p=1, 5 =0.00], or GROUP x TASK
[F(3,62)=1.8,p=1, 7*=0.08].

For articulation rate, a significant effect was detected
for TASK [F(1,62)=8.7, p=0.03, *=0.12] as all groups
slightly increased their articulation rate at the second read-
ing. In addition, a significant effect was revealed for GROUP
[F(3,62)=10.5, p<0.001, 712 =0.34], reflecting differences
between PSP and both PD and HC groups (p <0.001).
No significant effect was observed for GROUP x TASK
[F(3,62)=0.7, p=1, *=0.03].

For dysarthria index, a significant effect was found for
GROUP [F(3,62)=6.1, p=0.006, 172=0.23], mainly attrib-
uted to differences between PSP and HC (p=0.004), MSA
and HC (p=0.02), and PSP and PD (p =0.03) groups. No
significant effect was observed for TASK [F(1,62)=0.3,
p=1, #=0.00], or GROUP x TASK [F(3,62)=3.3,
p=0.16, 5*=0.14].

Discussion

Although previous studies (Goberman and Elmer 2005;
Kearney et al. 2017; Lam and Tjaden 2016; Tjaden et al.
2013, 2014; Whitfield and Goberman 2014) have exam-
ined the acoustic characteristics of clear speech in PD, the
present study represents the first attempt to clarify poten-
tial differences in clear speech strategies among atypical
parkinsonian syndromes. During clear speech production,
PD patients were able to achieve improvements mainly in
loudness and pitch variability, leading to enhanced over-
all speech performance, whereas PSP and MSA patients
were able to modulate only articulation rate. One poten-
tial explanation is that patients with PD are able to dra-
matically improve their performance when cued externally
(Sapir 2014). Improvement under external cueing has
also been documented in handwriting and gait (Ford et al.
2010; Oliveira et al. 1997). The ability to generate exter-
nally cued movements is largely mediated via the cerebel-
lum (Brown and Marsden 1998), which may be affected in
both PSP and MSA (Gilman et al. 2008; Hoglinger et al.
2017). Moreover, at least some speech dimensions in PD
such as pitch and loudness were found to be responsive to
the administration of dopaminergic therapy (Rusz et al.
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2013b), which might lead to temporarily better speech out-
comes compared to APS manifesting more axial dysfunc-
tion unresponsive to levodopa (Armstrong 2018; Fanciulli
et al. 2019). Furthermore, postsynaptic receptors in the
striatum are preserved in PD while in APS they are associ-
ated with reduced binding as a reflection of postsynaptic as
well as presynaptic dopaminergic degeneration (Antonini
et al. 1997; Schreckenberger et al. 2004), which might lead
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correction: *p <0.01; **p <0.001; ***p <0.0001

to various adaptive or compensatory changes (Navntoft
and Dreyer 2016).

Contrary to HC and PD groups, in which slowed or sta-
ble articulation rate was observed, PSP and MSA groups
employed markedly faster articulation rate under the clear
speech condition. Although this alteration of articula-
tion rate did not lead to a significant reduction of speech
severity, it cannot be considered a simple effect of repeated
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reading, as no significant increase of articulation rate in APS
was observed in the comparison of habitual reading of the
same text twice. Interestingly, we did not reveal a statisti-
cally significant difference in speech severity measurement
between APS groups, although a trend toward better speech
production during clear speech was found in MSA (p=0.03,
uncorrected). The reason behind worse PSP performance
in clear speech may be related to different pathophysiol-
ogy, where PSP is a tauopathy while both MSA and PD
are a-synucleinopathies. Moreover, worse performance in
PSP might be attributed to earlier development of executive
dysfunction (Gerstenecker et al. 2013). However, no group
difference in NNIPPS mental function subscore between
PSP and MSA was observed. All together, these findings
may imply a potential beneficial effect of speech therapy,
especially in MSA, although a significant effect of longitu-
dinal speech therapy such as SPEAK OUT or Lee Silverman
Voice Treatment has been reported in both MSA and PSP
cohorts (Park 2018; Sale et al. 2015).

On the task level, our results indicate that participants
were able to improve their speech performance with the sim-
ple request to produce speech clearly by intended adjust-
ments in loudness level, loudness variability, pitch vari-
ability, vowel formants, and articulation rate. Notably, no
differences were found between two repeated readings, sup-
porting the direct effect of clear speech instructions. How-
ever, the specific clear speech strategies differed between
groups. While clear speech in the HC group was charac-
terised mainly by increased loudness variability, increased
pitch variability and slower articulation rate, speech in the
PD group was defined by elevated pitch variability and
loudness, while no significant changes were revealed for
loudness variability, VSA or articulation rate. Notably,
monopitch and monoloudness are thought to be the most
distinctive features of hypokinetic dysarthria in PD (Darley
et al. 1969). These findings are further in general agreement
with previous reports investigating PD, which also found
increased pitch variability (Goberman and Elmer 2005),
higher loudness (Kearney et al. 2017; Tjaden et al. 2013,
2014) and no change in VSA (Goberman and Elmer 2005)
in clear compared to habitual speech. However, contrary to
previous studies (Goberman and Elmer 2005; Kearney et al.
2017; Tjaden et al. 2013, 2014), we did not observe slower
articulation rate in the clear speech of PD subjects. This
discrepancy may be due to differences among PD cohorts.
In particular, studies published by Tjaden et al. (2013, 2014)
investigated PD patients with longer post-diagnosis disease
duration and thus faster habitual articulation rate compared
to controls, while we included patients in earlier stages
of the disease with the same articulation rate as controls.
Therefore, one might expect that our PD patients did not
need to compensate for faster articulation rate to such an
extent.
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To date, clear speech has been expected to result in rate
reduction which allows speakers enough time for vocal tract
arrangement leading to more precise articulation (Yorkston
et al. 2010) in both controls as well as patients with differ-
ent neurological conditions such as PD, multiple sclerosis
or traumatic brain injury (Beukelman et al. 2002; Gober-
man and Elmer 2005; Tjaden et al. 2013, 2014). Somewhat
unanticipated, under the clear speech condition, we found
faster articulation rate in our MSA and PSP groups, indi-
cating an opposing approach to speech adaptation in APS.
It should be mentioned that on a group level, our PSP and
MSA patients manifested a significantly slower articulation
rate compared to HC and PD subjects. In agreement, a sig-
nificantly slower speaking rate was previously observed in
both APS groups (Huh et al. 2015; Skodda et al. 2011; Rusz
et al. 2015), though more expressed in PSP patients (Rusz
et al. 2015). Thus, one might expect that the markedly slow
articulation rate in APS could be even so slow as to not
be profitable concerning speech performance, thereby the
acceleration of articulation rate would be beneficial. Indeed,
Tjaden et al. (2013, 2014) revealed that artificially decreased
articulation rate does not contribute to better speech perfor-
mance. Specifically, the authors (Tjaden et al. 2013, 2014)
compared four different speaking styles including habitual,
clear and slow conditions in patients with PD and multiple
sclerosis, and found that clear speech maximized peripheral
and nonperipheral vowel space areas (Tjaden et al. 2013) as
well as overall perceived intelligibility (Tjaden et al. 2014),
despite the most significant rate reduction observed in the
slow condition.

On the group level, pitch variability seems to be the most
sensitive biomarker separating HC from PSP, MSA and PD
groups as well as PD from PSP group. Indeed, in landmark
work published by Darley et al. (1969) monopitch was iden-
tified as the most prevalent aspect of hypokinetic dysarthria
in PD. In addition, the previous study (Harel et al. 2004),
which conducted a retrospective analysis of speech in two
PD patients on samples of speech produced over a 10-year
period surrounding the time of disease diagnosis, reported
reduced intonation variability detectable several years before
the onset of the first PD motor manifestations. Interestingly,
the occurrence of monopitch was revealed even in patients
with rapid eye movement sleep behaviour disorder (Rusz
et al. 2018), which is considered to be one of the most
important clinical phenotypes for predicting future conver-
sion to PD.

Due to restricted opportunities in the recruitment of par-
ticipants with rare diagnoses, the presented findings may
be limited by partial gender-imbalance between groups,
especially by the lower percentage of women in the PSP
group. Therefore, we cannot exclude the possibility that the
observed changes in speech parameters are partially affected
by gender-specific aspects of speech. We also cannot exclude
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the effect of possible differences in the cognitive abilities
of patients on presented results as we did not perform
thorough cognitive testing such as the Montreal Cognitive
Assessment.

Conclusion

In conclusion, our results objectively confirmed that
patients with PD as well as APS are capable of intentionally
improving their speech performance with a simple request
to produce speech more clearly. In particular, PD patients
achieved enhanced overall speech performance mainly
by greater loudness and pitch variability, while MSA and
PSP patients employed faster articulation rate, contrary to
HC and PD patients, which slowed or maintained articula-
tion. Clear speech could therefore represent an alternative
therapeutic method that maximizes intelligibility in parkin-
sonian patients, such as the most commonly-used speech-
treatment program for PD called Lee Silverman Voice Treat-
ment (Ramig et al. 2001). This speech-treatment program
(Ramig et al. 2001) is based only on instructing patients
to concentrate on performing loud speech. Future studies
should assess the effect of long-term intensive clear speech
therapy in parkinsonian patients to determine whether clear
speech techniques improve speech performance only within
a single session or with carryover to real-life communication
contexts. To date, there have not been any studies inves-
tigating clear speech as a regular treatment technique for
dysarthria in PD or APS, however a study published by Park
et al. (2016) suggests that the “Be clear” intensive treatment
method may potentially be an effective intervention with car-
ryover to real-life situations for nonprogressive dysarthria in
patients with traumatic brain injury or stroke.
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ARTICLE INFO ABSTRACT

Purpose: Although articulatory impairment represents distinct speech character-
istics in most neurological diseases affecting movement, methods allowing auto-
mated assessments of articulation deficits from the connected speech are scarce.
This study aimed to design a fully automated method for analyzing dysarthria-
related vowel articulation impairment and estimate its sensitivity in a broad range
of neurological diseases and various types and severities of dysarthria.

Method: Unconstrained monologue and reading passages were acquired from
459 speakers, including 306 healthy controls and 153 neurological patients. The
algorithm utilized a formant tracker in combination with a phoneme recognizer
and subsequent signal processing analysis.

Results: Articulatory undershoot of vowels was presented in a broad spectrum
of progressive neurodegenerative diseases, including Parkinson’s disease, pro-
gressive supranuclear palsy, multiple-system atrophy, Huntington’s disease,
essential tremor, cerebellar ataxia, multiple sclerosis, and amyotrophic lateral
sclerosis, as well as in related dysarthria subtypes including hypokinetic, hyper-
kinetic, ataxic, spastic, flaccid, and their mixed variants. Formant ratios showed
a higher sensitivity to vowel deficits than vowel space area. First formants of
corner vowels were significantly lower for multiple-system atrophy than cerebel-
lar ataxia. Second formants of vowels /a/ and /i/ were lower in ataxic compared
to spastic dysarthria. Discriminant analysis showed a classification score of up
to 41.0% for disease type, 39.3% for dysarthria type, and 49.2% for dysarthria
severity. Algorithm accuracy reached an F-score of 0.77.

Conclusions: Distinctive vowel articulation alterations reflect underlying pathophysi-
ology in neurological diseases. Objective acoustic analysis of vowel articulation has
the potential to provide a universal method to screen motor speech disorders.
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Imprecise vowels represent one of the core articula-
tory deficits contributing to reduced intelligibility due to
dysarthria (H. Kim, Hasegawa-Johnson, & Perlman,
2011). Impairment of vowel articulation reflects reduced
amplitude and velocity of articulators, including lips,
tongue, and jaw (the so-called undershooting of articula-
tory gestures; Robertson & Hammerstad, 1996). Previous

Correspondence to Jan Rusz: rusz.mz@gmail.com. Disclosure: The
authors have declared that no competing financial or nonfinancial inter-
ests existed at the time of publication.

studies have documented the presence of vowel articula-
tion abnormalities in a number of progressive neurological
diseases (Whitfield, 2019), particularly in Parkinson’s dis-
ease (PD; Lam & Tjaden, 2016; Skodda et al., 2011;
Tjaden et al., 2013; Whitfield & Goberman, 2014;
Whitfield & Mehta, 2019) and sporadically in progres-
sive supranuclear palsy (PSP), multiple-system atrophy
(MSA), Huntington’s disease (HD), essential tremor (ET),
cerebellar ataxia (CA), multiple sclerosis (MS), and amyotro-
phic lateral sclerosis (ALS; Rusz et al., 2014, 2015; Tjaden
et al., 2005; Tykalova et al., 2016; Yunusova et al., 2013).
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In addition, distinctive progressive neurological dis-
eases typically comprehend differing subtypes of dysar-
thria, with the most prevalent hypokinetic, hyperkinetic,
spastic, ataxic, or flaccid variant (Duffy, 2019). These dys-
arthria subtypes reflect the underlying pathophysiology of
the disease and may give us clues for differential diagnosis
(Duffy, 2019). In some cases, such as PD, where most
patients develop pure hypokinetic dysarthria (Ho et al.,
1999), there is good correspondence between the type of
disease and type of dysarthria. Contrary, the correspon-
dence might be weaker in other cases as multiple dysar-
thria subtypes may occur for a single disease type due to
more than one component of the motor system being
affected. For instance, patients with atypical parkinsonism
such as MSA or PSP typically manifest various combina-
tions of hypokinetic, spastic, and ataxic dysarthria compo-
nents (Rusz et al., 2015). However, previous studies have
not addressed whether the vowel articulation impairment
is differentially valuable by directly comparing several dis-
ease etiologies or dysarthria subtypes. Moreover, the pre-
vious evidence is limited due to the small sample sizes
available and different methodologies used for analysis
(Lam & Tjaden, 2016; Rusz et al., 2014, 2015; Skodda
et al., 2011; Tjaden et al., 2005; Tykalova et al., 2016;
Whitfield & Goberman, 2014; Whitfield & Mehta, 2019;
Yunusova et al., 2013).

Additionally, dysarthria severity varies across neuro-
logical diseases depending on their stage and rate of pro-
gression (Y. Kim, Kent, & Weismer, 2011). In particular,
higher dysarthria severity could be expected in disorders
with faster disease progression (Rusz et al., 2015). Never-
theless, there is no standard measure of speech severity in
dysarthria. Estimates of speech intelligibility are frequently
used to estimate the extent to which neurological disease
affects the speech mechanism (Y. Kim, Kent, & Weismer,
2011). Since the relationships between the severity of
vowel articulation impairment and the perceptual impres-
sion of unintelligibility in dysarthric speakers have been
widely documented (H. Kim, Hasegawa-Johnson, & Perlman,
2011; H. M. Liu et al., 2005; Weismer et al., 2001), auto-
mated vowel articulation analysis may have a potential to
provide such a measure of speech severity in dysarthria.
However, there is a lack of relevant vowel articulation
studies with a sufficiently large number of dysarthric
speakers on various levels of severity.

A reliable and automatic method applicable to natu-
ral, spontaneous speech without any cost or burden to the
patient or investigator is necessary to facilitate the use of
vowel articulation assessment in common clinical practice.
The intelligibility and quality of each vowel can be deter-
mined particularly by the distinct acoustic energy peak of
the first (F;) and second (F,) formant frequency. The
acoustic—articulatory relationship is defined such that the

F, frequency varies inversely with tongue height and the
F> frequency varies directly with tongue advancement
(Kent et al.,, 1999). The limited articulatory range of
motion due to dysarthria may result in various shifts in
formant frequencies; most typically, formants with natu-
rally higher frequencies tend toward lower frequencies,
whereas formants with naturally lower frequencies tend
toward higher frequencies (Kent & Kim, 2003; Roy et al.,
2009; Shimon et al.,, 2010). However, most current
methods for evaluating vowel articulation via formants in
dysarthrias rely on precise and time-consuming hand-
labeling of predefined speech utterances (Shimon et al.,
2010; Skodda et al., 2011). Only two attempts have been
made to evaluate vowel articulation employing automated
acoustic analysis (Y. Liu et al., 2021; Sandoval et al.,
2013); these were limited by analysis of only predefined
reading sentences obtained from a sample predominantly
composed of healthy controls (HCs) and PD patients with
mild severity of hypokinetic dysarthria.

Therefore, we aimed to design a fully automated
method for analyzing vowel articulation impairment due
to dysarthria via detecting formant frequencies from cor-
ner vowels. Based on this approach and a large sample of
patients with various progressive neurological diseases, we
quantitatively assessed the sensitivity of imprecise vowel
articulation to different (a) types of neurological disease,
(b) types of dysarthria, and (c) severity of dysarthria.

Method
Subjects

Each participant provided written informed consent.
This study was approved by the Ethics Committee of the
General University Hospital in Prague, Czech Republic,
in accordance with the ethical standards established in the
1964 Declaration of Helsinki.

Between 2011 and 2021, a total of 459 successive
native Czech speakers with Central Bohemia accent were
recruited for this study. Considering progressive neurode-
generative diseases, 20 patients with PD (10 women, 10
men; de-novo PD examined before antiparkinsonian treat-
ment was started), 15 with PSP (five women, 10 men; 11
with Richardson’s syndrome, two with PSP-parkinsonism,
and two with PSP-pure akinesia with gait freezing), 20
with MSA (12 women, eight men; 17 with parkinsonian
and three with cerebellar variant), 20 with HD (10 women,
10 men), 20 with ET (10 women, 10 men), 18 with CA
(eight women, 10 men; 11 with sporadic late-onset CA
other than MSA, seven with spinocerebellar ataxia [Type
1, 2, 7, or 8]), 20 with MS (11 women, nine men; 10 with
relapsing-remitting MS, five with primary progressive
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MS, five with secondary progressive MS), and 20 with
ALS (14 women, six men) were recruited (see Table 1).
All patients were examined by a neurologist with an expe-
rience in movement, demyelinating, or neuromuscular dis-
orders. The diagnosis of PD was established by the
Movement Disorders Society clinical diagnostic criteria
(Postuma et al., 2015); PSP by the Movement Disorder
society diagnostic criteria for PSP (Hoglinger et al., 2017);
MSA by the consensus diagnostic criteria for MSA
(Gilman et al., 2008); HD by clinical and genetic testing
(Huntington Study Group; 1996); ET by published clinical
research criteria (Louis et al., 2007); CA by genetic testing
or results of neurological, neuropsychological, and mag-
netic resonance imaging testing; MS by the revised
McDonald Criteria (Thompson et al., 2018); and ALS
according to the El Escorial Criteria from the World Fed-
eration of Neurology (Brooks et al., 2000). Additionally,
306 healthy subjects (158 women, 148 men) with a mean
age of 59.1 (SD = 13.2, range: 31-87) years with no his-
tory of neurological or communication disorders partici-
pated as HCs to match the wide age and gender range of
investigated neurodegenerative diseases.

Clinical Evaluation

The disease severity of PD was assessed according
to the motor score of the Movement Disorders Society—
Unified Parkinson’s Disease Rating Scale (MDS-UPDRS)
Part III (Goetz et al., 2008), PSP and MSA by The Natu-
ral History and Neuroprotection in Parkinson Plus
Syndromes—Parkinson Plus Scale (NNIPPS-PPS; Payan
et al., 2011), HD by the motor score of the Unified
Huntington’s Disease Rating Scale (UHDRS; Huntington
Study Group, 1996), ET by the Tremor Research Group
Essential Tremor Rating Assessment Scale (TETRAS;
Elble et al., 2012), CA by the Scale for the Assessment
and Rating of Ataxia (SARA; Schmitz-Hiibsch et al.,
2006), MS by the Expanded Disability Status Scale
(EDSS; Kurtzke, 1983), and ALS by the ALS Functional
Rating Scale-Revised (ALSFRS-R; Cedarbaum et al.,
1999). Disease duration was estimated based on the self-
reported occurrence of the first motor symptoms.

Speech Examination

Each subject was recorded during a single session
accompanied by a speech specialist who guided through
the standardized protocol. No time limits were imposed
during the recording. All participants were willing to
cooperate and could repeat their performance if necessary.
The participants were instructed to present a monologue
about an arbitrary, emotionally neutral topic for at least
90 s (M = 128.3, SD = 27.5, range: 74-312). In addition,
all subjects performed a reading passage task of a

standardized text of 80 words (Supplemental Material S1).
The same settings were applied to subjects in all groups.
Speech recordings were performed in a quiet room with a
low ambient noise level using a head-mounted condenser
microphone (Beyerdynamic Opus 55) placed approximately
5 cm from the subject’s mouth. Speech signals were sam-
pled at 48 kHz with a 16-bit resolution.

Auditory—Perceptual Estimates of Dysarthria
Presence, Type, and Severity

The dysarthria presence and type, including severity,
were made by the consensus auditory—perceptual judgment
of two speech-language pathologists with more than
10 years of experience in movement disorders who were
aware of each patient’s medical diagnosis. The judgment
was based on offline audio recordings following the per-
ceptual criteria outlined by Darley et al. (1969a, 1969b).
The dysarthria types identified across eight neurological
conditions included hypokinetic, hyperkinetic, ataxic,
spastic, flaccid—spastic, spastic—ataxic, hypokinetic—spastic,
hypokinetic-ataxic, and hypokinetic—spastic-ataxic (see
Table 1). In addition, the severity of dysarthria was rated
on a 4-point scale (0 = none, 1 = mild, 2 = moderate, 3 =
severe). The lower average dysarthria severity with a dom-
inant occurrence of mild dysarthria was observed only for
PD and MS groups (see Table 1). Potential participants
without the presence of perceptual severity of dysarthria,
with the presence of language disorders or apraxia of
speech, or with a speech dysfunction not related to the
diagnosed neurological disorder were excluded from this
study.

Automatic Algorithm for Vowel
Articulation Features

The algorithm utilizes a formant tracker in combina-
tion with a phoneme recognizer and subsequent signal
processing analysis (see Figure 1). It processes the con-
nected speech utterance for reading passages and mono-
logues separately, and estimates F; and F, formant values
for each corner vowel /a/, /i/, and /u/. These corner vowels
are essential to form a vowel triangle (i.e., triangular F;—
F> vowel space), which reflects extreme placements of the
tongue. (H. Kim, Hasegawa-Johnson, & Perlman, 2011;
Rusz et al., 2013; Skodda et al., 2011).

Formants and Phonemes Estimation (Step A)

The speech input was processed in parallel by a for-
mant tracker and a phoneme recognizer (see Figure 1A).
Burg algorithm (Childers, 1978) implementation in Praat
(Boersma, 2001) was used for the first two formants con-
tour estimation resulting in F; and F, vectors over the
utterance. After the trial testing, the window length was
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Table 1. Clinical characteristics of the investigated subjects.

Motor score Symptom duration
(disease severity) Age (years) (years) Dysarthria type Dysarthria severity
Disease Sex M/SD (range) M/SD (range) M/SD (range) (auditory—perceptual) (auditory—perceptual)
PD F=10 38.7/14.72 63.5/8.9 1.6/1.3 Hypokinetic (n = 20) Mild (n = 13)
M =10 (18-70) (42-79) (0.3-5.9) Moderate (n = 7)
Severe (n = 0)
Mean severity: 1.35"
PSP F=5 65.7/28.9° 66.0/5.1 4.7/2.7 Hypokinetic (n = 3) Mild (n = 3)
M =10 (19-132) (54-71) (2.0-11.0) Hypokinetic—spastic Moderate (n = 5)
n=4
Hypokinetic—ataxic (n = 3) Severe (n = 7)
Mean severity: 2.27
Hypokinetic—spastic—ataxic
(n=5)
MSA F=12 79.1/21.1° 62.0/7.0 4.4/1.8 Hypokinetic (n = 3) Mild (n = 1)
M=8 (35-115) (45-73) (2.0-7.5) Spastic—ataxic (n = 1) Moderate (n = 12)
Hypokinetic—spastic (n = 8) Severe (n =7)
Hypokinetic—ataxic (n = 3) Mean severity: 2.30
Hypokinetic—spastic—ataxic
(n=5)
HD F=10 24.8/9.9° 53.1/11.0 5.2/3.6 Hyperkinetic (n = 20) Mild (n = 1)
M =10 (8-42) (34-69) (1.0-16.0) Moderate (n = 13)
Severe (n = 6)
Mean severity: 2.25
ET F=10 17.5/7.6¢ 64.3/11.1 28.9/17.5 Hyperkinetic (n = 18) Mild (n = 5)
M =10 (6-35) (40-82) (3.0-60.0) Hypokinetic (n = 1) Moderate (n = 9)
Spastic (n = 1) Severe (n = 6)
Mean severity: 2.05
CA = 13.9/4.8° 54.7/12.6 11.0/8.5 Ataxic (n = 5) Mild (n = 5)
M =10 (4-24) (84-72) (0.5-28.0) Spastic (n = 1) Moderate (n = 7)
Spastic—ataxic (n = 11) Severe (n = 6)
Mean severity: 2.06
Hypokinetic—ataxic (n = 1)
MS F=11 4.6/0.8" 52.2/10.1 17.8/8.6 Ataxic (n = 7) Mild (n = 16)
M=9 4-7) (33-74) (6.0-32.0) Spastic (n = 3) Moderate (n = 3)
Spastic—ataxic (n = 10) Severe (n = 1)
Mean severity: 1.25"
ALS F=14 35.6/6.5° 62.1/11.1 1.9/1.2 Spastic (n = 4) Mild (n = 5)
M=6 (22—45) (37-85) (0.5-5.0) Flaccid—spastic (n = 16) Moderate (n = 6)
Severe (n = 9)
Mean severity: 2.20
Total F =80 59.7/9.6 9.4/5.7 Hypokinetic (n = 27) Mild (n = 49)
M =73 (33-85) (0.3-60.0) Hyperkinetic (n = 38) Moderate (n = 62)
Ataxic (n = 12) Severe (n = 42)
Spastic (n = 9) Mean severity: 2.09
Flaccid—spastic (n = 16)
Spastic—ataxic (n = 22)
Hypokinetic—spastic (0 = 12)
Hypokinetic—ataxic (n = 7)
Hypokinetic—spastic—ataxic
(n =10)
Note. PD = Parkinson’s disease; F = female; M = male; PSP = progressive supranuclear palsy; MSA = multiple system atrophy; HD = Hun-

tington’s disease; ET = essential tremor; CA = cerebellar ataxia; MS = multiple sclerosis; ALS = amyotrophic lateral sclerosis; MDS-
UPDRS = Movement Disorders Society—Unified Parkinson’s Disease Rating Scale; NNIPPS-PPS = Natural History and Neuroprotection in
Parkinson Plus Syndromes—Parkinson Plus Scale; UHDRS = Unified Huntington’s Disease Rating Scale; TETRAS = Tremor Research Group
Essential Tremor Rating Assessment Scale; SARA = Scale for the Assessment and Rating of Ataxia; EDSS = Expanded Disability Status Scale;
ALSFRS-R = Amyotrophic Lateral Sclerosis Functional Rating Scale—Revised.

a3MDS-UPDRS Part Il total scale. °NNIPPS-PPS total scale. ‘UHDRS total scale. “TETRAS score scale. °*SARA total scale. FEDSS total scale.
9ALSFRS-R total scale. "This group was found to have significantly lower disease severity compared to PSP, MSA, HD, ET, CA, and ALS
groups with p < .01.
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Figure 1. lllustrative schema of the automated method for formants estimation. F; = first formant frequency; F, = second formant frequency;
VSA = vowel space area; FRI = formant ratio index; SFRI = second formant ratio index.
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set to 50 ms with a 1-ms overlap and the formant ceiling
was set to 5250 Hz, as these values achieved the best pre-
cision of the estimates. The maximum number of formants
was set to 5 as recommended by the method documenta-
tion, even though only the first two formants were subse-
quently extracted. A phoneme recognizer was employed
based on split temporal context feature extraction (Schwarz
& Cernocky, 2008), pretrained on the Czech version of the
SpeechDat-E database (Pollak et al., 2000). The recognizer
is available pretrained for several languages with an error
rate of 24.2% for both Czech and English (Schwarz et al.,
2022). The recordings were subsampled to 8 kHz before-
hand to match the training data. The output is represented
by recognized phonemes with timestamps marking the cor-
responding speech segment.

Outlier Detection Across Individual Phonemes
Segments (Step B)

The consecutive phoneme segments were further
analyzed (see Figure 1B). If the frame was classified as
corresponding to either /a/, /i/, or /u/ vowel, the F; and F,
values within were extracted. These might be burdened
with formant tracker errors, and thus, an outlier analysis
is performed in each segment. Outliers were identified and
discarded based on Mahalanobis distance (Mahalanobis,
1936), which calculates the distance of a given point from
a chosen distribution. For normally distributed data, the
squared distance follows y* distribution. The procedure
consists of two phases and is as follows.

First, normalized versions of each formant vector
were computed by extracting the mean and dividing by
the standard deviation. Then, the Mahalanobis distance
was computed between each point on the normalized [Fj,
F,] grid and y* distribution with two degrees of freedom
since we have two formant contours. If the distance was
greater then y°(q), where ¢ is a chosen quantile value, it
was marked as an outlier. In the second phase, the non-
outlier points formed a new distribution, and Mahalanobis
distance was calculated between previously identified out-
lier points. If the distance was less than y*(g + 0.1), the
corresponding point was withdrawn from the outliers set.
After the conducted trial testing, the value of ¢ was set to
0.8, making the procedure more benevolent in the outlier
decision. It achieved higher effectiveness yet not suffering
a decrease in accuracy than choosing harsher settings, that
is, lower values of ¢.

The procedure ensures that the extreme outliers are
correctly recognized while preserving most of the informa-
tion around the formant contour. From each segment, a
median value was computed from the first and second for-
mants of the nonnormalized, nonoutlier points resulting in
Fimeqa and F>.q vectors over the whole utterance with
information about the particular vowel on each index.

Outlier Detection Across All /A/, /I/, and /U/
Vowels (Step C)

The medians from the segments might still contain
false values, for example, when the phoneme recognizer
misclassifies a consonant as a vowel. Therefore, the Fjpeq
and Fnq values are grouped to either /a/, /i/, or /u/ set,
and another outlier analysis was performed in each group
(see Figure 1C).

The procedure is the same as described in the previ-
ous section; however, the value of the quantile ¢ is set to
0.5, making the method less benevolent to any deviations,
which was found to provide more accurate outcomes
while maintaining a reasonable throughput. The nonout-
liers for each vowel were then put together for final cluster
analysis.

Vowels Clustering (Step D)

The described method is still prone to error when
the phoneme recognizer misclassifies the vowel as another,
for example, /u/ as /i/. The misclassified vowel might have
the formant frequencies close to the original one and thus
will not be detected in the outlier analysis.

For this reason, the vowel points were partitioned
using the k-means algorithm into three clusters representing
the single vowels (see Figure 1D). The distance metric was
set to square Euclidean distance, and initial cluster centroid
positions were chosen as the maximum value of F; and
median of F> of the vowel /a/ (hence, cluster /a/), the mini-
mum of F; and maximum of F, of the vowel /i/ (hence,
cluster /i/), and the minimum of F; and the minimum F> of
the vowel /u/ (hence, cluster /u/). The resulting clusters /a/,
/i/, and lu/ then consisted of [Fi,, Fs.], [F1;, F>], and [Fy,,
F,,] points, respectively. The misclassified vowel should be
included in its corresponding cluster in this process.

In the final step, one pair of F; and F, values was
calculated from the points of each cluster. For the /a/ clus-
ter, F; was calculated as an upper (0.75) quantile of the
Fi, values and F5 as the median of the F,, values. For the
/il cluster, F; was computed as a lower (0.25) quantile of
the Fy; values and F, as an upper quantile of the Fy;
values. For the /u/ cluster, F; and F, were selected as
lower quantiles of F;, and F,, values, respectively. The
choice of the particular quantiles was designed to reflect
the corner vowel characteristics (Y. Liu et al., 2021), and
the values were tuned in pretesting to achieve maximum
estimates precision.

Vowel Articulation Features (Step E)

The outcome of the process is the pair of F; and F,
values for each vowel from which the vowel articulation
features were derived (see Figure 1E). Subsequently, the
most commonly used features that represent complex
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vowel articulation characteristics are vowel space area
(VSA) and measures representing various shifts in formant
frequencies (Kent & Kim, 2003; Roy et al., 2009; Shimon
et al., 2010; Skodda et al., 2011). VSA, expressed in Hz?,
was calculated using the Euclidean distances between the
F; and F, coordinates of the corner vowels /a/, /i/, and /u/
in the triangular [F;, F>] vowel space as

1
VSA = E ‘Fli(FZa - FZu) + Fla(F2u - FZ[) + Flu(FZi - FZ([)l'
(1

Formant ratio index (FRI) reflects the shift in for-
mant frequencies based on all corner vowels and can be
expressed using the following formula (i.e., expected trend
is lowering of Fi,, Fii, Fiu, F>a, and F»; and rising of F,,
due to the presence of dysarthria):

:Fla+Fli+Flu+F2a+F2i
F2u .

FRI ()

Finally, the second formant ratio index (SFRI)
reflects the shift of the second formants only and was
computed using the following formula (i.e., expected trend
is lowering of F>, and F»; and rising of F>, due to the
presence of dysarthria)

Fry + P

All analyses were conducted in MATLAB
(MathWorks).

Reference Hand Labels

The hand-labeled reference values of F; and F, for-
mant frequencies and time event of the vowel occurrence
for each corner vowel were obtained from 20 randomly
selected recordings of the reading passage (1,760 vowels;
660 vowels of /a/, 720 vowels of /i/, and 380 vowels of /u/)
with the representative distribution regarding gender, etiol-
ogy, and dysarthria severity (11 men and nine women;
four HC, two PD, two PSP, two MSA, two HD, two ET,
two CA, two MS, and two ALS speakers; four none,
seven mild, five moderate, and four severe dysarthria sever-
ity). All corner vowels of /a/, /i/, and /u/ were selected; the
position of the selected vowel for the reading passage is in
bold in Supplemental Material SI. Formants were
extracted according to widely accepted previously pub-
lished methodology validated in several languages (Roy
et al., 2009; Rusz et al., 2013; Shimon et al., 2010; Skodda
et al.,, 2011); F; and F, frequencies were determined by
employing 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 following). The corre-
sponding timestamps including the start and end times of
the segment were recorded. The formant frequencies were
not possible to extract in 23 cases of /a/, 43 of /i/, and 77
of /u/ due to (a) coarticulation with other phonemes lead-
ing to the indistinct formants in the target band (68%), (b)
coarticulation with other phonemes leading to too many
formants in the target band (10%), (c) the word with tar-
get vowel is not pronounced properly (16%), and (d) the
vowel duration is shorter than 30 ms (6%). All analyses
were performed in the Praat software (Boersma, 2001)
using both the combined wideband spectrographic display
and the power spectral density.

Algorithm Performance Metrics

F-score was used as the primary outcome to assess
the algorithm accuracy and was defined as

precision x recall
X

F=2 — , 4
precision + recall @

where

.. true positives
precision = — — (9
true positives + false positives
and
true positives

recall = (6)

true positives + false negatives

In other cases, normalized root-mean-square error
(NRMSE) and the Spearman correlation coefficient r were
utilized. The NRMSE enables a description of several var-
iables by describing the error as a fraction of the observed
variable range and is defined as

Yo (%= X))’
N i
NRSME = (nax()) — min(x)))’ ™

where N is the number of utterances, X; represents an esti-
mated feature, and Xx; is its respective reference. The r coeffi-
cient was computed as a nonparametric measure of the rank
correlation between the estimated and reference values.

Algorithm Validation Steps

The algorithm incorporates several steps in its proce-
dure. In each step, it can make a different type of error.
Therefore, to uncover potential error sources for each step
separately, a three-step validation that corresponds to the
steps in algorithm design is provided: (a) validation of
vowel identification via phoneme recognizer and indepen-
dent parallel validation of formant values estimation via
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formant tracker (the result of the algorithm’s Step A), (b)
validation of combined accuracy via phoneme recognizer
and formant tracker based on outlier detection and vowel
clustering (the result of the algorithm’s mutual Steps B-
D), and (c) validation of algorithm total accuracy via
resulting formant features (the result of the algorithm’s
Step E).

First, the performances of the phoneme recognizer
and the formant tracker (the result of the algorithm’s Step
A) were compared to reference hand labels. The validation
was performed across the corner vowels of /a/, /i/, and /u/.
The vowel from automatic recognition was searched for
within the 30-ms segment corresponding to manual time-
stamps with a 5-ms tolerance for the start and the end. To
evaluate the reliability of phoneme recognizer, the accu-
racy was evaluated in terms of F-score. True positive cases
were if the vowel was correctly detected (e.g., /a/ was
detected as /a/). False positive cases were if the vowel was
incorrectly detected (e.g., /a/ was detected as /i/). False
negative case was if the vowel was not detected (e.g., /a/
was missed). To evaluate the reliability of the formant
tracker, a median formant frequency was calculated from
automatically obtained formant estimates via a 30-ms win-
dow corresponding to the start and end of the hand-label
timestamps. These medians were compared to reference
hand values in terms of NRMSE and Spearman correlation.

Second, the accuracy of the combination of pho-
neme recognizer and formant tracker (the result of the
algorithm’s mutual Steps B-D) was validated using F-
score; this evaluation corresponds with the mutual outlier
detection and vowel class correction mechanism per-
formed by the algorithm. True positive cases were if (a)
the vowel was correctly detected (e.g., /a/ was detected as
/al), (b) the vowel was detected as another vowel but auto-
matically corrected (e.g., /a/ was detected as /i/ but cor-
rected back to /a/), and (c) formants were found impossi-
ble to estimate by both hand-labeling and automated
detection (e.g., formants of /a/ were impossible to deter-
mine by hand labels and the automated algorithm was not
able to estimate them as well). False positive cases were if
(a) the vowel was incorrectly detected and not corrected
(e.g., /al was detected as /i/ and not corrected), (b) the
vowel was correctly detected but incorrectly reclassified to
a different vowel (e.g., /a/ was detected as /a/ but corrected
to /i/), and (c) vowel formants were found impossible to
estimate by hand-labeling but were still calculated auto-
matically (e.g., formants of /a/ were impossible to deter-
mine by hand labels but automated algorithm produced
an estimate). False negative case was if the vowel was not
detected (e.g., /a/ was missed).

Third, the final averaged formant estimates (i.e., one
Fi., F,, Fii, F5, Fiy, and F,, value per subject/speaking

task), as well as complex formant features (i.e., one VSA,
FRI, and SFRI value per subject/speaking task) by both
automated (the result of the algorithm’s step E) and man-
ual analysis were compared using NRMSE and Spearman
correlation.

Statistical Analysis

Data extracted from reading passages and mono-
logues were analyzed separately; data related to mono-
logues are presented within the article, whereas data for
reading passages can be found in Supplemental Material
S1. Data normality was verified via the Shapiro-Wilcoxon
and Bartlett (equality of variance) tests. One-way analysis
of covariance with post hoc Fisher’s least significant dif-
ference test was applied to evaluate group differences. All
analyses were controlled for age and sex (covariates);
intergroup differences among diseases and dysarthria types
were in addition controlled for dysarthria severity.

Prompted by primary hypothesis results, we per-
formed a classification experiment based on the discrimi-
nant analysis followed by a leave-one-out cross-validation
scheme to assess whether the vowel articulation features
are best suited to differ between (a) type of neurological
disease, (b) type of dysarthria, or (c) severity of dysarthria.
In addition, to identify the probability of correct factor
identification by chance, we generated a random vector of
values ranging from 0 to 100 to substitute vowel articula-
tion features across 459 hypothetical speakers; the average
performance was calculated across 100 repetitions.

Results
Algorithm Performance

Compared to manual hand labels (based on 1,760
vowels), the phoneme recognizer attained an F-score of
0.84, whereas the formant tracker achieved 1-NRMSE of
0.93 for F and 0.84 for F, across all vowels (see Figure 2,
the results of the algorithm’s Step A). After combining the
error rate of the phoneme recognizer and formant tracker
(based on 1,760 vowels), the F-score for all vowels was
0.77 (see Figure 2, the results of the algorithm’s Steps B—
D). Concerning the final averaged vowel articulation fea-
tures (based on 20 utterances), the estimation of individual
formants achieved 1-NRMSE of 0.88 for Fi,, 0.85 for F>,,
0.73 for Fi;, 0.89 for F»;, 0.72 for Fy,, and 0.67 for F>,,
leading to the 1-NRMSE of 0.84 for VSA, 0.71 for FRI,
and 0.71 for SFRI (see Figure 2, the results of the algo-
rithm’s Step E). In summary, considering the final shape
of vowel areas (see Figure 2, VSA plots), the most notable
difference between automated and manual labels is due to
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Figure 2. lllustrative scheme depicting step-by-step performance results between automated and manual analysis based on 1,760 hand-
labeled vowels. NRMSE = normalized root-mean-square error; F; = first formant frequency; F> = second formant frequency; VSA = vowel
space area; FRI = formant ratio index; SFRI = second formant ratio index.
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lower estimates of F| frequencies of vowel /i/ and /u/ and
F> of /u/ by the automated approach.

Effect of Neurological Disease Type

Compared to controls, the change in vowel articula-
tion due to neurodegeneration in monologues was primarily
demonstrated by trends toward the shift of formants across
vowels /i/ and /u/, including an increase in F5, and decrease
in Fy, Fy,, and F5; frequencies across PD, PSP, MSA, HD,
and ALS (see Figure 3 and Table 2). Among diseases,
MSA tended to decrease F; and CA tended to increase F)
compared to other neurological diseases, leading to a signif-
icantly lower F; for MSA than CA across all corner vowels
(see Figure 4). Considering complex formant measures,
compared to controls, VSA was significantly decreased for
MSA, whereas FRI and SFRI were decreased for all neu-
rological diseases except ET and MS (see Figure 5).

Effect of Dysarthria Type

Compared to controls, the trends toward the shift of
formants across vowels /i/ and /u/ including increase in F>,
and decrease in Fy;, Fy, and F; frequencies in mono-
logues were demonstrated mainly for hypokinetic and
hyperkinetic dysarthria, mixed dysarthrias involving hypo-
kinetic components, and flaccid-spastic subtype (see Fig-
ure 6 and Table 3). Among dysarthrias, there was a par-
ticular difference between ataxic dysarthria manifested by
the decrease of F,, F>,, and F>; compared to spastic dys-
arthria (and its mixed variants with ataxic and flaccid ele-
ments) and in addition by a trend toward increase of Fj,
to hypokinetic dysarthria (see Figure 7). Additionally,
spastic-ataxic dysarthria showed a trend toward increase
of Fy,, Fy, and Fj, compared to hypokinetic dysarthria
(and its mixed variants with spastic elements).

Considering complex formant measures, compared
to controls, VSA was significantly decreased for ataxic
and hypokinetic-spastic dysarthria (see Figure §8). FRI
was decreased for hypokinetic, hyperkinetic, ataxic, flaccid—-
spastic, spastic-ataxic, hypokinetic—spastic, and hypokinetic—
spastic-ataxic dysarthria. Finally, SFRI was decreased for
hypokinetic, hyperkinetic, ataxic, flaccid—spastic, spastic—
ataxic, and hypokinetic-spastic. Among dysarthrias, VSA of
ataxic dysarthria was significantly lower than in spastic or
spastic—ataxic dysarthria. FRI and SFRI of hypokinetic—spastic
dysarthria were lower compared to hyperkinetic, flaccid—spastic,
spastic-ataxic, and hypokinetic-ataxic dysarthria.

Effect of Dysarthria Severity

Compared to controls, the shift of formants across
vowels /i/ and /u/ in dependence on auditory—perceptual

dysarthria severity in monologues was observed, includ-
ing an increase in F,, and a decrease in Fy;, Fy,, and F;
frequencies (see Figure 9 and Table 4). Considering com-
plex formant measures, both measures of FRI and
SFRI were reduced across all dysarthria severities (see
Figure 10).

Classification Analysis

The classification analysis among vowel articulation
features in monologues manifested accuracy of up to
39.7% for disease type, 37.3% for dysarthria type, and
49.2% for dysarthria severity (see Table 5); the probability
of correct factor identification by chance using a random
vector showed 5.3% accuracy for disease type, 4.2% for
dysarthria type, and 19.8% for dysarthria severity. Acous-
tic metrics reflecting the shift in formant frequencies of
FRI and SFRI were more sensitive to capturing the
change of vowel articulation than VSA.

Effect of Speaking Task Type

The trends toward decrements in complex measures
of VSA, FRI, and SFRI in reading passages were demon-
strated similarly to those observed in monologues, except
for the PD group where imprecise vowels articulation was
not affected in reading passages (Supplemental Material
S1); the classification experiment showed similar accuracy
of up to 41.0% for disease type, 39.3% for dysarthria type,
and 47.4% for dysarthria severity.

Discussion

This study is the first to demonstrate a fully auto-
mated objective approach to assessing the quality of vowel
articulation in a large cohort of 459 speakers, including
controls and patients with various neurological diseases
and different types and severity of dysarthria, using the
natural, unconstrained speech recordings. Based on com-
plex formant measures, we showed that imprecise vowel
articulation was presented in a broad spectrum of progres-
sive neurodegenerative diseases, including PD, PSP, MSA,
HD, ET, CA, MS, and ALS. Similarly, vowel articulation
impairment was presented in all dysarthria subtypes such
as hypokinetic, hyperkinetic, ataxic, spastic, and their
mixed variants, including the flaccid-spastic subtype. In
addition, the extent of vowel articulation impairment was
influenced by dysarthria severity. However, we still
observed divergent patterns of vowel articulation abnor-
malities across certain etiologies and dysarthria types inde-
pendent of dysarthria severity. F; of all corner vowels
were significantly lower for MSA than CA. In addition,
F, of vowel /a/ and /i/ was lower in ataxic compared to
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Figure 3. Corner vowel production triangles estimated from monologues for individual neurological disease types compared to healthy con-
trols. The arrows indicate significant differences in the values to healthy controls adjusted by age and sex, with three, two, and one arrows
referring to p < .001, p < .01, and p < .05, respectively. To minimize the effects of sex between individual speakers, the estimated formant
frequencies were converted into a logarithmic tonal scale (semitones). F; = first formant frequency; F, = second formant frequency; PD =
Parkinson’s disease; PSP = progressive supranuclear palsy; MSA = multiple system atrophy; HD = Huntington’s disease; ET = essential
tremor; CA = cerebellar ataxia; MS = multiple sclerosis; ALS = amyotrophic lateral sclerosis.
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Table 2. Formant frequencies of corner vowels estimated from monologues for individual neurological disease types compared to healthy

controls.
/a/ li/ /u/
M (SD) M (SD) M (SD)
Semitones Semitones Semitones

Neurological

disease type F4 F» F4 F» F, F,
Controls 41.91 (2.6) 53.92 (2.1) 29.93 (2.3) 62.37 (1.6) 30.96 (1.6) 46.60 (1.8)
PD 41.25 (2.9) 54.16 (2.9) 28.76 (2.9) 61.75 (1.6) 29.72 (2.5) 47.95 (1.7)
PSP 40.72 (4.0) 53.97 (1.5) 28.32 (2.6) 61.61 (1.8) 29.13 (2.3) 48.02 (2.3)
MSA 40.76 (3.1) 54.03 (2.0) 28.06 (2.2) 61.48 (1.7) 28.30 (2.5) 48.13 (2.8)
HD 41.71 (3.2) 53.64 (2.0) 28.89 (2.6) 61.88 (1.7) 29.86 (2.3) 48.57 (2.6)
ET 41.97 (3.5) 53.91 (1.7) 28.92 (2.5) 62.08 (1.7) 30.26 (1.7) 46.83 (1.9)
CA 42.14 (3.1) 53.50 (1.7) 29.82 (1.6) 61.72 (1.5) 31.17 (1.6) 48.05 (1.9)
MS 41.72 (2.9) 53.88 (1.8) 29.38 (2.5) 61.89 (1.5) 30.94 (1.7) 47.39 (2.0)
ALS 42.35 (3.8) 54.99 (1.2) 30.15 (2.2) 62.17 (1.4) 30.24 (2.0) 47.86 (2.2)

Note. To minimize the effects of sex between individual speakers, the estimated formant frequencies were converted into a logarithmic
tonal scale (semitones). Hertz to semitone formula: f(semitone) = 12*((log*f(Hz)/60)/log(2)). F1 = first formant frequency; F»> = second formant
frequency; PD = Parkinson’s disease; PSP = progressive supranuclear palsy; MSA = multiple system atrophy; HD = Huntington’s disease;
ET = essential tremor; CA = cerebellar ataxia; MS = multiple sclerosis; ALS = amyotrophic lateral sclerosis.

2610 Journal of Speech, Language, and Hearing Research e Vol. 66 e 2600-2621 ¢ August 2023



Figure 4. Corner vowel production triangles estimated from monologues across two pairs of neurological disease types. The double-headed
arrows indicate significant differences across diseases adjusted by age, sex, and dysarthria severity with ***, **, * referring to p < .001, p <
.01, and p < .05. To minimize the effects of sex between individual speakers, the estimated formant frequencies were converted into a loga-
rithmic tonal scale (semitones). Fy = first formant frequency; F» = second formant frequency; MSA = multiple system atrophy; MS = multiple
sclerosis; HD = Huntington’s disease; ET = essential tremor; PD = Parkinson’s disease; ALS = amyotrophic lateral sclerosis; CA = cerebellar

ataxia; PSP = progressive supranuclear palsy.
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spastic dysarthria. Therefore, objective analysis of vowel
articulation has the potential to provide a universally
applicable method to screen neurological diseases affecting
movement abilities that can be obtained from everyday
speech without any cost or burden to the patient and
investigator. In the future, vowel articulation deficits could
be analyzed via smartphone calls (Kouba et al., 2022),
thus significantly aiding in improving innovative neuro-
protective therapies’ stratification and monitoring effect.

Effect of Neurological Disease Type

Our results confirmed that vowel articulation impair-
ment is exhibited in multiple types of neurological diseases.
This finding follows previous acoustic studies (Rusz et al.,
2014, 2015; Tjaden et al., 2005; Tykalova et al., 2016;
Yunusova et al., 2013), although these have described
vowel articulation pertaining to a specific disease rather
than comparing these characteristics across diseases. In fact,
the presence of vowel articulation deficits across various
neurological diseases is not surprising because articulatory
impairments represent the most common and distinct char-
acteristics of most dysarthrias (Darley et al., 1969b). How-
ever, in this study, certain disease-specific patterns of

imprecise vowel articulation have been observed. In gen-
eral, vowel articulation impairment appeared to be more
pronounced in parkinsonian disorders and HD. We might
thus assume that the greater extent of vowel articulatory def-
icits due to tongue movement restriction, reflected mainly by
the decrease of F>; and the increase of F5,, is associated with
bradykinesia, which represents a common motor sign not
only in parkinsonism but also in HD (Reilmann, 2019).
Indeed, the previous study on a rat PD model has shown
that even unilateral deficits to the nigrostriatal dopamine
system leading to bradykinesia substantially contribute to
tongue movement restriction responsible for imprecise
vowel articulation (Ciucci et al., 2011). Interestingly, the
parallel decrease in F; of all corner vowels was able to
statistically separate MSA from CA even after adjustment
for dysarthria severity, presumably as a consequence of
damage to basal ganglia structures in addition to cerebel-
lar dysfunction that is typical in both diseases. This find-
ing might have important clinical implications as the dif-
ferentiation of the cerebellar variant of MSA from idio-
pathic late-onset CA early in the disease course remains a
major diagnostic challenge (Lin et al.,, 2016). However,
although the extent of articulatory disorder appeared to
be similar for both MSA subtypes (Rusz et al., 2019), the
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Figure 5. Statistically significant group differences for estimated
articulation features in monologues among the different types of
neurological disease types compared to healthy controls adjusted
by age and sex with ***, **, * referring to p < .001, p < .01, and p <
.05, respectively. # indicates significant differences to MSA (p <
.05) after adjusting for age, sex, and dysarthria severity. Middle
bars represent median, and rectangles represent the interquartile
range. Maximum and minimum values are by error bars. Outliers
are marked as dots. VSA = vowel space area; PD = Parkinson’s
disease; PSP = progressive supranuclear palsy; MSA = multiple
system atrophy; HD = Huntington’s disease; ET = essential tremor;
CA = cerebellar ataxia; MS = multiple sclerosis; ALS = amyotro-
phic lateral sclerosis; FRI = formant ratio index; SFRI = second for-
mant ratio index.
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utility of vowel articulation analysis as such a potential
diagnostic marker has to be verified in future studies as
the current sample was composed dominantly of the par-
kinsonian variant of MSA.

Effect of Dysarthria Type

In line with findings across multiple types of neuro-
logical diseases, vowel articulation impairment was
observed across various dysarthria types. This result is
not surprising as dysarthria type is frequently linked with
disease type, and vowel articulation impairment was
found in all investigated etiologies. The shift in formants
for vowels /i/ and /u/ showed strong similarities for all
investigated dysarthrias. This finding follows previous
research demonstrating that complex formant-based mea-
sures are not sensitive to distinguishing between dysar-
thria subtypes (Lansford & Liss, 2014). However, one
potential phenomenon that might be helpful in the differ-
ential diagnosis of dysarthrias is a shift in vowel frequen-
cies for vowel /a/. While both formants of vowel /a/
remained relatively unchanged in patients with hypoki-
netic or hyperkinetic dysarthria, they tend to be decreased
in ataxic dysarthria and increased in spastic dysarthria (as
well as in mixed dysarthrias involving spastic elements).
However, this finding should be interpreted with caution
due to the relatively low number of samples for pure spas-
tic and ataxic speakers in this study. Although the studies
on vowel articulation in spastic and ataxic dysarthrias are
rare, the shift toward higher vowel /a/ formants in spastic
dysarthria seems to align with previous research on
patients with poststroke spastic dysarthria (Ge et al.,
2021; Mou et al., 2018). This shift might be hypothesized
as a consequence of spasticity or weakness of tongue mus-
cles, leading to lower tongue advancement. In addition, a
decrease of F, for vowel /a/ has been previously reported
in patients with spinocerebellar ataxia (Skodda et al.,
2014), which might be hypothesized to be a result of
inconsistency over the range of tongue movement (Saigusa
et al., 20006).

Effect of Dysarthria Severity

Our findings showed that auditory—perceptual dysar-
thria severity was another factor contributing to the extent
of vowel articulation impairment. The result agrees with
previous research demonstrating a strong relationship
between vowel formant measures and perceptual ratings
of dysarthria severity (Fletcher et al., 2017). Further sup-
port comes from a recent study that showed a progressive
pattern of vowel articulation impairment from the prodro-
mal stages of parkinsonism (Skrabal et al., 2022). Com-
pared to VSA, formant indexes were more effective in
capturing dysarthria severity, which follows the previous
study showing that vowel articulation index based on
changes in individual formants was more stable and reli-
able over repeated assessments compared to VSA (Caverlé
& Vogel, 2020). The effectiveness of formant indexes in
contrast to the low sensitivity of VSA suggests that
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Figure 6. Corner vowel production triangles estimated from monologues for different dysarthria types compared to healthy controls. The
arrows indicate significant differences in the values to healthy controls adjusted by age and sex, with three, two, and one arrows referring to
p < .001, p < .01, and p < .05, respectively. To minimize the effects of sex between individual speakers, the estimated formant frequencies
were converted into a logarithmic tonal scale (semitones). F; = first formant frequency; F, = second formant frequency.
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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 due to dysarthria. This
behavior might be a result of different tongue positions

Table 3. Formant frequencies of corner vowels estimated from monologues for different dysarthria types compared to healthy controls.

and lip posture during individual corner vowels produc-
tion, where the tongue is positioned low for the vowel /a/,
high and forward for the vowel /i/, and high and back-
ward for the vowel /u/, whereas lip posture is spread for

/a/ fi/ lu/
M (SD) M (SD) M (SD)
Semitones Semitones Semitones

Dysarthria type F4 F> F4 F> Fy F>

Controls 41.91 (2.6) 53.92 (2.1) 29.93 (2.3) 62.37 (1.6) 30.96 (1.6) 46.60 (1.8)
Hypokinetic 41.23 (2.9) 54.24 (2.7) 28.63 (2.8) 61.87 (1.5) 29.14 (2.7) 47.92 (2.3)
Hyperkinetic 41.93 (3.3) 53.79 (1.9) 28.87 (2.6) 62.02 (1.7) 30.05 (2.0) 47.88 (2.3)
Ataxic 40.24 (2.9) 52.73 (2.0) 28.76 (2.2) 60.81 (1.3) 30.96 (1.8) 47.64 (1.6)
Spastic 42.71 (3.5) 54.68 (1.1) 29.45 (2.3) 62.34 (1.7) 30.63 (1.4) 47.75 (2.8)
Flaccid-spastic 42.22 (4.0) 55.09 (1.3) 30.06 (2.3) 61.95 (1.2) 30.13 (2.1) 48.00 (2.3)
Spastic—ataxic 42.60 (2.4) 54.10 (1.4) 30.03 (2.3) 62.24 (1.4) 31.01 (1.9) 47.7 (1.9)
Hypokinetic—spastic 40.32 (3.8) 53.77 (2.0) 28.46 (2.0) 61.09 (1.7) 29.11 (2.8) 49.25 (2.8)
Hypokinetic—ataxic 40.82 (3.1) 53.54 (2.2) 28.45 (1.7) 61.57 (1.7) 29.48 (1.5) 45.87 (1.6)
Hypokinetic—spastic—ataxic 40.70 (3.9) 53.94 (1.5) 28.25 (2.6) 61.65 (1.9) 28.96 (2.1) 47.46 (2.1)

Note. To minimize the effects of sex between individual speakers, the estimated formant frequencies were converted into a logarithmic
tonal scale (semitones). Hertz to semitone formula: f(semitone) = 12*((log*f(Hz)/60)/log(2)). F1 = first formant frequency; F, = second formant

frequency.
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Figure 7. Corner vowel production triangles estimated from monologues across two pairs of dysarthria types. The double-headed arrows
indicate significant differences across dysarthria types adjusted by age, sex, and dysarthria severity with ***, **, * referring to p < .001, p <
.01, and p < .05, respectively. To minimize the effects of sex between individual speakers, the estimated formant frequencies were converted
into a logarithmic tonal scale (semitones). F; = first formant frequency; F, = second formant frequency.
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both the /a/ and /i/ vowels and rounded for the vowel /u/
(Hasegawa-Johnson et al., 2003). Therefore, we might
assume that the production of the vowel /a/ is less
demanding than the production of the vowels /i/ and /u/.
Moreover, in comparison to the vowel /i/, the articulation
of the vowel /u/ requires more challenging involvement of
the orofacial muscles to produce and maintain a tightly
rounded lip posture (Hasegawa-Johnson et al., 2003), and
its restrictions might also be linked to swallowing deficits
in dysarthria (Sapir et al., 2008; Tjaden, 2008).

Effect of Speaking Task Type

The results showed that both monologue and read-
ing speech are appropriate for assessing articulation defi-
cits in neurological diseases with similar sensitivity. One
notable difference was that only reading passages showed
a significant difference between dysarthria severities,
although the classification accuracy for dysarthria severity
across both tasks was similar. We may thus hypothesize
that standardized reading passages might be a better
speaking material if capturing speech progression via
vowel articulation is the primary endpoint. Considering

individual diseases, the only evidence available is from
PD, where previous studies have reported the occurrence
of a more notable alteration of vowel articulation perfor-
mance in spontaneous speech compared to nonsponta-
neous speech (Kempler & Lancker, 2002; Rusz et al.,
2013; Weismer, 1984). Indeed, PD was the only group in
this study that showed considerably better performance in
vowel articulation in reading than monologues. In fact,
persons with PD are often highly intelligible in prepared
utterances but significantly less intelligible in spontaneous
speech, whereas persons with other types of neuromotor
disease might be equally intelligible in both forms of utter-
ance (Y. Kim, Kent, & Weismer, 2011). Therefore, this
finding might have important implications for future clini-
cal trials in which PD participants should be assessed via
spontaneous speech if vowel articulation represents an
outcome measure.

Which of the Factors Most Contributes to the
Vowel Articulation Impairment?

One of this study’s goals was to answer whether
vowel articulation impairment is most sensitive to disease
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Figure 8. Statistically significant group differences for estimated
articulation features in monologues among the different dysarthria
types compared to healthy controls adjusted by age and sex
with =, ** * referring to p < .001, p < .01, and p < .05, respec-
tively. # indicates significant differences to hypokinetic—spastic
dysarthria (p < .05), whereas $ indicates significant differences to
ataxic dysarthria (p < .05) after adjusting for age, sex, and dysar-
thria severity. Middle bars represent median, and rectangles repre-
sent the interquartile range. Maximum and minimum values are by
error bars. Outliers are marked as dots. VSA = vowel space area;
FRI = formant ratio index; SFRI = second formant ratio index;
Hypo-spast-atax = Hypokinetic—spastic—ataxic dysarthria.
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type, dysarthria type, or dysarthria severity. The discrimi-
nant analysis classification showed a score of up to 41.0%
for the type of neurological disease, 39.3% for dysarthria
type, and 49.2% for dysarthria severity. One might thus
assume that vowel impairment appears to be more distinc-
tive to dysarthria severity compared to a specific diagnosis
of disease or dysarthria subtype. However, these results
need to be put in context with the probability of correct
factor identification by chance, which showed 5.3% accu-
racy for disease type, 4.2% for dysarthria type, and 19.8%
for dysarthria severity (i.e., approximately equal to the
number of groups across each investigated factor). Bearing
this in mind, the best ratio between correct classification
and identification by chance could be obtained for dysar-
thria type, although none of the three factors gained supe-
rior classification performance. Despite some differences
observed in this study that might contribute to the differ-
ential diagnosis of dysarthria or disease etiology, we may
assume that imprecise vowels represent a universal sign of
articulatory disorder showing severity-related variations
within several different types of dysarthria. This finding is
perhaps not surprising as acoustic similarity across etiolo-
gies and types of dysarthria has already been assumed not
only for vowel space but also for other acoustic measures
such as speaking rate or voice onset time (Weismer, 2006).
Indeed, accumulating evidence supports the view that vari-
ous neuropathologies might similarly affect neuromotor
control of speech production, leading to similar manifesta-
tions for certain speech aspects at the acoustic surface
(Y. Kim, Kent, & Weismer, 2011). On the other hand, the
combination of vowel articulation characteristics with
other distinct cues that are pathognomic for a specific type
of dysarthria, such as strained-strangled voice, slow rate,
and reduced loudness variability in spastic dysarthria or
normal rate and excessive loudness variability in ataxic
dysarthria, might considerably increase correct classifica-
tion to dysarthria type or disease etiology.

Algorithm Performance

Although articulatory deficits represent the main
speech impairment characteristic of most dysarthrias,
automated methods for assessing articulatory deficits from
connected speech are scarce. In this study, we provided a
fully automated approach to assessing the “undershoot of
vowels” applicable across various neurological diseases,
different dysarthrias, and a wide range of severity, from
healthy speech to severe dysarthria. In particular, there
are two main sources of errors including incorrect pho-
neme recognition (16% error based on 1-F-score) and
incorrect formant tracking (7% error for F, and 16% error
for F, based on NRMSE). However, the combination of
both these error sources leads to an even lower accuracy
of the algorithm. Therefore, to provide reliable vowel
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Figure 9. Corner vowel production triangles estimated from monologues for different dysarthria severities compared to healthy controls. The
arrows indicate significant differences in the values to healthy controls adjusted by age and sex, with three, two, and one arrows referring to
p < .001, p < .01, and p < .05, respectively. To minimize the effects of sex between individual speakers, the estimated formant frequencies
were converted into a logarithmic tonal scale (semitones). F; = first formant frequency; F, = second formant frequency.
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articulation metrics, our algorithm involved multiple levels
of error correction such as outlier exclusion and correction
of vowel identification by clustering. As a result, we
reached the resulting accuracy of 77% (i.e., 23% error
based on 1-F-score), which we believe is a very promising
accuracy given a large number of etiologies and dysarthria
severities involved. In addition, there are limitations in the
accuracy of available technologies for phoneme recogni-
tion and formant tracking, even for healthy speech. For
instance, it might be assumed that the solution toward
better accuracy would be to change the formant tracker,
yet all available open-source formant trackers were found to
have similar detection performance (Schiel & Zitzelsberger,
2018). Considering the shape of the resulting vowel areas,
the most considerable discrepancy between automated and
manual labels was for F; estimation across vowels /i/ and

/u/. Whereas the automated method tended to capture
lower F; of vowels /i/ and /u/ with increasing dysarthria
severity, the hand-labeled method did not find any change
in F; or even increased F; due to dysarthria (Roy et al.,
2009; Rusz et al., 2013; Skodda et al., 2011). Therefore, in
comparison to the vowel articulation index that is most
widely used in the literature (Roy et al., 2009; Rusz et al.,
2013; Skodda et al., 2011), we proposed an alternative FRI
that reflects the dysarthria-related lowering of F; in vowels
/il and /u/ as captured by automated method. The inconsis-
tency between manual and automated labels might be
caused by an incidental formant tracker confusion of F; as
the fundamental frequency and its harmonics close to F; of
vowel /i/ and /u/. The SFRI, based only on F, values
showed similar classification accuracy to detect neurological
disease type or dysarthria type and even slightly better

Table 4. Formant frequencies of corner vowels estimated from monologues for different dysarthria severities compared to healthy controls.

/al i/ u/
M (SD) M (SD) M (SD)
Semitones Semitones Semitones

Dysarthria

severity F, F> F» F, F,
Controls 41.91 (2.6) 53.92 (2.1) 29.93 (2.3) 62.37 (1.6) 30.96 (1.6) 46.60 (1.8)
Mild 41.71 (2.9) 53.90 (1.6) 29.26 (2.0) 61.84 (1.6) 30.36 (1.6) 47.47 (2.2)
Moderate 41.41 (3.2) 54.03 (2.3) 29.05 (2.6) 61.89 (1.7) 29.86 (2.5) 48.09 (1.9)
Severe 41.78 (3.9) 54.15 (1.8) 28.84 (2.8) 61.73 (1.5) 29.72 (2.4) 47.93 (2.6)

Note. To minimize the effects of sex between individual speakers, the estimated formant frequencies were converted into a logarithmic
tonal scale (semitones). Hertz to semitone formula: f(semitone) = 12*((log*f(Hz)/60)/log(2)). F1 = first formant frequency; F, = second formant

frequency.
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Figure 10. Statistically significant group differences for estimated
articulation features in monologues among the different dysarthria
severities compared to healthy controls adjusted by age and sex
with =, ** * referring to p < .001, p < .01, and p < .05, respec-
tively. Middle bars represent median, and rectangles represent the
interquartile range. Maximum and minimum values are by error
bars. Outliers are marked as dots. VSA = vowel space area; FRI =
formant ratio index; SFRI = second formant ratio index.
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accuracy to detect dysarthria severity compared to FRI
based on both F; and F,, suggesting SFRI as a suitable
alternative to measure vowel articulation deficits. Thus,
impairment of vowel articulation in neurodegenerative

diseases can be tracked solely by changes in F, frequencies
that are related to particular deficits in frontward/backward
tongue movements. However, automated method achieved
an increased inaccuracy in F, estimation of vowel /u/, with
tendency to capture lower values compared to hand-label-
ing. Since the observed effects of etiology, dysarthria sub-
type, and severity were largely reflected by shifts in both
formants of vowel /u/, we cannot exclude that these
changes could be partially attributed to artifacts related to
inaccurate formant tracking rather than actual disease
effects. On the other hand, we believe that the automated
method’s error bias is not specific for etiology or dysarthria
subtype and is generally the same for dysarthric and
healthy speech, therefore not significantly accounting for
the group differences.

Limitations of This Study

This study has certain limitations. Eight groups of
patients were selected to cover a wide range of the com-
mon movement disorders associated with different patho-
physiology responsible for the occurrence of vowel articu-
lation impairment. Several of these etiologies showed dif-
ferent types of mixed dysarthria, leading to a smaller sam-
ple size for specific dysarthria subtypes. Additional better-
sampled investigations with participants having different
disease types, and possibly different dysarthria types, are
required to confirm and further extend our findings. The
study is based solely on the Czech language; thus, the lan-
guage independence of the applied methods should be ver-
ified in future studies. Nonetheless, a recent multilanguage
trial in PD revealed broadly similar profiles of dysarthria
across multiple languages (Rusz et al., 2021). In addition,
the formant tracker utilizing Burg’s algorithm is consid-
ered language independent. The phoneme recognizer used
in this study can be easily substituted for a universal rec-
ognizer that supports most of the world’s languages (Li
et al., 2020; Y. Liu et al., 2021). Subsequently, it is note-
worthy to point out that shifts in formant frequencies and
reductions in vowel space might occur due to other condi-
tions than dysarthria such as differing dialect (Williams &
Escudero, 2014), behavioral accent (Kamiloglu et al.,
2020), or stuttering-like behavior (Blomgren et al., 1998).
We strived to minimize these effects by investigating sub-
jects of the same dialect via an emotionally neutral con-
text of monologue. From the etiologies investigated, the
stuttering-like behavior is common only in PSP and very
rare in de-novo PD (Rusz et al., 2015; Tykalova et al.,
2015). However, the severity of vowel articulation impair-
ment in PSP was not principally different from MSA,
which is also atypical parkinsonism without the occur-
rence of dysfluency but with a similar dysarthria type and
severity (Rusz et al., 2015), suggesting that affected vowels
are mainly a consequence of dysarthria itself. Finally, our
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Table 5. Classification analysis for the formant features for monologues.

% VSA FCI SFCI Random vector
Neurological disease type 5.0 39.7 38.8 5.3
Dysarthria type 5.0 37.0 37.3 4.2
Dysarthria severity 39.9 46.8 49.2 19.8

Note. The numbers indicate the percentage of subjects correctly identified by the discriminant analysis as original groups. Bold numbers
indicate the best accuracy across neurological disease type, dysarthria type, and dysarthria severity. Random vector refers to the experi-
mental results regarding probability of correct factor identification by chance. VSA = vowel space area; FRI = formant ratio index; SFRI =

second formant ratio index.

algorithm was tested only with data acquired via a profes-
sional microphone without any disruptive noise. There-
fore, future studies should evaluate the vowel articulation
algorithm performance via a low-quality microphone, such
as within smartphones in natural environments (Rusz
et al., 2018).

Conclusions

This study represents an insight into the imprecise
vowel articulation as a consequence of impairment of fine
voluntary movements in a wide range of progressive neu-
rological diseases with various etiologies and stages. We
found that an automatized approach could reliably esti-
mate vowel articulation features from natural connected
speech regardless of the disease localization in the nervous
system (pyramidal tract, basal ganglia, cerebellum, and
cranial nerves), etiology (neurodegeneration and autoim-
mune disorder), and different degrees of disability. How-
ever, the specific tongue movement reflected by formant
measures differed across some etiologies and dysarthria
types independently on dysarthria severity. Therefore,
acoustic analysis of vowel articulation may provide a
practical tool not only for monitoring the efficacy of
future experimental disease-modifying treatments and
speech therapy but also for delivering clues for differential
diagnosis. Future longitudinal studies should corroborate
the sensitivity of vowel articulation deficits to disease pro-
gression among progressive disorders.
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Effect of Ageing on Acoustic Characteristics of Voice Pitch and

Formants in Czech Vowels

*Tereza Tykalova, *'Dominik Skrabal, *Tomas Boril, *“Roman Cmejla, *Jan Volin, and *Jan Rusz, *}iPrague, Czech

Republic

Summary: Background. The relevance of formant-based measures has been noted across a spectrum of medi-
cal, technical, and linguistic applications. Therefore, the primary aim of the study was to evaluate the effect of
ageing on vowel articulation, as the previous research revealed contradictory findings. The secondary aim was to
provide normative acoustic data for all Czech monophthongs.

Methods. The database consisted of 100 healthy speakers (50 men and 50 women) aged between 20 and 90.
Acoustic characteristics, including vowel duration, vowel space area (VSA), fundamental frequency (f,), and the
first to fourth formant frequencies (F;—F,) of 10 Czech vowels were extracted from a reading passage. In addi-
tion, the articulation rate was calculated from the entire duration of the reading passage.

Results. Age-related changes in pitch were sex-dependent, while age-related alterations in F»/a/, Fo/u/, VSA, and
vowel duration seemed to be sex-independent. In particular, we observed a clear lowering of f, with age for
women, but no change for men. With regard to formants, we found lowering of F»/a/ and F,/u/ with increased
age, but no statistically significant changes in F{, F5, or F4 frequencies with advanced age. Although the altera-
tions in F; and F, frequencies were rather small, they appeared to be in a direction against vowel centralization,
resulting in a significantly greater VSA in the older population. The greater VSA was found to be related partly
to longer vowel duration.

Conclusions. Alterations in vowel formant frequencies across several decades of adult life appear to be small or
in a direction against vowel centralization, thus indicating the good preservation of articulatory precision in older

speakers.

Key Words: Aging—Czech—Formant—Vowel—Acoustic analysis—Fundamental frequency.

INTRODUCTION
The quality and intelligibility of each vowel can be described
mainly by its formant structure but also by the fundamental
frequency (f,) and vowel duration." While the first (F,) and
second (F»,) formant frequencies are essential for phonemic
recognition of various vowels,” the higher third (F5) and
fourth (F,4) formants contribute mainly to the expression of
emotions."’ From a physiological point of view, F; and F,
frequencies reflect primarily tongue position and lips round-
ing' while F5 and F, are thought to be related mainly to lip
spreading or protrusion.”” Since F, and F, frequencies have
a well-defined acoustic-articulatory relationship, they were
used for the definition of several derived metrics (see” for an
overview). Among these, the most frequently reported
acoustic measure was probably the vowel space area (VSA),
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typically calculated as the area of a triangular or quadrilat-
eral polygon formed by the corner vowels in the two-dimen-
sional formant plane (F; x F,), three-dimensional formant
space (F; x F, x F3), or potentially the four-dimensional
formant hypercube (F; x F, x F3 x F,), but the first of
these is the most commonly used.” VSA is supposed to reflect
the articulatory extrema of vowel production.” Therefore,
vowel centralization, which is caused due to the limited artic-
ulatory range of motion (ie, formants with naturally higher
frequencies tend toward lower frequencies, and formants
with naturally lower frequencies tend toward higher frequen-
cies), can be captured well by a reduced size of the VSA.
From a clinical perspective, the evaluation of formant fre-
quencies, VSA, or similar formant-based measures has
proved its feasibility in many fields; specifically, they might
be used to evaluate the effect of voice and speech therapy,”™’
to serve as an early marker of Parkinson’s disease® or other
neurological conditions,’ to ease the diagnosis of obstructive
sleep apnoea,'’ and to monitor disease progression or the
effect of drug introduction in neurodegenerative condi-
tions.'"!? Furthermore, the relevance of vowel formant
measurements has also been noted across a spectrum of tech-
nical and linguistic applications, including automatic speech
recognition,13 age and sex identification,'* forensic science, '’
dialect assessment,'®'” and second-language studies.'®

AGE-DEPENDENT ACOUSTIC CHARACTERISTICS
The elderly population is increasing dramatically across the
world; as a result, the number of elderly subjects with speech
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and/or language disorders has also increased rapidly. Never-
theless, natural alterations in voice and speech also occur in
healthy populations, and are attributed to anatomical and
physiological changes in the larynx and other speech-related
structures. For example, the speech performance of elderly
people might be affected by worsening physiological condi-
tions represented by factors such as longer processing times,
reduced sensory feedback, general neuromuscular slowing,
or peripheral degeneration of the speech mechanism.'” In
addition, sex-related differences might also occur between
the sexes as a result of different laryngeal lowering and vocal
tract lengthening, different rates of ageing, or the hormonal
effects of menopause in women.”"*!

Knowledge about the magnitude of physiological voice
and speech alterations is essential for differentiating normal
from pathological utterances. In fact, numerous studies have
investigated the effect of ageing on speech production in order
to identify specific speech alterations that commonly occur in
healthy older adults.”'?~** It has been noted that, regardless
of sex, people tend to have slower speaking and reading rates
as they age,' " and produce longer vowel segments.”**>*°
Based on the results of both cross-sectional and longitudinal
studies, the f, in older women has been shown to decrease
significantly.”’***"*! However, the findings for the male pop-
ulation are somewhat inconsistent, as f, is reported to
decrease significantly,””’ remain unchanged”® or even
increase markedly’'***" with advanced age. Considering
age-related changes to F; and F» frequencies, the majority of
the previous studies have observed vowel-specific alterations
that are unique to male and female populations.”"***
These changes in spectral patterns have been further hypothe-
sized to be related to vowel centralization®*" that is present
due to neuromuscular changes affecting the rate and precision
of articulatory movements, or a general decrease in F; and F,
frequencies that is mainly attributed to vocal tract lengthen-
ing.”* However, more recent studies”*”™’' do not appear to
confirm these assumptions, as they have revealed no changes
in F; and F, frequency for men or women over the age of
60,>>! nor of the trend towards VSA reduction.”*** In addi-
tion, the study published by Fletcher et al* revealed a signifi-
cant relationship between speakers’ average vowel durations
and their VSA, indicating that speakers who had longer
vowel durations produced vowels that were more spectrally
distinct. Thus, some authors have suggested that a habitually
slower speaking rate may be an effective compensatory mech-
anism that some speakers use to maintain acoustically distinct
speech segments.”” Finally, to the best of our knowledge, the
age-related changes in F3 and F4 have not yet been investi-
gated thoroughly, with only a very few studies generally
reporting no age-related changes in higher formants.”***
Therefore, further research should be conducted in order to
clarify these ambiguous findings.

CHARACTERISTICS OF CZECH VOWELS
Czech is a western Slavic language of the Indo-European
family, and is spoken by nearly 10 million people in the

Czech Republic and about two million people living
abroad.'® Compared to most other European countries, the
Czech Republic does not exhibit large variations in local or
social accents. Absence of such variations can be explained
by the geographical compactness and relatively small size of
the entire territory, combined with the traditionally unre-
strained mobility of the population. Only the borders of the
Czech territory, which are relatively sparsely populated, can
claim to host true accents. The political development in
recent decades and the influence of the media have also pre-
vented the development of salient sociolects. However, rem-
nants of local pronunciation features can still be traced in
some regions such as southern Moravia or Silesia. Standard
Czech pronunciation is based on the original accents of
Central Bohemia—the region most densely populated and
with the greatest political power.

The Czech vowel inventory contains 10 monophthongs
and three diphthongs. The monophthongs consist of five dif-
ferent vowel qualities /a/, /e/, i/, lo/ and /u/, occurring in two
quantities as short and long. The long vowels are about
1.7 times longer than their short counterparts.”> With the
exception of /1/ and /iz/, in which the short vowel is noticeably
less close and more central than is the long one,™ the pairs of
short and long vowels are assumed to have similar spectral
patterns.'® However, only a few previous studies’ ' have
focused on the acoustic investigation of formant frequencies
in Czech. These studies are further limited by the inclusion of
a small number of nonrepresentative groups of subjects of a
similar age and work status, such as university students’>’
or professional actors.’® Moreover, these studies have only
analyzed F; and F, frequencies while neglecting higher for-
mants,” >’ have only considered short vowels,*>*® and have
only provided reference values for men.’” Since there is tre-
mendous phonetic diversity in the languages of the world and
Czech belongs to underdocumented languages, there is a
need for the definition of representative, normative acoustic
data.

AIMS OF THE STUDY
The aim of the current study was to examine the acoustic
characteristics of vowels in healthy Czech native speakers
aged from 20 to 90 in order to evaluate the effect of ageing
on vowel articulation. An additional aim was to provide
normative data for Czech vowels. We decided to use a read-
ing passage to create a more natural condition of connected
speech while simultaneously maintaining a standardized
speaking task. The set of acoustic characteristics chosen
included f,, F;, F», F3, F4, VSA, vowel duration, and articu-
lation rate. Since most of the previous studies,”'**>*~27-3
with the exception of the study published by Sebastian
et al’' who focused only on participants aged from 60 to 80,
have reported that the f, in women and the vowel duration
in both sexes were age-dependent, we expected the same
trend in our data. With regard to formant frequencies, some
of the previous studies indicated vowel-specific alterations
in F; and F, frequencies as a function of age in at least 50%
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of the formants investigated,””*"*" while more recent stud-

ies”*** do not appear to confirm these findings. Since these
studies”**” investigated a larger cohort of participants, thus
allowing for a more appropriate statistical design, we
hypothesized that F, and F, frequencies would be age-inde-

pendent for most of the vowels.

METHODS

Participants

A total of 100 Czech native speakers (50 men and 50
women) were recruited for the study. All the participants
provided written, informed consent for the recording proce-
dure, and the study was approved by the Ethics Committee
of the Faculty of Biomedical Engineering at the Czech
Technical University in Prague, Czech Republic. The age
distribution in both sexes was balanced, with the males’
ages ranging from 20 to 87 (mean 52.7 & SD 20.1) years,
and the females’ ages ranging from 20 to 89 (53.2 £+ 19.8)
years. In addition, the age of each speaker in the male and/
or female groups was different in order to provide a greater
diversity of ages. The separate age distributions for the sexes
are presented in Figure 1. The frequency of man and woman
was similar in each age group. In particular, the percentage
of men was 53% in 20—29 age group, 50% in 30—39 age
group, 46% in 40—49 age group, 53% in 50—59 age group,
44% in 60—69 age group, and 52% in 70—89 age group. All
the participants had completed 8§ years of elementary educa-
tion as a minimum, but most of the participants had higher
educational levels (there were sociodemographic develop-
ment disadvantages for the older generations—higher edu-
cation was generally unavailable to them due to the political
situation). All the participants were from the middle or
upper-middle socioeconomic class, and had been living per-
manently or studying in Prague or in the Central Bohemian
region for a minimum of 4 years at the time of recording.
None of the participants was employed in professions that
required the professional use of the voice such as acting,
singing, or speech-language pathology. None of the partici-
pants suffered from depression or cognitive deficits that
could have interfered with the recording procedure. To
ensure a relatively homogenous database, all the partici-
pants were subject to a short interview and a careful, audi-
tory-based dialect assessment was performed by a Czech
phonetic specialist (JV) based on the reading text and on a

Male population

A~ o @

Frequency
N

R
=]
w
=]

40 50 60 70 80 90
Age (years)

Frequency

monologue. Speakers who displayed clear traces of regional
pronunciation were excluded from the analyses. All the par-
ticipants spoke the standard language. The exclusion crite-
ria for the participants were:

® a strong regional dialect;

e a history of developmental stuttering or other speech
and/or language disorders;

e the use of hearing aids or medically diagnosed hearing
loss;

® a history of neurological disorders;

® the current use of antidepressants or antipsychotics;
and

® a history of excessive smoking (defined as more than 20
cigarettes per day for at least 3 years).™

Recording procedure

The audio data were recorded in a quiet room with a low
level of ambient noise (< 40 dBA) using a head-mounted
condenser microphone (Beyer dynamic Opus 55, Heilbronn,
Germany) that was placed approximately 5 cm from the
corner of the subject’s mouth with 70° angle. The speech sig-
nals were sampled at 48 kHz with16-bit resolution. The
recordings were collected during one session with a speech
specialist (TT or DS) who explained the instructions to the
subjects. Each participant was required to complete a series
of speaking tasks including the standardized reading of a
text as part of a longer protocol lasting about 25 minutes.
There were no time limits during the recordings. All partici-
pants were asked to repeat their performance at any time if
they or the examiner were not fully satisfied with their initial
attempt. To ensure good concentration of speakers and to
minimize fatigue, the complete reading text was divided
into two passages. The first passage, which consisted of 257
words (Appendix A), was presented at the beginning of the
recording session, while the second, consisting of 313 words
Appendix B), was presented approximately 10 minutes
later. The chosen passages (see the Appendix B and the first
paragraph in the Appendix A) were extracts taken from
books written by the famous Czech writer Karel Capek. To
facilitate the reading, the final text that was used was
changed slightly from the original in some places in order to
provide familiar, up-to-date vocabulary and grammatical
structures. Since the long vowel /o:/ occurs very rarely in

Female population

A~ O @
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30 40 50 60 70 80 90
Age (years)

N
o

FIGURE 1. The age distribution of the participants.
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Czech and almost exclusively in loanwords,'® two addi-

tional, specially designed paragraphs were added in the mid-
dle of the reading text (see the second and third paragraphs
in the Appendix A). During the recording session, each
speaker was instructed to read the passages in a habitual
manner with natural tempo and volume.

Selection of the target vowels

For the purposes of this study, 10 monophthongs, including
five short vowels /a/, /€/, i/, lo/, and /u/ and their long coun-
terparts /a:/, /e:/, /i:/, lo:/ and /ui/, were of interest. Ten
occurrences of each of these vowels were predefined within
the reading passages (see the underlined vowels in Appendix
A and Appendix B). To preserve the high diversity of the
extracted vowels in order to represent the Czech language
well while simultaneously maintaining good conditions for
the evaluation of acoustic characteristics, the specific words
and/or vowels were chosen according to the following
criteria:

(1) The target words were selected from the entire duration
of the passages at various positions within the senten-
ces and intonation phrases to balance the influence of
prosodic structure.

(2) Only one vowel in any given word was analyzed.

TABLE 1.

(3) The vowels were obtained equally from both stressed
and unstressed syllables because Czech has a fixed
stress on the first syllable of the word, but no direct
reduction of vowel duration or vowel quality due to
the occurrence in unstressed syllables.*”**’

(4) To minimize the effect of coarticulation with sur-
rounding phonemes, as well as the effect of the place
of articulation, the vowels were chosen as much as
possible

(5) to follow different voiceless plosives, fricatives, affri-
cates, or no phoneme (only words at the beginning of
intonation phrases).

In order to summarize the characteristics of the vowels
analyzed, Table | presents the manner of articulation of the
preceding consonant, the place of articulation of the preced-
ing consonant, the syllable stress, the position of the target
syllable within the word, and the position of the target word
within the intonation phrase for the 10 occurrences of each
of the vowels investigated.

Acoustic analysis

Six acoustic parameters, including vowel duration, f,, F,
F», F3, and F4, were evaluated for each vowel by means of
specialized, widely used speech software PRAAT version

The Characteristics of the Preceding Consonant, As Well As the Syllable and Word Positions Related to the 10 Occur-

rences of Each Monophthong Investigated

a € 1 o) u a b i o u
Manner
Stop 7 5 2 7 5 4 8 5 7 3
Fricative 2 2 3 1 3 3 1 3 3 3
Affricative 3 3 1 1 2 - 2 2
Liquid - - - - - 1 1 - - -
No consonant 1 - 2 1 1 - - - - 2
Place of articulation
Bilabial 3 2 1 2 1 - 1 2 2 2
Alveolar 4 5 4 4 4 8 5 2 5 4
Postalveolar - 2 2 - - 1 - 3 -
Palatal - - 1 - - - - 3 - -
Velar 2 1 - 3 4 1 3 - 2 2
Glottal - - - - - - 1 - 1 -
No consonant 1 - 2 1 1 - - - - 2
Syllable stress
Stressed 5 5 5 5 4 3 4 5 5 4
Unstressed 5 5 5 5 6 7 6 5 5 6
Position of the Syllable
Beginning 5 5 5 5 5 4 4 6 5 4
Middle 2 2 2 3 - 4 2 - 5 1
End 3 3 3 2 5 2 4 4 5
Position of the word
Beginning 3 2 3 2 2 3 3 1 4 -
Middle 6 4 6 7 5 4 3 4 3 4
End 1 4 1 1 3 3 4 5 3 6
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5.4.04.*! The duration of a vowel was measured as the dif-
ference between the onset and offset of a vowel according to
the criteria summarized in.** Specifically, the vowel onset
was defined as the point of the abrupt onset of a periodic sig-
nal where the onset of f,,, F;, and F, frequencies was evident,
while the offset of a vowel was defined as the point of the
abrupt offset of the periodic signal where the F, offset was
mainly considered to be the indicator.”” The f, in Hz was
calculated as a mean value from the entire vowel duration
following the manual adjustment of the f, range for each
speaker. F, F,, F3, and F, frequencies in Hz were deter-
mined from 30-ms segment close to the middle section of a
vowel where F; and F, formant patterns were visible and
stable. In rare cases, when the steady-state segment of a
vowel was not present but F; and F, formants were clearly
visible and continuous, the 30-ms segment around the mid-
point of the vowel duration was used. All the formant fre-
quencies were extracted manually using a wide-band
spectrogram with the formant contours depicted and the
power spectral density displayed on the screen. The formant
contours were analyzed using PRAAT default settings
including the Burg method, 0.025 second duration of win-
dow length, and a maximum formant of 5000 Hz for men
or 5500 Hz for women and five depicted formants. All the
values obtained were checked with regard to phonetic
knowledge in order to search for errors in the formant anal-
ysis, such as the merged or missing formants that commonly
occur™*’ due to reasons such as very strong first harmonic
that hinders detection of a closely spaced F; or close prox-
imity of formants (eg, F, and F5 formants in vowel /iz/).” If
the examiner concluded that there was a probable formant
merge, no value was recorded for any of the higher formants
frequencies (ie, the values for F3 and F4 were not considered
in the event of an F,—F; merger). A similar approach was
applied for missing formants for example, the values of F3
and F4 were not considered in the event of a probable F3
missing formant).

The VSA was calculated based on /a/, /i/ and /u/ corner
vowels using the following formula: VSA = ABS ((F/V/
x (Folal — Folul) + Fi/al x (Folu/ — Fo/t) + Fi/u/ x (Fyli —
F./al)2).”

To determine the potential effect of speech tempo on
vowel duration, the articulation rate was calculated from
the entire reading passage as the number of words per sec-
ond after removing periods of silence that exceeded 60
milliseconds.**

Nonmeasurable data

Some acoustic variables could not be obtained from the
complete database that included 100 vowels for each sub-
ject due to various methodological constraints. Specifi-
cally, vowel duration was not assessed for 1% of the
target vowels due to misreadings. The f,, F;, and F, fre-
quencies were not found in 3%—4% of the data, mainly
due to the short duration of a vowel (< 30ms), sudden
pitch drops, or the overall weak energy of the signal.

Finally, F; and F4 formants were judged to be nonmea-
surable in 15% and 23% of the data, respectively, mainly
due to the presence of formants that were assumed to be
merged or missing. As the unmeasurable data were dis-
tributed evenly across the reading passages, at least five
occurrences of each monophthong were always available
for further analysis.

Measurement reliability

Intrajudge reliability was assessed following a reanalysis of
10% of the recordings by the same investigator (TT) who
performed the original set of measurements. A Pearson cor-
relation analysis calculated across individual vowel qualities
showed significant, positive correlations for f, (r = 0.99, P <
0.001), F; (r = 0.97-0.98, P < 0.001), F, (r = 0.93-0.99,
P < 0.001), F3 (r = 0.95-0.98, P < 0.001), and F4
(r = 0.93—0.99, P < 0.001), as well as for vowel duration
(r =0.97-0.99, P < 0.001). The mean intrajudge standard
error of measurement calculated across individual vowel
qualities was 5 + 0 Hz for f,, 8 + 1 Hz for Fy, 21 + 5 Hz for
F,, 33 &+ 14 Hz for F3, 65 &+ 23 Hz for F,_and 2 £ 1 millisec-
onds for vowel duration.

Interjudge reliability was evaluated based on reanalysis of
10% of the recordings by the second investigator (DS), who
was well trained in analyzing procedure. A Pearson correla-
tion analysis calculated across individual vowel qualities
indicated significant, positive correlations for f, (r = 0.99,
P <0.001), F; (r=0.86—0.97, P < 0.001), F, (r =0.77—0.98,
P < 0.001), F3 (r = 0.75-099, P < 0.001), and F,
(r = 0.93-0.98, P < 0.001), as well as for vowel duration
(r = 0.95-0.98, P < 0.001). The mean interjudge standard
error of measurement calculated across individual vowel
qualities was 5 + 0 Hz for f,, 13 & 2 Hz for Fy, 35 &+ 15 Hz
for F»,, 57 + 38 Hz for F5, 68 £+ 19 Hz for F4, and 3 + 1 ms
for vowel duration.

Statistical analysis

For the subsequent investigation, the final data from all the
available occurrences were averaged separately for each
speaker, acoustic variable, and monophthong. The averag-
ing of vowel formants was applied because

(a) it reduces the variability that is typical of formant fre-
quencies and controls for lexical factors of phonologi-
cal neighbourhood density, thus ensuring that all the
available occurrences within the utterance have similar
importance;

(b) it is a standard procedure that is commonly used in
many applications™”> =™ ;and

(c) it allows for a comparison with the majority of the pre-

. . . . 2
vious research in the area of vowel articulation.”">>-*

All the relevant data used for the statistical analyses are
available in supplementary material S1 Table. The Kolmo-
gorov-Smirnov test for independent samples did not reject
the null hypothesis of normal distribution. In order to
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determine the age-dependent acoustic characteristics of
vowels, we applied a 6 x 2 x 2 repeated measure analysis of
variance (RM-ANOVA) with AGE (20—29, 30—39, 40—49,
50—-59, 60—69, 70—89) and SEX (men, women) being
treated as between-group factors and VOWEL (short, long)
being treated as a within-group factor. Post hoc significance
was assessed by the Fisher least-squares difference for the
effect of AGE. The Bonferroni correction for multiple com-
parisons was applied for six tests that were conducted for
each vowel quality individually, with a corrected P thresh-
old equal to P < 0.0083 for P < 0.05. With regard to the
articulation rate and VSA, the 6 x 2 ANOVA involving the
factors of AGE (20—29, 30—39, 40—49, 50—59, 60—69, 70
—89) and SEX (men, women) was applied. Post hoc signifi-
cance was assessed by the Fisher least-squares difference for
the effect of AGE. The nominal alpha level was set at 0.05.
Statistical analyses were performed using Matlab (Math-
works, Massachusetts). The Pearson coefficient was calcu-
lated to determine correlations among the average vowel
duration calculated across all monophthongs, the articula-
tion rate, and VSA.
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RESULTS

Age-dependent acoustic characteristics

The results of the acoustic analysis of the corner vowels /a/,
/il, and /u/ for the male and female populations are pre-
sented in Figures 2—4. The comparison of speech measure-
ments for the vowels /e/ and /o/ are included in
supplementary S3 File.

For the vowel /a/, the RM-ANOVA showed a significant
effect for AGE in F, [F(5,88) = 5.1, P = 0.002, n2 = 0.23]
and in vowel duration [F(5,88) = 9.7, P < 0.001, n2 = 0.36].
Post hoc comparisons revealed significantly higher F, in 20
—29 age group compared to 40—49 (P = 0.03), 50—59 (P <
0.001), 60—69 (P = 0.004) and 70—89 (P < 0.001) age
groups as well as significantly increased vowel duration in
70—89 age group compared to 20—29 (P < 0.001), 30—39 (P
< 0.001), 40—49 (P < 0.001), 50—59 (P = 0.007), and 60—69
(P < 0.001) age groups. The significant main effect for SEX
was detected in f,,, Fy, F», F5 and F4 [F(1,88) = 90-397, p <
0.001, n2 = 0.51—-0.82], as well as for VOWEL in f,, Fy, F»,
F3, and for vowel duration [F(1,88) = 38—2396, P < 0.001,
n2 = 0.31-0.97]. Importantly, significant interaction was

250

200 [ - — — = — %

150 | é 1
100 | ]

fo/a/ (Hz)

50

1800
1600

1400

F»/a/ (Hz)

1200

1000

4500

4000

3500

Fs/a/ (Hz)

3000 "50-29 30-39 40-49 50-59 60-69 70-89

Age (years)

—aA— Women - short vowel
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FIGURE 2. The comparison of speech measurements of the vowel /a/. Mean values and standard deviations (error bars) are depicted for
both sexes (men, women), and vowel quantities (short, long), presented as a function of age.
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FIGURE 3. The comparison of speech measurements of the vowel /i/. Mean values and standard deviations (error bars) are depicted for
both sexes (men, women), and vowel quantities (short, long), presented as a function of age.

revealed for AGE x SEX in f, [F(5,88) = 3.5, P = 0.04,
n2 = 0.17]. In addition, we observed a significant interaction
for VOWEL x SEX in F; [F(1,88) = 8.3, P = 0.03, n2 =
0.09] and for vowel duration [F(1,88) = 10.3, P = 0.01,
n2 =0.11].

For the vowel /i/, a significant effect for AGE was found
in the vowel duration [F(5,88) = 5.0, P = 0.003, n2 = 0.22].
Post hoc comparisons revealed significantly increased vowel
duration in 70—89 age group compared to 20—29 (P <
0.001), 30—39 (P = 0.02), 40—49 (P = 0.009), and 50—59
(P = 0.05) age groups. In addition, a significant main
effect was revealed for SEX in f,, F;, F,, F3 and F4
[F(1,88) = 141-365, P < 0.001, n2 = 0.62—0.81], as well as
for VOWEL in f,, F;, F,, F;, and vowel duration
[F(1,88) = 27—-829, P < 0.001, n2 = 0.23—0.90]. Impor-
tantly, we observed a significant interaction of AGE x SEX
in f, [F(5,88) = 3.6, P = 0.03, n2 = 0.17]. We also found a
significant interaction of AGE x VOWEL in F, [F
(5,88) = 4.6, P = 0.006, n2 = 0.21] associated with increase
of F, in long vowels in 50—59 male age group and of
VOWEL x SEX in F, [F(1,88) = 30, P < 0.001, n2 = 0.26].

For the vowel /u/, the RM-ANOVA showed a significant
effect for AGE in F, [F(5,88) = 4.3, P = 0.009, n2 = 0.20]
and for vowel duration [F(5,88) = 5.1, P = 0.002, n2 = 0.23].
Post hoc comparisons revealed significantly higher F, in 20
—29 age group compared to 50—59 (P = 0.05), 60—69
(P = 0.006), and 70—89 (P < 0.001) age groups as well as
significantly increased vowel duration in 70—89 age group
compared to 20—29 (P < 0.001), 30—39 (P = 0.01), 40—49
(P < 0.001), and 50—59 (P = 0.02) age groups. A significant
main effect was revealed for SEX in f,, F;, F3, F4
[F(1,88) = 106—348, P < 0.001, n2 = 0.55—0.80] and F,
[F(1,88) = 15.1, P = 0.001, n2 = 0.15], as well as for
VOWEL in F;, F,, and for vowel duration [F
(1,88) = 34—489, P < 0.001, n2 = 0.28—0.85]. Interestingly,
a significant interaction was observed for AGE x SEX in f,
[F(5,88) =4.2, P =0.01, n2 = 0.19]. Finally, we also found a
significant interaction of VOWEL x SEX in F, [F
(1,88) = 8.5, P = 0.03, n2 = 0.09] and in vowel duration [F
(1,88) = 7.8, P =0.04, n2 = 0.08].

The results of the statistical analysis for the articulation
rate and VSA are presented in Figure 5. For the articulation
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FIGURE 4. The comparison of speech measurements of the vowel /u/. Mean values and standard deviations (error bars) are depicted for
both sexes (men, women), and vowel quantities (short, long), presented as a function of age.

rate, the ANOVA showed a significant effect of AGE
[F(5,88) = 7.5, P < 0.001]. Post hoc comparisons revealed
significantly slower articulation rate in 70—89 age group
compared to 20—29 (P < 0.001), 30-39 (P < 0.001),
40-49 (P < 0.001), 50-59 (P < 0.001), and 60—69
(P = 0.004). With regard to the VSA, there was a signifi-
cant effect of AGE [F(5,88) = 2.8, P = 0.02] and SEX
[F(1,88) = 53, P < 0.001]. Post hoc comparisons revealed

@ 4.0 —®— Men
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s ,-E ]
=5 39
B2
T
249 3.0
i
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20-29 30-39 40-49 50-59 60-69 70-89
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significantly greater VSA in 70—89 age group compared
to 20—29 (P < 0.001) and 40—49 (P = 0.04) age groups. In
addition, we found statistically significant correlations
between the articulation rate and the average vowel dura-
tion (r = —0.83, P < 0.001) calculated across all mono-
phthongs, as well as between the VSA and the average
vowel duration (r = 0.40, P < 0.001).
There were no other statistically significant findings.
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FIGURE 5. The results of the articulation rate and VSA. Mean values and standard deviations (error bars) are shown for both sexes (men,

women), presented as a function of age.
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TABLE 2.
The Acoustic Characteristics of Czech Vowels for the Adult Male Population
Duration (ms) f, (Hz) F; (Hz) F, (Hz) Fs (Hz) F4 (Hz)
Mean/SD (range) Mean/SD (range) Mean/SD (range) Mean/SD (range) Mean/SD (range) Mean/SD (range)
Short
/al 62/12 (39—-84) 128/18 (89—173) 572/47 (458—674) 1316/72 2387/129 3586/241
(1139—1425) (2101-2700) (3116—4191)
/el 63/12 (42—-97) 123/19 (81—-169) 469/32 (371-538) 1658/74 2469/123 3609/218
(1514—1842) (2254—2835) (3211-4351)
hik 64/12 (40—106) 127/19 (88—173) 359/23 (304—410) 1962/112 2632/143 3685/223
(1659—2191) (2383—-3207) (3268—4348)
/o/ 63/12 (35—93) 126/20 (85—174) 460/32 (389—556) 1052/80 2391/162 3424/217
(894—1263) (2009-2735) (3079-4247)
/u/ 72/19 (38—124) 120/19 (78—164) 369/24 (329—-452) 910/81 2418/158 3437/215
(755—1085) (2128—-2779) (2876—4088)
Long
/a)  146/23 (96—208) 119/18 (82—158) 669/54 (524—768) 1257/84 2452/138 3573/269
(1086—1442) (2146—2769) (3112—4235)
/ex/  127/18 (80—165) 122/18 (85—158) 525/42 (402—610) 1659/77 2495/117 3648/246
(1531—-1835) (2306—2949) (3185—-4327)
/i 107/19 (66—155)  124/19 (83—165) 310/18 (278—366) 2206/115 2945/193 3717/255
(1871—-2402) (2526—3562) (3316—4532)
/o:/  133/23(94—194)  121/20(77-172) 465/35 (353—585) 930/78 2432/164 3369/231
(787—-1177) (2062—-2793) (3020—4314)
/u/  109/21 (65—173) 119/18 (79-161)  347/22 (320—-422) 887/94 2446/154 3476/250
(667—1096) (2144—2858) (2870—-4259)

Characteristics of Czech monophthongs
The acoustic characteristics, including the vowel duration
and f,, F|, F», F3, and F, frequencies across 10 Czech
monophthongs, are listed separately for the adult male and
female populations in Tables 2 and 3. There were no statisti-
cally significant differences in vowel duration between the

patterns of long compared to short vowel counterpart was
only found for F,/a:/, Fi/e/ Fi/ii/, F»/i/, Fylo:/ and Fifi:/
formants (supplementary material S2 Table).

DISCUSSION

sexes (two sample ¢ test: P = 0.52). The long vowels were 2.0
+ 0.3 (range 1.5—2.5) times longer than were their short
counterparts. The average values of the F; and F, frequen-
cies across 10 Czech vowels with ellipses fit to the data are
presented in Figure 6. The marked difference in the spectral

This study examined the age-related acoustic characteristics
of vowels derived from a reading passage across a group of
100 healthy Czech speakers aged between 20 and 90. The
primary aim of the study was to evaluate the effect of ageing
on vowel articulation, as the previous literature provided

F2 (HZ)
Mean/SD (range)

F3 (HZ)
Mean/SD (range)

F4 (HZ)
Mean/SD (range)

1584/104 (1336—1841)
1935/105 (1626—2137)
2279/155 (1885—2648)
1206/91 (1022—1429)
990/90 (814—1189)

TABLE 3.
The Acoustic Characteristics of Czech Vowels for the Adult Female Population
Duration (ms) f, (Hz) F; (Hz)
Mean/SD (range) Mean/SD (range) Mean/SD (range)
Short
/al 62/10 (43—86) 203/22 (127—-246) 692/57 (543—780)
/el 66/10 (48—100) 196/25 (121-247) 551/39 (464—625)
n 62/11 (45—87) 206/25 (122—256) 432/28 (384—485)
/ol 66/12 (40—98) 202/25 (119—254) 526/36 (447—621)
lu/ 68/15 (47—129) 189/24 (110—238) 423/22 (374—476)
Long
/a/  155/19 (110—203) 190/21 (117—233) 815/68 (631—925)

1%
/i
/o:/
Ju:/

=

137/17 (106—179)
108/18 (61—151)
145/21 (106—191)
115/23 (79—-169)

194/24 (116—250)
199/24 (116—243)
194/22 (115—240)
189/23 (117—-240)

651/57 (631-772)
376/34 (306—457)
537/33 (457—608)
394/26 (311-476)

1539/114 (1308—1805)

1952/113 (1727—2210)

2633/180 (2186—2991)
1073/92 (914—1295)
930/89 (758—1163)

2659/181 (2218—2985)
2787/149 (2375—-3057)
2988/152 (2554—3287)
2701/185 (2179—-3037)
2745/163 (2344—-3074)

2711/189 (2264—3092)
2820/147 (2437—-3113)
3302/187 (2902—3713)
2738/204 (2193—-3070)
2767/179 (2370—-3172)

4084/213 (3476—4671)
4103/186 (3656—4440)
4209/193 (3770—4632)
3890/183 (3534—-4435)
3925/183 (3492-4342)

4029/205 (3404—4369)
4171/179 (3719—4532)
4216/191 (3715—4607)
3833/209 (3334—-4427)
3935/210 (3496—4338)
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FIGURE 6. Average values of F; and F, across 10 Czech vowels with ellipses fit to the data presented separately for the male and female
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somewhat inconclusive findings.” In fact, knowledge about
the typical changes in voice and speech parameters is
not only essential for understanding the process of ageing,
but may also help to differentiate normal from pathological
speech. Since Czech belongs to underdocumented lan-
guages, the secondary aim was to provide normative data
for the f,, Fy, F,, F3, and F, frequencies of all Czech mono-
phthongs.

The findings of this study indicate that age-related
changes in pitch are sex-dependent, while age-related alter-
ations in F»/a/, F>/u/, VSA, and vowel duration seem to be
more consistent in both sexes. Specifically, we observed a
clear lowering of f, with age for women, but no change for
men. With regard to formants, we found the lowering of
F,/a/ and F,/u/ with increasing age, but no statistically sig-
nificant changes in F, F3, or F,4 frequencies with advanced
age. Interestingly, although the alterations in F; and F,
frequencies were rather small, they appeared to be in a
direction against vowel centralization, resulting in a signif-
icantly greater VSA in the older population. However, it
seems that a greater VSA is related partly to longer vowel
duration.

Age-dependent acoustic characteristics

In line with the previous literature,”'-**?"*!-** we observed a
significant age-related lowering of f, in women. By contrast,
no alteration of f, was found in men; this finding is consis-
tent with a study published by Eichhorn et al,”* but is incon-
sistent with other studies that reported significant decreases
or increases in the male pitch with age.”’*****"*! The f,
changes in women may be related to a number of age-
related physiologic changes, including hormonal changes
after menopause, decrease in size of the laryngeal muscles,
hardening and possible ossification of the laryngeal carti-
lages, decreased glandular function, and thickening of the
vocal folds.”* Given that only women showed a significant

effect of ageing in this study, we hypothesized that a
decrease in f, for the women may be a consequence of the
increase in vocal fold mass due to hormonal changes that
occur during menopause.*’

Across the different corner vowels investigated in our
study, a statistically significant increase in vowel duration
was revealed with advanced age for both sexes, which is in
accordance with earlier studies that reported a longer seg-
mental vowel duration in older men”*>**?’ as well as in
women.”””” The lengthening of vowel duration was most
prominent in the oldest group (aged 70—89). A strong, nega-
tive correlation between the articulation rate and the aver-
age vowel duration was found, indicating that a longer
vowel duration is associated with a slowing down of the
overall speech tempo. Similar findings were reported by
Harnsberger et al,”® who observed the lengthening of sen-
tence, word, and diphthong durations as a function of age.
Nevertheless, the effect of other factors such as preservative
coarticulation on the lengthening of vowels in older speak-
ers cannot be excluded.

Most of the previous studies found statistically signifi-
cant, age-related, and vowel-specific alterations of F; and
F, frequencies that were unique to male and female popula-
tions in at least 50% of the formants investigated.”’~*'*" By
contrast, our results indicated that F; frequency was an age-
and sex-independent parameter across all the vowels investi-
gated, while F,/a/ and F,/u/ decreased for both sexes and
F»/i/ remained unchanged. These findings are generally in
accordance with recent research® that investigated native
English speakers, in which a marked decline was only
reported for F/u/ and F/&/ in women and for F,/u/ in both
men and women. Although the observed alterations of F;
and F, frequencies in our cohort were rather small, they
appeared to be in the direction against vowel centralization,
resulting in a significantly greater VSA in the older popula-
tion. Nevertheless, as shown previously, the greater VSA is
partially related to a longer vowel duration.”" In fact, we
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also observed a positive correlation between the size of the
VSA and the average vowel duration in our speakers, thus
supporting this hypothesis. With regard to the higher for-
mants, former studies investigating F; frequency”’’>'-**
reported no change”' or a decline in only a small number of
the vowels elicited.””* As no alterations in F5 or F, fre-
quencies were revealed in our study, we agree with previous
studies””** neglecting the hypothesis of age-related vocal
tract lengthening, which should result in a decrease in all
formant frequencies. Since higher formants such as F; are
thought to be related mainly to the vocal expression of emo-
tions,” we hypothesized that no age-related alteration of F
and F4 might be related to the preserved ability of spontane-
ous use of emotion regulation tactics in older persons.’’

VOWEL x SEX interactions for Fi/a/, F»/i/, F»/u/, vowel
duration /a/, and vowel duration /u/ were revealed, indicat-
ing vowel specific physiologic differences in measurement
ranges between male and female sexes. No consistent
AGE x VOWEL interactions were observed to enable thor-
ough discussion.

Characteristics of Czech vowels

The average mean duration across all the Czech vowel qual-
ities was 65 + 3 milliseconds for short vowels and 128 + 18
milliseconds for long vowels, with no statistically significant
differences between the sexes, resulting in a duration ratio
of 1:2 for short and long monophthongs. The observed ratio
is slightly higher than it was in the previous study,” in
which the long vowels were documented as being about
1.7 times longer than their short counterparts. However, the
study by Podlipsky, Skarnitzl and Volin®® analyzed the
speech of six professional newsreaders employed by a public
broadcaster, while we examined 100 healthy speakers with
different professions. Therefore, one might expect profes-
sional newsreaders to read more quickly than would normal
speakers. With regard to the formant structure of Czech
vowels, in accordance with previous literature reporting the
short /1/ to be noticeably less close and more central than
the long /it/,** we revealed a marked difference in the spec-
tral pattern between /1/ and /i:/ that was associated with
changes in F{, F,, and F5 formant frequencies. Although we
observed some alterations in the formant structure of F;/a:/,
F/e:/, and F,/o:/, our results tended to confirm the earlier
perceptual findings that reported minor qualitative differen-
ces in the formant structure of the short and long counter-
parts of /a/, /€/, /o/, and /u/ vowels.'®

Limitations of the study

One potential limitation of this study is that the results were
based solely on an analysis of a reading passage; thus, the
current findings may differ from those obtained via different
speaking tasks. We decided to use a reading passage because
it represents a more natural task with regard to the influence
of lexical and syntactic variables compared to sustained
vowel phonation, reading a word list or reading meaningless
words in a carrier sentence. Moreover, compared to more

complex speaking tasks such as monologues, a reading pas-
sage maintains strongly standardized conditions and enables
the inclusion of less frequently occurring monophthongs in
the investigation. Admittedly, each of the speaking tasks
has both advantages as well as disadvantages. For example,
the analysis of sustained vowel phonation enables better
interlingual comparison but does not reflect common con-
nected speech well. Indeed, a previous study® showed two
times greater VSA calculated from sustained phonation
compared to sentence repetition or the reading passage.
Nevertheless, while using the reading passage, we still can-
not exclude the influence of prosodic structures and the
coarticulatory context on the acoustic characteristics of
vowels. Therefore, we decided to use diverse speech materi-
als, including various places of articulation for the preceding
consonant, and various positions of the syllables within the
word or target words elicited from different positions within
the sentence. Notably, we were also heavily limited by the
natural structure of Czech; for example, the long vowels in
Czech occur 3.5 times less frequently than do their short
counterparts, and the vowel /o:/ occurs almost exclusively in
loanwords.'® Finally, the mixed group of healthy speakers
aged between 20 and 90 may not have been the optimal age
group for the definition of normative Czech formant data
due to the possible effects of biological ageing or sociolin-
guistic differences between the age groups. The sociolinguis-
tic development of Czech within the past 80 years has been
traced in the lexical domain, but has not involved the sound
patterns of the language. Both the postwar and the post-
communist periods were more or less egalitarian rather than
being divisive in terms of language use. Not a single account
of any generational differences in the pronunciation of
vowels or consonants exists. In addition, a comparison of
the pronunciation norms across decades suggests an era
of relative stability in the vocalic and consonantal systems
of Czech.”” ™’

CONCLUSIONS
The acoustic properties of all 10 Czech monophthongs were
defined, thus allowing for a comparison with the data
reported by other investigators in relation to different lan-
guages. With regard to the effect of ageing, the alterations in
the vowel formant frequencies across several decades of
adult life appear to be small or in a direction against vowel
centralization, either because physiological ageing has little
effect on formant patterns or because individuals manage to
develop a compensatory mechanism for age-related changes
in their anatomy and physiology. Our results indicated that
an extension of the vowel duration might be such a compen-
satory mechanism, which helps older subjects to maintain
articulatory precision. Future longitudinal research is neces-
sary in order to identify possible compensatory mechanisms
for imprecise articulation. From a clinical point of view, as
we did not observe any age-related trends towards the reduc-
tion or centralization of the VSA in older speakers, and as
the decreased vowel area has been documented previously in
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the early stages of Parkinson disease” and in other neurologi-
cal conditions,”™ the analysis of individual differences in
vowel articulation and its variability may be suitable in
future for the early detection of neurodegeneration.
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APPENDIX A
The first reading passage with the labeled short and long
vowels that were used in the acoustic analyses.

I na tom, Ze clovék si opatfi psa, aby nebyl sam, je mnoho pravdy.
Pes opravdu nechce byt sdm. Jen jednou jsem nechal Mindu o
samoté v predsini; na znameni protestu sezrala véechno, co nasla, a
bylo ji pak ponékud nedobte. Po druhé jsem ji zavfel do sklepa s tim
vysledkem, Ze rozkousala dvefe. Od té doby nezistala sama ani po
jedinou minutu.Kdyz pisi, chce, abych si s ni hral. Kdyz si lehnu,
povazuje to za znameni, ze si mné smi lehnout na prsa a kousat mé
do nosu. Pfesné o piinoci s ni musim provadét Velkou Hru,pfi
niz se s velikym hlukem honime, kouSeme a kutalime po zemi.
Kdyz se ufitijde si lehnout; pak si smim lehnout i j&, ovSem s tou
podminkou, ze necham dvefe do loznice oteviené, aby se Mindé
nestyskalo.

Laktéza je mlécny cukr skladajici se z glukdzy a galaktézy, ktery
se vyskytuje v matefském mléce vSech savcll vcetné lidského.
Laktoza v matefském mléce slouzi kojencim k tvorbé nervovych
bunék predevsim pro rychle rostouci mozek. Hlavnim zdrojem
laktézy jsou mléko, jogurt, tvaroh, smetana, pudink, syr a maslo.
Vyrobky ze sdji a vSechny dalsi mlécné nahrazky z ofechi &i obilovin
laktézu neobsahuji.

Kdyz jsem se blizil k ndmeésti, jiz z dalky jsem slySel hudbu. Na
pédiu umisténém ve stfedu ndmésti tancilo a zpivalo nékolik divek.
Pred pédiem postavaly hloucky lidi, dalsi sledovali vystoupeni
z okolnich balkénd. Od pfihlizejicich lidi jsem se dozvédél, Ze zde
probiha celostatni soutéz v solovém a chdrovém zpévu. Rozhodl
jsem se chvili zlstat a vychutnal atmosféru.

APPENDIX B
The second reading passage with the labeled short and long
vowels that were used in the acoustic analyses.

Kdyz clovék poprvé vsadi do zemé sazenicku, chodi se na ni divat
tfikrat denné: tak co, povyrostla uz nebo ne? I taji dech, naklani se
nad ni, pfitlaci trochu pédu u jejich kofinkd, nacechrava ji listky a
vibec ji obtézuje riznym konanim, které povazuje za uZiteCnou
péci. A kdyz se sazenickapresto ujme a roste jako z vody, tu clovék
zasne nad timto divem pfirody, ma pocit ¢ehosi jako zézraku a pova-
Zuje to za jeden ze svych nejvétsich osobnich éspéchd.

Pozdéji je to uz jiné; pozdéji clovék osadi svij zahon s expertni
nedbalosti, tak, a ted uka, co dovedes. Kdyz se néktera sazenicka
nepovede, pokréi nad ni rameny; je to jeji vina. A Ze ty druhé rostou,

inu, to je samoziejmé; udélal jsem jim dobrou pudu, tak co; byl by
jen holy nevdék, kdyby nerostly.

Kdyz clovék jede poprvé v Zivoté za hranice své vlasti, citi pre-
devsim strach z toho neznama, do kterého se vrha, ale nedava to
pFilis najevo. Za druhé citi ohromnou odvahu k dobrodruZstvi,
pychu dobyvatele a statecnost objevitele; ma v sobé malou dusicku,
ale nesmirné jaksi nacepyrenou a nadouvajici se témér bolestné.
Abyste védéli, ja jedu do Sirého a ciziho svéta; ja nejsem jen tak
nékdo, nybrz veliky dobrodruh.

A kdyz ¢lovék takto jede po desaté nebo po dvacaté, stahne si
cestovni cepici do o¢i, zalozi ruce a oddava se jakémusi sebeli-
tovani. Boze, jaka otrava, jaka obtiz! Zas abych se tloukl po vSech
gertech a dablech, mél nepfijemnosti s celniky, musel ménit penize
a hledal nocleh v hotelu, ktery neznam. Cert mi byl dluzen tuhle
cestu.

A tak je to se v&im, krom narozeni a smrti; to oboje ma Clovek,
bohudik, odbyto hned napoprvé. V tom pak je celd rovnovéaha a
vyvazenost Zivota: ze totéz, co jedna cast lidi déla po prvé, s
objevitelskym zapalem a dzasem, druha ¢ast déla po sté, zamlkle,
nerada a s rutinou starého navyku.
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