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Jan Rusz, PhD ,1,2 Jan Hlavnička, PhD,1 Michal Novotný, PhD,1 Tereza Tykalov�a, PhD,1

Amelie Pelletier, PhD,3,4 Jacques Montplaisir, MD, PhD,4 Jean-Francois Gagnon, MD, PhD,4

Petr Dušek, MD, PhD ,2 Andrea Galbiati, MD ,5 Sara Marelli, MD,5 Paul C. Timm, MD,6,7

Luke N. Teigen, M,6,7 Annette Janzen, MD,8 Mahboubeh Habibi, MD,8

Ambra Stefani, MD, PhD,9 Evi Holzknecht, MD,9 Klaus Seppi, MD, PhD,9

Elisa Evangelista, MD,10 Anna Laura Rassu, MD,10 Yves Dauvilliers, MD, PhD ,10

Birgit Högl, MD, PhD,9 Wolfgang Oertel, MD, PhD,8 Erik K. St. Louis, MD, PhD ,6,7,11
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Objective: This multilanguage study used simple speech recording and high-end pattern analysis to provide sensitive
and reliable noninvasive biomarkers of prodromal versus manifest α-synucleinopathy in patients with idiopathic rapid
eye movement sleep behavior disorder (iRBD) and early-stage Parkinson disease (PD).
Methods: We performed a multicenter study across the Czech, English, German, French, and Italian languages at 7 centers
in Europe and North America. A total of 448 participants (337 males), including 150 with iRBD (mean duration of iRBD
across language groups 0.5–3.4 years), 149 with PD (mean duration of disease across language groups 1.7–2.5 years), and
149 healthy controls were recorded; 350 of the participants completed the 12-month follow-up. We developed a fully auto-
mated acoustic quantitative assessment approach for the 7 distinctive patterns of hypokinetic dysarthria.
Results: No differences in language that impacted clinical parkinsonian phenotypes were found. Compared with the
controls, we found significant abnormalities of an overall acoustic speech severity measure via composite dysarthria
index for both iRBD (p = 0.002) and PD (p < 0.001). However, only PD (p < 0.001) was perceptually distinct in a
blinded subjective analysis. We found significant group differences between PD and controls for monopitch
(p < 0.001), prolonged pauses (p < 0.001), and imprecise consonants (p = 0.03); only monopitch was able to differenti-
ate iRBD patients from controls (p = 0.004). At the 12-month follow-up, a slight progression of overall acoustic speech
impairment was noted for the iRBD (p = 0.04) and PD (p = 0.03) groups.
Interpretation: Automated speech analysis might provide a useful additional biomarker of parkinsonism for the assess-
ment of disease progression and therapeutic interventions.
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Given that disease-modifying treatments aimed at
slowing or even halting neurodegeneration in dis-

eases such as Parkinson disease (PD) are currently under
development,1 access to sensitive and reliable quantitative
biomarkers of progression to establish the efficacy of such
therapies is becoming ever more crucial. The optimal time
to introduce disease-modifying therapies is likely to be the
prodromal period.2–4 Idiopathic or isolated rapid eye
movement sleep behavior disorder (iRBD) is a prodromal
marker of synucleinopathies that have a high risk
(>70–80%) of developing into overt neurodegenerative
synucleinopathies, such as PD or dementia with Lewy
bodies.5–11

Speech represents the most complex quantitative
marker of motor function, and it is sensitive to damage of
the neural structures.12 Half a century ago, Darley and
colleagues,13 in their landmark study, noted that the
majority of PD patients develop hypokinetic dysarthria,
characterized mainly by monopitch and monoloudness
(which contribute to reduced stress production), imprecise
consonant articulation, inappropriate silences, harsh voice,
and deficient speech timing. Recent evidence based on the
Czech language showed that subliminal speech abnormali-
ties in patients with iRBD could be detected using objec-
tive acoustic analysis.14,15 Furthermore, longitudinal
observation based on clinical assessment of subjects with
iRBD has shown that speech/bulbar changes are the first
motor signs to emerge, developing ≤10 years before the
diagnosis of PD and before evident rigidity, gait abnor-
malities, or limb bradykinesia.16

Phonemic variability across different languages
imposes considerable practical challenges for the develop-
ment of a unified speech assessment framework. This vari-
ability is restricted by a set of universal principles. For
instance, English is a Germanic language characterized by
frequent consonant clusters, whereas Italian is a Romance
language that has a prevalent consonant–vowel syllable
structure and fewer consonant clusters.17 Thus, languages
containing more complex consonant clusters might pre-
sent more challenges for PD patients. The available evi-
dence about speech dysfunction in PD is based mostly on
single language assessments,18 and the extrapolation of
findings from existing studies is problematic because
of the lack of standardization among speech assessments.
Although very high accuracy of acoustic analysis in differ-
entiating PD patients from controls has been
demonstrated,18 the vast majority of existing studies have
relied on cross-sectional data to infer usefulness. Such
inferences introduce the risk of overestimating the sensitiv-
ity of speech measures.19 Therefore, confirmation of the
stability of speech assessment from longitudinal studies

over durations relevant to clinical trial time lines is
essential.

This article reports the results of the first multi-
language longitudinal observational study aimed at
advancing the understanding of possible language-specific
and pathophysiological differences in motor speech disor-
ders in iRBD and in early manifest PD. We used a proto-
col designed to mimic a clinical trial, including such
aspects as rapid data acquisition, rigorous quality assurance
and quality control, and blinded (fully automated) and
centralized acoustic speech data analysis. We aimed to
assess: (1) in what way motor speech abnormalities might
differ across 5 Indo-European languages, (2) which speech
patterns are most sensitive for iRBD and early-stage PD,
and (3) whether speech analyses are able to detect progres-
sion at a 12-month follow-up assessment.

Subjects and Methods
Study Design and Participants
We examined participants from 7 centers (Medical University of
Innsbruck, Innsbruck, Austria; University of Marburg, Marburg,
Germany; San Raffaele Hospital, Milano, Italy; Gui-de-Chauliac
Hospital, Montpellier, France; the Research Institute of the
McGill University and the CIUSSS-NIM Hôpital du Sacré-
Coeur of Montréal, Montreal, QC, Canada; Charles University
and General University Hospital, Prague, Czech Republic; and
the Mayo Clinic, Rochester, MN, USA) at baseline and after
12 months. Five languages belonging to 3 groups of
Indo-European language families, namely Slavic (Czech),
Germanic (English and German) and Romance (French and Ital-
ian), were investigated. Each of the participants was a fluent
speaker of 1 of the included languages. Our recruitment target
for baseline was 90 individuals per language, comprising
30 healthy controls, 30 individuals with iRBD, and 30 individ-
uals with early-stage PD. We matched the groups by monitoring
the group means for age and sex across each individual language
as recruitment progressed. The baseline data were collected
between May 2017 and March 2019, and follow-up data were
gathered between April 2018 and February 2020.

Patients with iRBD were diagnosed according to the diag-
nostic criteria of the third edition of the International Classifica-
tion of Sleep Disorders, including videopolysomnography.20 The
inclusion criteria for iRBD were as follows: (1) onset of rapid eye
movement sleep behavior disorder (RBD) after 50 years of age;
(2) no history of communication disorders (ie, problems in
speech comprehension or expression) that would interfere signifi-
cantly with the recording protocol, or other significant neurologi-
cal disorders; and (3) no history of therapy with
antiparkinsonian medication. The exclusion criterion was RBD
onset within 12 months of introduction of antidepressant treat-
ment. The PD patients were diagnosed based on the Movement
Disorder Society clinical diagnostic criteria for PD.21 All PD
patients were investigated in the morning in an off-medication
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(OFF) state (ie, after 12 hours without levodopa and 24 hours
without dopamine agonists). The inclusion criteria for PD were
as follows: (1) Hoehn & Yahr stage 1–2 in the above-defined
OFF state, (2) disease duration from diagnosis ≤5 years, (3) no
motor fluctuations or dyskinesias, (4) on a stable dose of medica-
tion over the preceding 4 weeks, (5) no history of communica-
tion or significant neurological disorders other than PD, and
(6) not currently involved in any speech therapy. The inclusion
criterion for controls was that participants had no history of neu-
rological disorders or communication disorders and no history of
parasomnias or other sleep disorders.

The study was approved by the local responsible ethical
committees on human experimentation and was performed in
accordance with the ethical standards established in the 1964
Declaration of Helsinki. It was registered under reference num-
ber NCT03133611 (April 28, 2017) at https://clinicaltrials.gov/.
Each participant provided written, informed consent.

Clinical Examination
The clinical evaluation of each subject included the following:
(1) their personal and medical history, history of drug and sub-
stance intake, and current drug usage; (2) quantitative testing of
motor and nonmotor symptoms of PD with the Movement Dis-
orders Society-Unified Parkinson’s Disease Rating Scale, Parts II
and III (MDS-UPDRS);22 (3) cognitive testing with the Mon-
treal Cognitive Assessment (MoCA);23 and (4) autonomic testing
with the Scales for Outcomes in Parkinson’s Disease-Autonomic
Dysfunction scale (SCOPA-AUT).24 All diagnoses and evalua-
tions of clinical scales were performed by a neurologist experi-
enced in movement disorders, and all of the scales were
administered using versions that had been validated across the
tested languages.

Speech Examination
Each center underwent standardized on-site speech assessment
training given by a speech specialist (J.R., M.N., or T.T.) to
ensure standardization of the recording process for comparability
across sites. Speech recordings were carried out in a quiet room
with a low ambient noise level, using a head-mounted condenser
microphone (Shure Beta 53; Shure, Niles, IL, USA) placed
approximately 5 cm from the subject’s mouth. Speech signals
were sampled at 48kHz with 16-bit resolution. We recorded
each subject during a single session in the presence of a trained
investigator, and all participants performed 4 vocal tasks, includ-
ing: (1) sustained phonation of the vowel /a/ in 1 breath for as
long and as steadily as possible, (2) fast /pa/�/ta/�/ka/ syllable
repetition ≥7 times per 1 breath, (3) reading a short paragraph of
standardized text composed of ≥80 words (ranging from 80 to
115 words, depending on language), and (4) a monologue of
approximately 90 seconds containing narration of a freely chosen
fictional story. The participants each repeated all the tasks
(except for the monologue) twice during their session. We chose
speaking tasks that can provide most of the information neces-
sary for the objective description and interpretation of motor
speech disorders.12,25

Speech Analysis
Based on the landmark work of Darley et al,13 we selected
7 speech parameters that allow quantitative objective acoustic
assessment that corresponds to the perceptual description of the
main patterns of hypokinetic dysarthria. These speech parameters
were also established in the findings of previous pilot studies on
speech disorders in iRBD and de novo PD in Czech.14,15,26 We
limited the number of acoustic parameters included in the exper-
iment to reduce the probability of a type II error and to reduce
potential overfitting for the regression analysis. These 7 chosen
acoustic parameters represented different aspects of hypokinetic
dysarthria and were found to be only weakly correlated
(Pearson: jrj < 0.38).

Harsh voice was assessed using the harmonics-to-noise
ratio (HNR) via a sustained phonation paradigm. Slow sequen-
tial motion rates were assessed using the diadochokinetic rate
(DDKR), and imprecise consonants were assessed using the voice
onset time (VOT) via the fast syllable repetition paradigm. Mon-
oloudness was assessed through the standard deviation of inten-
sity contour (IntSD), monopitch by the standard deviation of
pitch contour (F0SD), and articulation rate through the net
speech rate (NSR) via reading passage. Prolonged pauses were
assessed using the duration of pause intervals (DPI) via mono-
logue. The reading passage was preferrable for subsequent acous-
tic analyses because it better reflected the standardization
necessary for a multilanguage study. We obtained the prolonged
pauses via the monologue, which better reflected both speech
motor execution and cognitive linguistic processing. We averaged
the final speech values used for the statistical analyses across
2 repetitions to provide greater speech assessment stability. The
definitions and graphical demonstration of these 7 acoustic
parameters are summarized in Figure 1. Comprehensive algorith-
mic details on individual acoustics measures have been reported
previously.27 In addition, the testing of the accuracy of algo-
rithms for the identification of temporal intervals, pitch
sequences, and glottal cycles has been thoroughly executed in
previous studies.15,27,28 All analyses were performed
in MATLAB (MathWorks, Natick, MA).

Primary and Supporting Endpoints. For analysis using the
entire dataset consisting of all 5 languages, each of
the 7 speech parameters was converted to the z-score using
the mean and standard deviation of the control group sep-
arately for each language. The 1-sample Kolmogorov–
Smirnov test did not indicate non-normally distributed
acoustic features, which allows the proper application of z-
score transformation. Therefore, results are described for
all 5 languages combined. The primary endpoint was rep-
resented by the composite dysarthria index (CDI, rep-
resenting the overall severity of speech impairment),
which was generated by combining of the 7 acoustic
speech parameters associated with hypokinetic dysarthria
in PD. For those measures in which lower raw scores were
associated with greater severity in speech abnormalities (ie,
HNR, DDKR, IntSD, and F0SD), we reversed the z-
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scores for purposes of statistical analysis; therefore, in all
cases, higher z-scores indicate more speech impairment.
The directionality (ie, increase/decrease of each speech
parameter) was based on the previous landmark studies
using subjective evaluation,12,13 and objective acoustic
findings with regard to hypokinetic dysarthria in PD.26,29

We estimated CDI as the mean value from the 7 calculated
z-scores. The longitudinal test–retest correlation for the
CDI between baseline and follow-up speech assessment
was strong for all groups: controls (r = 0.70, p < 0.001),
iRBD (r = 0.77, p < 0.001), and PD (r = 0.78,
p < 0.001).

We created an additional supporting endpoint to
capture elements of speech that might not be captured by
the 7 acoustic parameters. This consisted of a subjective
perceptual dysarthria score (PDS), which was assessed by
3 speech specialists with >10 years of experience in motor
speech disorders (J.R., M.N., and T.T.) and by
3 Parkinson specialists with >10 years of experience in
movement disorders (P.D., J.M., and O.U.). The percep-
tual assessment was performed blindly on randomized
audio data from all 3 participant groups and from both
the baseline and follow-up data using vocal paradigms of
vowel prolongation, diadochokinetic task, and monologue.

FIGURE 1: Overview of applied acoustic measurements. [Color figure can be viewed at www.annalsofneurology.org]
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The perceptual criteria for dysarthria outlined by Darley
et al13 were used to judge the presence and severity of
speech abnormalities. The PDS was ranked as follows:
0 = normal, 1 = slight abnormal signs with ≥1 distinctive
speech dimension affected, 2 = mild dysarthria, 3 = mod-
erate dysarthria, and 4 = severe dysarthria. We estimated
the inter-rater reliability using the 2-way mixed single
score, and intraclass correlation reached a value of 0.52 for
speech specialists and 0.47 for Parkinson specialists; thus,
the final consensus PDS was calculated as the median
value of 3 perceptual ratings.

Statistical Analysis
Given the large effect size (Cohen’s f of >0.4) observed for over-
all severity of speech impairment between the iRBD and control
groups in a pilot study,14 and considering an error probability of
α set at 0.05 and a false-negative rate of β set at 0.2 (ie, power of
0.8) for the CDI, the power analysis indicated a recommended
minimum overall sample size of 66 for 3 groups (22 � controls,
22 � iRBD, and 22 � PD) for each language (ie, 330 research
subjects for 5 languages).30

We used general least-squares linear models to assess group
differences, language differences, and their interactions;
group per language interaction was used to assess whether certain
languages were more or less suitable for differentiation between
groups. To assess the associations between speech parameters
and specific clinical changes, we calculated the partial correlation.
All analyses were controlled for age, sex, and study site
(covariates). We addressed multiple comparisons via the
Bonferroni adjustment and determined estimates of p < 0.05 for
the CDI (and the PDS), p < 0.0071 (0.05/7) for individual
speech parameters, and p < 0.0125 (0.05/4) for clinical outcomes
(MDS-UPDRS parts II and III, MoCA, and SCOPA-AUT) and
their correlations with the CDI.

Informed by primary hypothesis results, we performed a
binary logistic regression followed by a leave-1-subject-out cross-
validation to assess the ability of a combination of acoustic fea-
tures to distinguish between groups (ie, sensitivity/specificity).
An overall indication of diagnostic accuracy was reported as the
area under the curve (AUC), which we obtained from
the receiver operating characteristic curve.

Results
Baseline: Participants
A total of 488 potential participants were screened, and
40 were subsequently excluded: 9 because they did not
meet inclusion criteria, 16 owing to sex and age match-up
exclusions, 7 owing to inadequate quality of the recording,
and a further 8 withdrew their consent. The final sample
comprised 448 participants, including 149 controls,
150 iRBD patients, and 149 early-stage PD patients. Par-
ticipants were equally distributed between Czech, English,
French, German, and Italian languages (Table ; Fig 2).

Baseline: Lingual Differences
No group � language interaction or effect of language
was detected for the severity of speech impairment for
either the acoustic (CDI) or the perceptual (PDS) analysis
(Fig 3). Furthermore, no group � language interaction
was seen for any individual speech dimension (Fig 4).
Across all diagnostic groups, we did find an effect of lan-
guage mainly for dimensions representing voice quality,
consonant articulation, sequential motion rates, articula-
tion rate (each p < 0.001), and loudness variability
(p = 0.006). Increased voice hoarseness was distinctive
only for the Italian language, and loudness variability dif-
fered only between Czech and English and between
German and Italian. Although consonant duration varied
across all investigated languages, we found that slower
sequential motion rates and articulation rate were specific
to the Germanic languages.

Baseline: Group Differences
Differences between diagnostic groups in overall severity
of speech impairment was detected for both the acoustic
and perceptual assessments (p < 0.001) (Fig 3). Differenti-
ation between the iRBD patients and controls was possible
only with the acoustic analysis (p = 0.002), whereas dif-
ferences between the PD patients and controls were signif-
icant for the acoustic and both perceptual analyses
(p < 0.001). We detected a relationship between acoustic
and perceptual analysis of speech specialists (r = 0.51,
p < 0.001) and Parkinson specialists (r = 0.46, p < 0.001)
and between perceptual analyses of both expert groups
(r = 0.61, p < 0.001). We did not find a correlation
between the severity of speech impairment and clinical
scales in PD or iRBD patients. Looking at individual
speech dimensions, there were significant group differ-
ences for monopitch (p < 0.001), prolonged pauses
(p < 0.001), and imprecise consonants (p = 0.03) in the
PD group compared with the controls (Fig 4). Only
the monopitch analysis showed significant differentiation
between iRBD patients and controls (p = 0.004;
see Fig 4).

Baseline: Speech Sensitivity Analysis
The acoustic speech patterns led to an overall AUC of
0.80 between PD patients and controls, an AUC of 0.65
between iRBD patients and controls, and an AUC of 0.72
between the iRBD and PD patients for all 5 languages
(Fig 5). For the PD group, the French language had the
highest AUC (0.84) compared with controls, but the score
between the languages was generally consistent, with AUC
ranging between 0.78 and 0.84. When the iRBD group
was compared with the controls, the Czech language had
the highest AUC (0.78) compared with the other
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TABLE. Demographic and Clinical Data of Participants at Baseline

Baseline Data Group Men Age,
Disease
Duration, MDS- MDS- MoCA

SCOPA-
AUT

Antidepressant
Therapy

Benzodiazepine
Therapy

Presence
of RBDa

yr yr
UPDRS UPDRS

II III

Czech HC 25 64.5/6.7 - 1.0/1.4 2.9/3.0 25.7/1.9 6.8/4.1 0 0 0

(n = 90) (83%) (52–75) - (0–5) (0–13) (19–29) (1–21) (0%) (0%) (0%)

iRBD 25 66.3/6.2 0.5/0.8 2.4/4.9 5.4/4.6 24.7/2.3 11.6/8.8 10 4 0

(83%) (52–78) (0–3) (0–26) (0–18) (16–28) (2–35) (33%) (13%) (0%)

PD 25 65.8/7.1 2.0/1.2 8.1/5.4 27.3/12.6 25.6/2.4 13.3/6.1 4 3 9

(83%) (52–77) (0–5) (0–22) (10–72) (21–29) (5–26) (13%) (10%) (30%)

English HC 18 67.8/8.1 - 0.6/1.4 0.7/1.1 26.5/3.1 6.9/5.3 2 0 0

(n = 90) (60%) (52–81) - (0–7) (0–4) (18–30) (0–22) (7%) (0%) (0%)

iRBD 21 68.3/6.5 2.4/2.5 1.6/3.3 3.1/3.8 26.5/2.9 11.1/5.7 2 3 0

(70%) (56–81) (0–9) (0–18) (0–15) (14–30) (1–25) (7%) (10%) (0%)

PD 21 69.2/5.5 2.4/1.3 8.2/5.0 19.6/12.3 25.7/3.2 10.6/5.6 0 1 3

(70%) (57–85) (0–5) (1–20) (3–56) (21–30) (1–23) (0%) (3%) (10%)

German HC 21 69.7/8.3 - 0.6/1.2 1.0/2.1 27.0/2.4 7.2/5.5 3 2 0

(n = 88) (72%) (50–82) - (0–5) (0–10) (22–30) (0–24) (10%) (7%) (0%)

iRBD 25 69.4/7.0 3.4/3.7 1.9/2.8 3.7/3.2 26.4/3.6 12.7/7.9 6 13 0

(83%) (58–85) (0–12) (0–13) (0–11) (15–30) (0–33) (20%) (43%) (0%)

PD 21 66.5/7.0 1.7/1.6 3.3/2.3 16.6/7.8 28.0/1.7 10.2/6.1 7 4 3

(72%) (52–79) (0–5) (0–9) (6–41) (24–30) (2–26) (23%) (13%) (10%)

French HC 24 69.0/6.6 - 0.7/1.2 2.2/2.6 27.7/1.7 10.3/8.7 3 0 0

(n = 90) (80%) (53–80) - (0–5) (0–10) (23–30) (1–35) (10%) (0%) (0%)

iRBD 25 68.2/6.9 3.0/2.6 1.8/2.2 4.2/3.6 26.3/2.4 10.9/5.4 8 4 0

(83%) (53–85) (0–12) (0–8) (0–11) (19–30) (3–30) (27%) (13%) (0%)

PD 23 66.0/7.9 1.7/1.4 7.8/4.9 20.8/9.5 25.8/3.2 13.7/7.8 2 0 5

(77%) (52–78) (0–5) (2–19) (8–43) (16–30) (1–30) (7%) (0%) (17%)

Italian HC 20 70.7/9.7 - 0.2/0.5 0.3/1.0 24.4/2.4 2.9/4.8 0 2 0

(n = 90) (67%) (50–94) - (0–2) (0–4) (21–30) (0–18) (0%) (7%) (0%)

iRBD 23 70.9/6.0 2.1/3.7 0.5/1.3 1.9/3.3 22.0/4.4 7.9/6.8 6 14 0

(77%) (54–79) (0–13) (0–6) (0–13) (12–30) (0–25) (20%) (47%) (0%)

PD 20 69.7/8.1 2.5/2.0 10.5/7.8 22.4/14.0 22.0/4.0 11.6/9.2 6 7 6

(67%) (50–83) (0–5) (1–33) (3–46) (14–29) (1–32) (20%) (23%) (20%)

All languages HC 108 68.3/8.1 - 0.6/1.2 1.4/2.3 26.3/2.6 6.8/6.3 8 4 0

(n = 448) (73%) (50–94) - (0–7) (0–13) (18–30) (0–35) (5%) (3%) (0%)

iRBD 119 68.6/6.6 2.3/3.0 1.6/3.2 3.7/3.8 25.2/3.6 10.8/7.1 32 38 0

(79%) (52–85) (0–13) (0–26) (0–18) (12–30) (0–35) (21%) (25%) (0%)

PD 110 67.4/7.3 2.1/1.5 7.5/5.7 21.4/11.8 25.4/3.6 11.9/7.1 19 15 26

(74%) (50–85) (0–5) (0–33) (3–72) (14–30) (1–32) (13%) (10%) (17%)

All languages HC 88 68.0/8.1 - 0.71/1.3 1.6/2.4 26.5/2.6 7.3/6.4 7 2 0

contributing (75%) (50–89) - (0–7) (0–13) (18–30) (0–35) (6%) (2%) (0%)

data at iRBD 103 68.7/6.7 2.3/3.0 1.8/3.4 3.7/3.7 25.7/3.1 10.8/6.9 24 30 0

12-mo (83%) (53–85) (0–13) (0–26) (0–18) (12–30) (0–35) (19%) (24%) (0%)

follow-up PD 85 66.9/7.3 2.0/1.4 7.1/5.5 20.9/11.5 25.9/3.0 11.5/7.0 14 11 21

(n = 350) (78%) (51–85) (0–5) (0–33) (3–72) (16–30) (1–32) (13%) (10%) (19%)

Data are the mean/SD (range) or the number (%).
aPresence of RBD was diagnosed by videopolysomnography.
HC = healthy controls; iRBD = idiopathic rapid eye movement sleep behavior; MDS-UPDRS = Movement Disorder Society Unified Parkinson’s
Disease Rating Scale; MoCA = Montreal Cognitive Assessment; PD = Parkinson disease; SCOPA-AUT = Scales for Outcomes in Parkinson’s Disease
– Autonomic Dysfunction.
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languages, with similar AUCs, which ranged between 0.66
and 0.69. When comparing iRBD with PD, the Italian
language had the highest AUC (0.83), with the AUC of
the other languages ranging between 0.72 and 0.79. The
acoustic features that contributed to the best sensitivity/
specificity were generally consistent across languages and
included monopitch, prolonged pauses, and imprecise
consonants for differentiating PD patients and controls;
harsh voice, monopitch, and articulation rate for differen-
tiating iRBD patients and controls; and harsh voice,
monopitch, articulation rate, and prolonged pauses for dif-
ferentiating iRBD and PD. On categorical analysis using
the 95th percentile of the performance by the control
group, monopitch was the most prevalent feature in the
PD group, whereas harsh voice was most prevalent in
the iRBD group. Harsh voice was also more prevalent in
the iRBD group than in PD. With regard to the

individual vocal tasks, the reading passage showed the
highest accuracy for discrimination, with an AUC of 0.78
between PD patients and controls and an AUC of 0.64
between iRBD and controls.

Follow-Up
Given that no group � language interaction was observed
for speech characteristics at baseline, we performed a
follow-up analysis across all 5 languages using the z-score
normalization based on the control mean for each respective
language. A total of 350 participants (78%) completed the
12-month follow-up assessment (11.9 ± 1.3 [range 8–18]
months). Thirty-two of 149 (21%) controls, 26 of
150 (17%) iRBD participants, and 40 of 149 (27%) PD
participants did not complete the follow-up assessment. The
lower number of completed follow-ups did not materially
alter the distribution of the variables (Table; Fig 2).

FIGURE 2: Scheme depicting enrollment of research subjects and process of acoustic and statistical analysis of speech data.
HC = healthy controls; iRBD = idiopathic rapid eye movement sleep behavior disorder; PD = Parkinson disease. [Color figure can
be viewed at www.annalsofneurology.org]
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The only significant clinical change detected was in the
MDS-UPDRS part III for both the PD group (mean increase
from baseline to follow-up: 2.8, p < 0.001) and the iRBD
group (mean increase: 1.2, p = 0.001) (Fig 6). On the sum-
mary CDI, we detected a significant progression of speech
impairment in both the PD group (mean z-score increase:
0.08, p = 0.03) and the iRBD group (mean z-score increase:
0.06, p = 0.03), but not in controls (mean z-score increase:
0.01, p = 0.64). We also observed a worsening of harsh voice
in iRBD participants (mean HNR z-score increase: 0.12,
p = 0.04). There was no significant correlation between
annual change in severity of speech impairment by acoustic
analysis and change in any clinical variables.

Discussion
This study provides the first multicenter, multilingual
standardized speech assessment of prodromal and clinical
synucleinopathy, including a 12-month follow-up. The
composite dysarthria score confirmed the presence of dis-
tinctive speech impairments in iRBD and early-stage PD
that progressed over a 12-month interval, suggesting that
our method of speech assessment could be useful as a
potential biomarker of diagnosis and progression in α-syn-
uclein-related diseases. Speech impairment in iRBD was
detectable through objective acoustic analysis, but not
through subjective perceptual analysis by experts. The
acoustic approach was effective across multiple languages,

FIGURE 3: Boxplots of acoustic and perceptual severity of speech impairment across 5 languages. Horizontal lines represent the
means, boxes represent 95% confidence interval, and whiskers represent the standard deviation. GROUP and LANGUAGE
represent main effects; no GROUP � LANGUAGE interaction was detected. Statistically significant differences between groups or
languages after Bonferroni adjustment were: *p < 0.05, **p < 0.01, ***p < 0.001. All results are adjusted for age, sex, and study
site. CDI = composite dysarthria index; HC = healthy controls; iRBD = idiopathic rapid eye movement sleep behavior disorder;
PD = Parkinson disease; PDS = perceptual dysarthria score. [Color figure can be viewed at www.annalsofneurology.org]
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which has implications for future use in multicenter clinical
trials. Vocal assessment offers intriguing potential advances
because it is inexpensive, noninvasive, and recordings can be
made digitally, even by smartphone,31 facilitating future

scalability to a larger population. Therefore, our findings sup-
port the possibility of deploying a completely automated,
objective, and validated speech signal processing approach in
future clinical trials.

FIGURE 4: Boxplots of individual acoustic speech dimensions across 5 languages. Horizontal lines represent the means, boxes
represent 95% confidence interval, and whiskers represent the standard deviation. GROUP and LANGUAGE represent main effects;
no GROUP � LANGUAGE interaction was detected. Statistically significant differences between groups or languages after Bonferroni
adjustment were: *p < 0.05, **p < 0.01, ***p < 0.001. All results are adjusted for age, sex, and study site. DDKR = diadochokinetic
rate; DPI = duration of pause intervals; F0SD = fundamental frequency variability; HC = healthy controls; HNR = harmonics-to-noise
ratio; IntSD = intensity variability; iRBD = idiopathic rapid eye movement sleep behavior disorder; NSR = net speech rate;
PD = Parkinson disease; VOT = voice onset time. [Color figure can be viewed at www.annalsofneurology.org]
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Differences between Languages
We did not find any lingual-specific differences among
measures. This is consistent with previous studies that
revealed largely similar profiles of hypokinetic dysar-
thria across languages.32,33 In the overall severity of
speech impairment and in the majority of specific
speech dimensions, the trends of speech change attrib-
utable to hypokinetic dysarthria were generally

consistent across languages among iRBD patients. All
languages showed similar discriminatory power
between the PD and control groups, with AUCs rang-
ing between 0.78 and 0.84. The only exception was
greater speech impairment for the Czech iRBD group,
who had an AUC of 0.78 between the iRBD and con-
trol groups compared with the AUC for other lan-
guages (0.66–0.69).

FIGURE 5: Sensitivity analysis across 5 languages. The left panels are for PD versus HC, the middle are for iRBD versus HC, and
the right are for iRBD versus PD. (A) Receiver operating characteristic curves with the listed AUC. (B) Speech patterns
contributing to the best sensitivity/specificity across languages. (C) Percentage of abnormal patterns according to individual
dysarthric components across all 5 languages based on comparison to the 95th percentile of healthy (left and middle panels) or
PD (right panel) speech performance. (D) Percentage of abnormal patterns according to individual vocal tasks across all
5 languages based on comparison to the 95th percentile of healthy (left and middle panels) or PD (right panel) speech
performance. The tables list cumulative AUCs across different numbers of vocal tasks. #The second most distinctive speech
dimension of reduced stress can hardly be measured by automated acoustic analysis; however, monopitch and monoloudness
contribute substantially to perceived reduced stress in PD. ALL = all 5 languages; AUC = area under the curve; CZ = Czech;
EN = English; FR = French; GE = German; iRBD = idiopathic rapid eye movement sleep behavior disorder; IT = Italian;
PD = Parkinson disease; SMR = sequential motion rate. [Color figure can be viewed at www.annalsofneurology.org]
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Among all groups (regardless of diagnosis), we found
differences for voice quality, consonant articulation, and
speaking rate. Interestingly, we found that increased
hoarseness was evident only for the Italian cohort. The
varying lingual-dependent duration of consonants seen in
the present study is well in accordance with differing voic-
ing contrast among languages,34 which contributes to the

distinctive perceptual sound of stop consonant articula-
tion. For example, the point of constriction on the tongue
is well represented by the syllable /ta/, where /t/ is apical–
dental for French, whereas the matching English conso-
nant is apical–alveolar.35 Such differences might also be
the reason for significant between-language variations in
speaking rate,36 which could be particularly responsible

FIGURE 6: Speech progression analysis from baseline (continuous line) to follow-up (dashed line) across all 5 languages depicted
using a spider plot for: (A) PD, (B) iRBD, and (C) controls. The lines demonstrate the mean values for clinical scales (left panels)
and mean z-scored values of speech variables (right panels); a higher number indicates more vocal impairment. All p-values
between follow-up and baseline are listed after Bonferroni adjustment. HC = healthy controls; iRBD = idiopathic rapid eye
movement sleep behavior disorder; MDS-UPDRS = Movement Disorders Society-Unified Parkinson’s Disease Rating Scale;
MoCA = Montreal Cognitive Assessment; PD = Parkinson disease; SCOPA-AUT = Scales for Outcomes in Parkinson’s Disease-
Autonomic Dysfunction. [Color figure can be viewed at www.annalsofneurology.org]
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for the slower oral diadochokinesis and articulation rate
we observed in the Germanic language speakers. These
findings might have implications for potential future clini-
cal trials, in which cross-language analysis to increase sam-
ple size should be performed carefully, ideally by
normalizing individual performance to a set norm that is
based on healthy speech performance within specific
languages.

Speech Biomarkers
Given that this is the largest study ever performed that
looks specifically at speech disorder in iRBD and early-
stage PD, it is likely to provide the most precise estimates
of early patterns of hypokinetic dysarthria. In early-stage
PD, the most highly affected dimensions of speech were
monopitch, prolonged pauses, and imprecise consonants,
which, for this cohort, falls well within the 5 most distinc-
tive aspects of parkinsonian dysarthria originally reported
in the perception-based landmark study by Darley et al.13

Although monopitch appears to be an early and consistent
sign of hypokinetic dysarthria that becomes evident in the
prodromal stages (ie, iRBD), changes of loudness and the
subjective perception of hypokinetic dysarthria may
develop later, in parallel with continuous PD progression.
The lack of a relationship between the severity of dysar-
thria and general motor performance supports the assump-
tion that alterations of voice and speech in PD might be
attributable, at least in part, to nondopaminergic mecha-
nisms.37 This also implies that motor and speech perfor-
mance could each be used as nonoverlapping/
complementary markers of disease severity.

Other than monopitch, it is notable that the 2 fea-
tures that best distinguished the iRBD and control groups
(ie, harsh voice and slow rate) were not significantly differ-
ent between early-stage PD and control groups. Harsh
voice occurred more frequently in iRBD than in PD. The
further decline of voice quality from baseline to follow-up
was the main factor contributing to the progression of
speech impairment in iRBD. Noting that the majority (ie,
83%) of our PD patients did not have RBD, this might
suggest that patients with iRBD may present with a
speech phenotype distinct from PD. The presence of
RBD within PD represents a subtype of disease, with
more akinetic–rigid disease, gait dysfunction, autonomic
dysfunction, and cognitive impairment.38–40 Other
research has suggested similar results; a recent
smartphone-based study found that decreased voice qual-
ity was the most distinguishing factor between the iRBD
and control groups, but not between the PD and control
groups.41 Another reason for the similarity of voice quality
in PD patients and controls might be that hoarseness in
PD patients responds to dopaminergic therapy, whereas

other features do not.42 Interestingly, although we did not
detect any significant differences in articulation rate
between iRBD and controls at baseline, slow articulation
rate is typically a speech change in mild cognitive impair-
ment43 and has been reported in dementia with Lewy
bodies.44 Therefore, the tendency toward slower articula-
tion rate in our iRBD patients might reflect a greater
degree of cognitive impairment, with a higher risk of
dementia.

Strengths and Limitations
Based on high-end pattern automated acoustic speech
analysis, we systematized characteristic perceptual vocal
changes in PD.13 In particular, we defined 7 robust speech
features with well-defined pathophysiology that are both
distinctive for hypokinetic dysarthria and only minimally
related to aging. The solution offered here does not
require large sample sizes in order to train the model for a
specific language of interest, and therefore, it is ready to
be used as a potential quantitative digital biomarker of
synucleinopathies in clinical trials. Currently, the fully
automated system used in this study remains under devel-
opment, but the free beta version is already available.45

The 7 primary speech features can also be analyzed using
widely used, freely available Praat software,46 although
hand labelling or additional user control of the analysis
might be required for some features. We should point
out, however, that use of different analytic approaches or
algorithms to quantify these speech features (for instance,
harsh voice or monoloudness) might result in different
interferences.

Our aim was not to train the model to reach the
best classification accuracy for distinguishing between PD
or iRBD and controls. Instead, we strived to provide
robust and reliable estimates of cross-language speech pat-
terns based on a simple but consistent linear separation of
the data. Based on the 7 features we investigated here, the
AUC of 0.80 that we detected for our early-stage PD
patients appears to be reasonable, especially given the mild
severity of changes on our subjective ratings (ie, a mean
perceptual score of 0.9). Furthermore, this value seems to
be compatible with a perceptual study reporting that 89%
of 200 PD patients with varying disease severity experi-
enced voice disorders.47 However, we believe the accuracy
of detection could be improved substantially by increasing
the number of speech features and the use of a more
robust classifier with the nonlinear kernel. A recent study
revealed that motor markers evaluated through
smartphone were highly effective in discriminating PD
and healthy control populations, with mean sensitivity
and specificity values of ≤88% based on 998 features
extracted.41 The disadvantage, however, of the very many
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features is the potential for overfitting, and for lack of
standardization when using multiple tasks across multiple
centers. This might argue for the use of a standardized
reading passage if a simplified data collection protocol for
future multicenter multilanguage clinical trials is required.

Given that the longitudinal analysis of changes in
speech features is based on data from only 1 follow-up
visit, the inferences drawn from longitudinal analysis are
rather limited. Future research to elaborate which speech
and voice features will best predict phenoconversion from
iRBD to established parkinsonism or dementia is
warranted. Given that speech disturbances could have util-
ity as outcome measures in a future neuroprotective drug
trial, we chose initially to focus on the Indo-European lan-
guages most frequently used in countries where drug trials
for registration and approval by the United States Food
and Drug Administration and/or European Medicine
Agency are conducted. However, the evidence we have
generated supports the portability and adaptability of our
methods to other language families. A previous study
explored hypokinetic dysarthria characteristics in a tonal
Chinese language with Cantonese dialect based on the
criteria defined by Darley and colleagues13 (ie, the same
criteria used as a foundation for the present study); the
perceptual profile for Cantonese was largely similar to pro-
files for English PD patients, with the most severely
affected dimensions of harsh voice, monopitch, mon-
oloudness, and imprecise consonants.48 In addition, the
acoustic features applied in the present study have previ-
ously been used successfully to describe dysarthria attrib-
utable to drug-induced parkinsonism in the Georgian
language, which belongs to the Kartvelian language
family.49

In conclusion, this study has revealed that speech
parameters appear to be a potential biomarker of early
PD. We have identified clinical speech endpoints that are
sensitive both to the prodromal disease stage and to dis-
ease progression over 12 months in iRBD and early-stage
PD. The results of our automated speech analyses
obtained from 7 clinical sites and 5 different languages
support the addition of automated speech assessment to
the batteries of biomarkers currently used in clinical trials.
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