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Abstract

Background: Speech disorders are amongst the first symptoms to appear in Parkinson's disease (PD).

Objectives: We aimed to characterize PD voice signature from the prodromal stage (isolated rapid eye
movement sleep behavior disorder, iRBD) to early PD using an automated acoustic analysis and
compare male and female patients. We carried out supervised learning classifications to automatically
detect patients using voice only.

Methods: Speech samples were acquired in 256 French speakers (117 participants with early PD, 41
with iRBD, and 98 healthy controls), with a professional quality microphone, a computer microphone
and their own telephone. High-level features related to prosody, phonation, speech fluency and rhythm
abilities were extracted. Group analyses were performed to determine the most discriminant features,
as well as the impact of sex, vocal tasks, and microphone type. These speech features were used as
inputs of a support vector machine and were combined with classifiers using low-level features.

Results: PD related impairments were found in prosody, pause durations and rhythmic abilities, from
the prodromal stage. These alterations were more pronounced in men than in women. Early PD
detection was achieved with a balanced accuracy of 89% in males and 70% in females. Participants
with iRBD were detected with a balanced accuracy of 63% (reaching 70% in the subgroup with mild
motor symptoms).

Conclusions: This study provides new insight in the characterization of sex-dependent early PD
speech impairments, and demonstrates the valuable benefit of including automated voice analysis in
future diagnostic procedures of prodromal PD.



INTRODUCTION

Parkinson's disease (PD) is the second most common neurodegenerative disease and affects 1% of
people over 60 years and 4% over 80.[1] The standard diagnosis is based upon the presence of motor
symptoms (mainly bradykinesia, rigidity and rest tremor), which develop when 60% of the
dopaminergic neurons in the substantia nigra are already irrecoverably lost. For this reason, PD
detection at an earlier stage is an important challenge.

Voice impairments, commonly described under the name of hypokinetic dysarthria,[2] are among the
first symptoms in PD,[3] and are already present in isolated rapid eye movement sleep behavior
disorder (iRBD, a prodromal stage of PD).[4] They include disruptions in articulation, prosody,
phonation, and speech fluency. Although speech impairments in later stages have been well
characterized and automatically quantified,[5-9] they are few studies focusing on the objective
identification of vocal disorders patterns in the early and prodromal course of PD
neurodegeneration.[10-12] Furthermore, they were usually performed on small databases, with the
exception of a recent large multicenter study that investigated speech impairments in early PD and
iRBD subjects across 7 centers and 5 languages.[13] Moreover, most studies on early PD speech
impairments did not analyze men and women separately, although in PD there are sex differences in
the phenotypic expression[14,15], brain structure[16] and dopaminergic changes.[17]

Here, we aimed to characterize speech impairments in a large database of French patients with early
PD and iRBD, focusing on the effect of sex. We also analyzed the impact of the types of microphone
on speech analyses. In addition to phonation, prosody, speech fluency and articulation, we investigated
the rhythmic abilities, which had not been explored in iRBD before.

MATERIALS AND METHODS

Participants

A total of 256 French speakers were included in this study (Table 1), comprising 117 participants with
PD (75 males, 42 females), 41 with iRBD (males only) and 98 controls (54 males, 44 females). All PD
and iRBD participants and 50 controls were recruited within the framework of the ICEBERG cohort
(clinicaltrials.gov, NCT02305147), a longitudinal observational study conducted at the Clinical
Investigation Center for Neurosciences at the Paris Brain Institute (ICM). An additional 48 controls
were recruited to balance the number of patients and controls for voice analyses. Inclusion criteria
were as follows: (1) clinical diagnosis of idiopathic PD according to United Kingdom Parkinson's
Disease Society Brain Bank criteria PD with less than 4 years of disease duration; or (2) clinical
diagnosis of RBD according to International Classification of Sleep Disorders (third edition) and
absence of parkinsonism or dementia; and (3) absence of neurological disorders for controls.

All participants signed an informed consent prior to any investigation. The study was sponsored by
Inserm and received approval from the ethical committee (IRBParis VI, RCB: 2014-A00725-42)
according to local regulations.



Audio recordings

Participants were recorded via three microphone types to assess the effect of microphone, recording
environment and transmission channel on the analyses. They were recorded during a single session
with a professional quality head mounted microphone, at the same time with the internal microphone
of a laptop computer and finally once a month with their own telephone at home (5 sessions per person
on average). The speech tasks were composed of sustained vowels, free speech, fast syllable
repetitions, slow syllable repetitions following a given pace, short sentences repetition, and text, dialog
and short sentences readings. Details about audio acquisition and speech tasks contents are provided in
Supplementary Material.

High-level feature extraction

Different quantitative acoustic features have been automatically extracted from the speech recordings,
using PRAAT[18] and Matlab (MathWorks Inc, Natick, MA) software. These high-level features
(calculated at the speech task level) were related to several vocal systems such as: prosody, pause
durations, ability to follow a given rhythm and phonation. For telephonic recordings, voice features
were calculated in each recording session then averaged over all the sessions. Prosodic impairments
were analyzed using pitch (melody) and intensity variations (stresses on words or syllables). Pitch
variations were assessed by the standard deviation of the fundamental frequency (SD log F0),
computed using the reading, sentence repetition and free speech tasks. Intensity fluctuations were
assessed by the standard deviation of the sound intensity level (SD Inf) during the dialog reading.
Verbal fluency disruptions were analyzed using the number of pauses and their duration, during the
free speech and the text and dialog reading tasks. Rhythmic abilities were studied by asking the
participants to repeat some syllables during 30 s, at a slow and steady pace (1 syllable per second)
given beforehand in a 5 s example. The ability to maintain a steady rhythm was quantified by the
relative standard deviation (RSD) of pace, and the ability to globally follow an imposed pace was
characterized by the average pace and by the absolute difference with the given pace (Absolute rhythm
feature). Phonatory impairments were analyzed using three types of voice measures extracted from the
sustained vowel tasks: jitter, shimmer and Noise-to-Harmonics Ratio (NHR). These features
characterize pitch instability, intensity instability and voice harmony, respectively. More details about
speech feature extraction are provided in Supplementary material.

Statistical analyses

The first statistical analysis, using the professional microphone recordings, consisted in a multivariate
two-way analysis of covariance (MANCOVA), in order to examine main effects due to PD, due to
sex, the interaction effect between both, and a potential effect of the age covariate of no interest, on the
whole set of voice features. Then we performed a univariate two-way ANOVA for each voice feature,
in order to assess which were the ones with significant PD effect. P-values were adjusted with false
discovery rate (FDR) to compensate for the multiple comparisons.

For each significant feature, we went further into the analysis to assess the impact of the different
vocal tasks and sex on PD effect. We performed Welch's t-tests between PD and control groups and
computed Cohen's d effect sizes, for each task and sex. To evaluate the impact of the microphone type
on PD voice analyses, we conducted the same group analyses, this time using the computer



microphone and telephone recordings. We ended with iRBD vs. control and iRBD vs. PD group
analyses to characterize iRBD speech impairments. More details are provided in Supplementary
material.

Classification

First, we performed classifications from a subset of the high-level speech features, using support
vector machines (SVM). Then we merged the SVM classifier (detailed in Supplementary material)
with two classifiers,[19,20] based on short-term features, which characterize the spectral envelope and
capture the articulatory disruptions. The fusion consisted on a majority vote of the three classes
predictions, using the classifiers equal error rate thresholds as decision threshold.

RESULTS

Clinical characteristics

Participants with PD were treated, and their voices were recorded during ON-state. The participants'
demographic, and clinical characteristics are shown in Table 1.

Speech features in participants with early PD vs. controls

The two-way MANCOVA revealed significant main effects due to PD (P < 0.0001) and sex (P <
0.0001) and no significant disease*sex interaction effect (P = 0.22), nor significant effect of the age
covariate (P=0.11), on the overall exploratory feature set, extracted from the professional microphone
recordings, using all the tasks. Means and standard deviations of the voice features are presented in
Table 2, as well as the univariate ANOVAs main effects due to PD and sex for each feature.
Significant PD main effect (after FDR correction) was found in features related to prosody, pauses and
rhythm. PD participants showed lower pitch variations (SD log F0). There was no difference in the
total pause number, but fewer short pauses and an increased median pause duration in PD participants
compared to controls. Participants with PD also showed impairments in relative and absolute rhythm,
with increased RSD and Absolute features. Overall, these results indicated a more monotonous voice
in PD participants as well as a jerky speech and difficulties in keeping a steady and imposed pace. The
sex effect was significant for SD log FO (higher pitch variations in women), median of pause durations
(shorter in women) and shimmer measure (less intensity instability in women).

Comparison of speech tasks and sex effect

The results of the PD vs. control group differences are detailed for each task and for each sex, in
Supplementary Table S3. PD group showed decreased SD log FO for all speech tasks. The decrease
was more pronounced for tasks with emotional content (dialog reading and sentence repetitions) than
neutral content (text reading), and among men than women regardless of the speech task. PD men and
women also spoke with fewer short pauses and longer median pause duration. Unlike short pauses, the
lengthening of the median pause duration in PD did not have the same magnitude depending on the



task and the sex (more pronounced during free speech, and in men). PD subjects showed higher RSD
and Absolute pace values in all rhythmic tasks in both sexes, with an amplified effect when the
syllables were repeated alternately. In order to assess whether the PD effect sizes, calculated from the
most suited tasks, differed significantly between men and women, we performed univariate two-way
ANOVAs with interaction terms. The results, detailed in Supplementary Table S4, showed a
significant interaction effect after FDR correction for SD log FO (P = 0.036).

Comparison of microphone types

The different group analyses showed that the computer microphone was globally as efficient as the
professional microphone in discriminating PD from controls (Supplementary Table S5). Effect sizes
were smaller for telephone recordings, apart from the prosodic feature SD log FO which was as
discriminant with a personal telephone as with the professional microphone.

Speech features in iRBD participants

Results of iRBD vs control, and iRBD vs PD group differences are presented in Table S3 and Figure
1. Participants with iRBD had SD log FO, number of short pauses and median pause duration values
comprised between those of PD and control participants. The difference between iRBD and controls
was significant for median pause duration (P = 0.032). Measures of rhythmic characteristics in iRBD
were similar to those of PD subjects for RSD (with a significant difference from controls, P = 0.008),
and were similar to those of controls for Absolute pace feature. These results suggest that the
reduction of intonation (nevertheless non-significant), the jerky voice and the incapability to keep a
steady pace are already present at the PD prodromal stage.

Classifications of patients vs controls

The selected features and the SVM classification results, for the three types of microphone, are
provided in Supplementary Table S6. The final classification performances, resulting from the fusion
of the three classifiers, using the professional microphone recordings, are presented in Table 3.
Balanced accuracies (BA) were 89% for the classification of PD vs. controls in men and 70% in
women. The BA to distinguish iRBD men from control men was 63% and increased up to 70% when
the analysis was restricted to the 22 iRBD participants with mild motor symptoms (MDS-UPDRS III
higher than 2*SD from the controls mean).

DISCUSSION

In this study, we analyzed in an automated way the voice characteristics in participants with early PD
and iRBD compared to healthy controls, using high-level features. We found disruptions in pause
durations and rhythmic abilities and a trend to a reduced prosody right from PD prodromal stage. We
also observed that these impairments were more pronounced in PD men than women. Using these
speech features as inputs of an SVM, combined with two classifiers based on low-level features, we
were able to discriminate early PD participants from controls with a BA of 89% in males and 70% in
females. We also detected iRBD participants from controls with 63% accuracy, which increased to
70% in iRBD participants with mild motor symptoms.



Voice characteristics in Parkinson’s disease

Prosody was altered in PD patients with reduced SD log F0, a measure that quantified the well-known
voice monotony related to PD.[11,13] This lack of intonation would be a consequence of the decrease
of laryngeal movements due to excessive rigidity.[21] We observed prosody reduction during the
sentence repetitions, free speech, and reading tasks. The decrease was more pronounced during tasks
with emotional content (tasks that naturally lead to more intonation) in agreement with previous
results conducted among Czech speakers.[11]

We found fewer short pauses, and longer median pause duration in PD subjects, during both reading
and free speech tasks, reflecting the impression of jerky speech or "short rushes of speech" which can
be encountered in PD.[2] The reduced number of short pauses would be related to the impaired ability
to stop voicing properly, which could be due to a weak vocal fold adduction caused by bradykinesia
and rigidity of laryngeal muscles.[10] It may also be related to the spirantization of stop consonants
that are pronounced as fricatives due to incomplete oral closure.[22] The lengthening of the median
pause duration was due to fewer short pauses and more long pauses, suggesting a cognitive component
(i.e. syntax for reading and, in addition, speech content planification, word choice, and memory for the
free speech task) in addition to the motor component of the disorder. The discriminant power of
median pause duration was more pronounced during free speech, possibly due to a stronger cognitive
component in this task, which in accordance with a recent study on Spanish speakers.[23]

The relative thythm variation (RSD) during the slow syllable repetitions and the absolute variation of
the averaged pace compared to the imposed rhythm were increased in PD patients. This increase
showed the difficulty PD subjects had in keeping a constant rhythm and following a prescribed pace.
These rhythmic impairments may be related to the loss of motor automaticity commonly observed in
PD patients.[24] The rhythmic deteriorations were increased during the alternate repetition of syllables
/pa/ and /ku/, compared to non-alternate repetitions. This last result was in agreement with previous
results obtained with manual measurements of /pa/ and /ti/ syllable intervals in German speakers with
more advanced PD.[25]

Regarding the intensity fluctuations and the phonation, we found no significant differences between
PD and controls, whereas these vocal systems are also known to be impaired in PD. An explanation
could be that these alterations may develop later in the disease progression, or be alleviated by the
dopaminergic treatment,[21] as all patients were recorded in ON-state.

One of the main interests of this study was the analysis of sex effect on PD speech impairments and on
classification performances. We observed alterations of intonation, pause durations and rhythm in
male and female patients but to different degrees. Although there was no significant interaction effect
between group and sex with the global set of exploratory features, when we fine-tuned the vocal tasks
and the features, we observed a significant interaction effect on SD log FO. The intonation was
significantly more impaired by the disease in men than in women, and overall, speech impairments
seemed to be more pronounced in men. Several explanations can be proposed. Women with PD have
been reported to have a less pronounced brain atrophy than men[16] and less network disruptions in
the first stages, with a 2-year delayed symptom onset.[15] This resulted in a lower MDS-UPDRS 111



score for the PD women in our database compared to the age-matched men. In comparison, Rusz et
al.[26] did not observe any group*sex interaction and Skodda et al. even found more prosody
reduction in PD females. Nevertheless, in both studies, PD men and PD women had similar motor
scores and in Skodda et al.[27] the database was composed of more advanced PD stages.

Another interest of this work was the assessment of the microphone impact on the discriminant power
of the high-level features. Results obtained from computer microphone recordings were similar to
professional microphone recordings, in line with a previous analysis that compared the same
professional microphone with a smartphone (same recording quality as a computer microphone) in the
assessment of voice impairments in early and prodromal PD.[28] Our features extracted from the
telephone network recordings were, however, less discriminating, apart from the prosodic feature. This
lower efficiency could be the consequence of a lower recording quality (due to the much lower
sampling frequency and the narrower frequency bandwidth of the transmission channel) and of a
poorer performance of the tasks carried out in total autonomy by the participants.

A limitation of this study is the fact that our groups were not totally age-matched. Although no global
age effect was found on the speech features using MANCOVA, this does not guarantee a complete
absence of age effect for each feature individually considered.

Voice characteristics in isolated REM sleep behavior disorder

Interestingly, although most participants with iRBD had no perceptible speech impairment (as
indicated by the MDS-UPDRS III speech item 1), we objectively captured abnormalities among the
vocal features affected in the PD group. For example, SD log FO was reduced and the median pause
duration was significantly lengthened, implying that prosody and pause durations would be altered
during the prodromal stage of PD. For rhythmic features, only RSD was altered in iRBD subjects. This
suggested that the ability to keep a constant rthythm and the ability to follow an imposed rhythm would
involve different physiological processes. The former would be impaired during the prodromal stage
of PD whereas the latter would be impaired later in PD. Results in iRBD were consistent with previous
studies regarding prosodic alterations[13,28] and pause duration modifications.[10,28] To our
knowledge, this work provides the first characterization of speech rhythm alteration in iRBD.

Classification

Early PD patients were efficiently discriminated from controls with a BA of 89% in men and 70% in
age-matched women. Recent studies using voice for early PD detection reported BA between 71% to
85%,[10,13,28,29] but classification performances are difficult to compare as they did not analyze
men and women separately. Previously, one study in English speakers recorded via a smartphone,
separated men and women for early PD detection.[30] The performances we obtained were more
accurate for both sexes than the ones they reported (BA= 64% for males and 42.5% for females).
Moreover, the use of the telephone network instead of a smartphone app has the advantage of being
more easily applicable, because it does not require any specific telephone. Finally, participants with
iRBD were distinguished from controls with an accuracy of 63%, increasing to 70% in iRBD subjects
with mild motor symptoms. In comparison, two recent studies obtained balanced accuracies of



60%][13] and 65.15%[30] for iRBD vs control classification.

CONCLUSION

Using automated speech analysis, our study precisely characterized PD related speech impairments
from the prodromal stage to a couple of years after the diagnosis. This work showed sex-related
patterns of speech impairments in early PD and demonstrates the valuable benefit of including sex-
specific automated voice analysis for PD monitoring or for prodromal screening.
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Figures

Figure 1: Results across discriminant speech features: comparison of iRBD subjects
with PD participants and controls.

The speech features were computed from professional microphone recordings of iRBD, PD and HC
male participants, using the most suited vocal tasks (i.e. average over reading, sentence repetition
and free speech for SD log FO, free speech for pause median duration, and both /pa ku/ syllable
repetition tasks for RSD rhythm and Absolute rhythm). Bars represent mean values and error bars
represent standard deviation values. Group analyses (Welch's t-test) were performed, with
uncorrected P-values (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

Abbreviations: FO: fundamental frequency; HC: healthy control; iRBD: isolated rapid eye movement
sleep behavior disorder; PD: Parkinson's disease; RSD: relative standard deviation; SD: standard
deviation.
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Table 1: Demographic, clinical and treatment characteristics of participants

PD iRBD HC Group
effect
Male Female P-value Male Male Female P-value| P-value
No. of subjects 75 42 41 54 44
Age (years) 63.8+9.3 63.7+9.3 0.964 68.2+63 | 60.0£106 59.3+9.1 0.754 <0.001¢
Disease duration (years) 25+14 27+1.5 0.534 - - -
Hoehn & Yahr 20x0.1 20x£0.0 0.478 - - -
MDS-UPDRS III total 342+7.1 295458 <0.0014| 13.5+8.3 46+34 49+34 0.754 <0.0001¢
MDS-UPDRS III speech item | 0.97 £0.59 0.69 +0.60 0.02B 0.17+£044 | 0.04£0.19 0.00%0.00 0.398 <0.0001P
MoCA 269+22 275%25 0.058 27.8+1.9 | 28.0+1.7 28.2+2.0 0.328 0.02P
LEDD (mg) 412+297 351+189  0.174 - - -

Data are represented as means * standard deviations.
A: Welch's t-test; B: Mann-Whitney U-test; C: One-Way ANOVA in men; D: Kruskal-Wallis test in men

Abbreviations: HC: healthy control; iRBD: isolated rapid eye movement sleep behavior disorder;
LEDD: Levodopa Equivalent Daily Dose; MDS-UPDRS: Movement Disorder Society revision of the
Unified Parkinson’s Disease Rating Scale; MoCA: Montreal Cognitive Assessment; PD: Parkinson's

disease.




Table 2: Results of acoustic speech analysis and group differences.

Features Male Female P-value

PD HC PD HC PD vs. HC Male vs. Female
Prosody
SD log FO (10 Hz) 5810 73 £13 71 £ 14 76 £ 12 <0.0001 <0.0001
SD Int (dB) 54+0.5 55+04 53+04 53+04 0.56 0.21
Pauses
No. pauses (pauses/s) 0.63 +£0.25 0.65 +0.20 0.54+£0.19 0.65 +0.35 0.17 0.33
No. short pauses (pauses/s)  0.24 +0.15 0.30+0.14 0.26 +0.13 0.34 +0.15 0.001 0.33
Median duration (s) 0.68 +£0.18 0.56 £0.12 0.56 £ 0.13 0.49 + 0.09 <0.0001 <0.0001
Rhythm
RSD 0.10 £ 0.07 0.07 £0.04 0.11 £0.09 0.09 £0.05 0.003 0.24
Absolute (s) 0.18 £0.12 0.14 £ 0.09 0.20£0.11 0.15+£0.09 0.017 0.66
Pace (syll/s) 1.02 £0.21 098 £0.18 1.03+£0.16 0.96 £0.12 0.08 0.97
Phonation
NHR (%) 45+69 34+£35 4.0+8.1 35+£7.8 0.44 0.90
Jitter (%) 1.0x1.2 0.8+0.5 09+12 08+1.0 0.44 0.90
Shimmer (%) 55+£3.0 54+2.1 4.0+£2.7 36+2.2 0.44 <0.0001

Means and standard deviations of vocal features related to Prosody, Pauses, Rhythm and Phonation
were computed using all the tasks performed by PD and HC participants, recorded with the
professional microphone. Statistical differences were performed using two-way analyses of variance
with disease status and sex as factors. P-values were adjusted according to false discovery rate
correction.

Abbreviations: FO: fundamental frequency; HC: healthy control; Int: Intensity; NHR: noise-to-
harmonics ratio; PD: Parkinson's disease; RSD: relative standard deviation; SD: standard deviation.



Table 3: Final classification results.

Classification BA (%) Se (%) Sp (%)

PD vs. HC 89 +4 86 + 4 92 + 4

Males iRBD vs. HC 63 +8 59 £ 8 67 £ 7
iRBD* vs. HC 70 £ 9 73 £ 9 67 7

Females PD vs. HC 70 £ 7 70 £ 7 70 £ 7

Classification results (in %) were obtained from the fusion of three classifiers (two based on short-term
features and the SVM using long-term features), using the professional microphone recordings. For the
short-term classifications of males, we used the MFCC-GMM method (on the reading, the sentence
repetitions and the fast syllable repetitions tasks) and the x-vectors technique (on the reading and the
sentence repetitions tasks), described in a previous study.[19] For females, as we already proved that
MFCC-GMM method was inappropriate, due to too much MFCC variability, we chose an additional x-
vectors classifier instead, using the free speech task. For both sexes, the long-term classifier was the
SVM, using the reading, the sentence repetitions, the free speech and the slow syllable repetitions
(Supplementary Table S6).

Abbreviations: BA: balanced accuracy; GMM: Gaussian mixture model; HC: healthy control; iRBD:
isolated rapid eye movement sleep behavior disorder; iRBD"*: iRBD with motor symptoms; MFCC: Mel-
frequency cepstral coefficients;, PD: Parkinson's disease; Se: sensitivity, Sp: specificity; SVM: support
vector machine.





