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Abstract
Voice abnormalities are common in Parkinson’s disease (PD), but the extent to 
which language-robust acoustic markers capture PD dysphonia in real-world 
clinical recording conditions and whether they are confounded by sex, language 
background, or medication state remains uncertain. This study aims to quantify 
PD-controlled differences in sustained-vowel acoustics in a Russian cohort, evaluate 
sex and language effects (Russian, Russian–Tatar bilinguals, and exploratory Tatar 
subgroup), and assess the robustness to clinical covariates. Cross-sectional data 
from the BRAINPHONE project were analyzed (n = 201; PD = 109; controls = 92). 
Participants produced sustained/aː/vowels in routine clinics (≥16 kHz, 32-bit.,wav). 
Acoustic features included perturbation (jitter and shimmer), cepstral/noise 
measures (cepstral peak prominence; harmonic-to-noise ratio; glottal-to-noise 
excitation ratio), and pitch metrics. Group contrasts used the Mann–Whitney 
U test and false discovery rate (FDR). Robust models adjusted for age, sex, and 
language; prespecified interactions probed diagnosis × sex/language. Spearman 
correlations related acoustics to Movement Disorder Society-Unified Parkinson’s 
Disease Rating Scale III, Hoehn and Yahr, disease duration, and medication variables. 
PD showed higher perturbation and lower cepstral/noise measures than controls 
(all q≤0.01 effects were consistent in females and males and replicated in Russian 
monolinguals and Russian–Tatar bilinguals with the Tatar monolingual subgroup 
being directionally similar. Covariate-adjusted models retained significant PD 
effects. Acoustic–clinical correlations were small (|ρ|≤~0.21) and did not survive 
FDR. In real-world clinical recordings of sustained vowels, CPPS, GNE, and shimmer 
provide robust, language-tolerant, medication-insensitive markers of PD dysphonia, 
supporting use as a complementary digital biomarker for telemedicine and 
longitudinal monitoring.

Keywords: Parkinson’s disease; Voice; Sustained vowel; Digital biomarker; Language 
influence; Acoustic features; Sex differences; Bilingualism

*Corresponding author: 
Khasanova Diana 
(diana.khasanova1987@gmail.com)

Citation: Khasanov I, Khasanova 
D. Digital voice biomarkers for 
Parkinson’s disease: A study on 
sustained vowel analysis in the 
Russian population. Adv Neurol. 
2026;5(2):025180042. 
doi: 10.36922/AN025180042

Received: April 30, 2025

Revised: October 2, 2025

Accepted: October 27, 2025

Published online: November 11, 
2025

Copyright: © 2025 Author(s). 
This is an Open-Access article 
distributed under the terms of the 
Creative Commons Attribution 
License, permitting distribution, 
and reproduction in any medium, 
provided the original work is 
properly cited.

Publisher’s Note: AccScience 
Publishing remains neutral with 
regard to jurisdictional claims in 
published maps and institutional 
affiliations.

https://dx.doi.org/10.36922/AN025180042
https://orcid.org/0000-0001-9935-3284
https://orcid.org/0000-0002-1831-330X
https://dx.doi.org/10.36922/AN025180042
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


Advanced Neurology Voice analysis in Russian Parkinson’s patients

Volume 5 Issue 2 (2026)	 2� doi: 10.36922/AN025180042

1. Introduction
Parkinson’s disease (PD) is one of the most common 
neurodegenerative disorders, affecting 2–3% of people aged 
≥65  years worldwide, with prevalence expected to rise.1,2 
In Russia, regional studies estimate 120–200 cases/100,000 
inhabitants, but the absence of a national registry limits the 
accuracy of epidemiological data.3-6 Access to specialized 
movement disorder care also remains uneven, particularly 
in rural areas. Diagnosis today relies mainly on clinical 
assessment using the International Parkinson and 
Movement Disorder Society (MDS) Clinical Diagnostic 
Criteria,7,8 which, while validated, depend on subjective 
expert evaluation. This reliance introduces variability in 
early or atypical presentations, while advanced diagnostic 
tools, such as dopamine transporter imaging and 
cerebrospinal fluid assays, remain costly and limited in 
availability.

Digital biomarkers offer a solution for scalable, cost-
effective PD detection and monitoring, particularly 
in resource-constrained healthcare systems. Defined 
as characteristics measured through digital health 
technologies to indicate biological or pathogenic processes, 
digital biomarkers enable remote assessment, reducing 
reliance on sporadic clinical visits.9,10 Among them, 
voice analysis is especially promising. It is non-invasive, 
requires minimal infrastructure, and can be integrated 
into telemedicine platforms.11,12 Vocal impairments in 
PD, collectively termed hypokinetic dysarthria, result 
from motor symptoms such as rigidity and bradykinesia, 
manifesting as reduced pitch variability, phonation 
instability, monotony, and breathiness.13 Acoustic analysis 
of sustained vowels has consistently revealed differences 
between PD patients and controls, with parameters such 
as jitter, shimmer, cepstral measures, and spectral features 
showing diagnostic value across languages.14-16 For example, 
Rusz et al.16 demonstrated that even in early, untreated PD 
in Czech speakers, fundamental frequency variation and 
other acoustic measures can reliably differentiate patients 
from controls. More recent work has extended to other 
non-English contexts. Dudek et al.17 showed that in the 
Polish cohort, spectral characteristics, mel-frequency 
cepstral coefficients, and shimmer are among the most 
informative features, with machine learning models 
achieving high classification performance. Likewise, 
Sousa et al.,18 in a presumably mixed-language European 
sample, showed that prosodic, respiratory, and spectral 
domains change with medication state, underscoring that 
subtle speech changes are measurable even beyond native 
English contexts. Cross‐language model generalization 
has been explored recently. For example, Siniukov et al.19 
showed that models trained with self‐supervised learning, 

adapting across multiple datasets in different languages 
(English, Italian, and Spanish), can maintain sensitivity 
and specificity above 90%.

Despite this growing body of cross‐linguistic work, 
Russian‐speaking patients remain underrepresented. 
Russia’s linguistic landscape, including Russian (East 
Slavic) and Tatar (Turkic) languages, with many bilingual 
speakers in regions such as Tatarstan, may modulate vocal 
biomarkers due to distinct phonetic structures.20 For 
example, Tatar’s vowel harmony and phonetic inventory 
could influence laryngeal control differently than Russian’s 
prosodic patterns. Bilingualism may further affect vocal 
characteristics. These linguistic differences, combined 
with bilingualism itself, may influence the acoustic 
manifestation of PD‐related dysarthria, but this remains 
unexplored.

This study aims to address this gap by evaluating 
sustained vowel phonation in Russian‐ and Tatar‐speaking 
PD patients, including bilinguals. We focused on acoustic 
measures, such as fundamental frequency, perturbation 
indices, and spectral/cepstral features, and examined 
their relationships with clinical severity scores, such as 
Unified Parkinson’s Disease Rating Scale (UPDRS) Part III 
(motor) score. To our knowledge, this is the first systematic 
investigation of Russian‐speaking patients and exploratory 
data on Tatar speakers, contributing to the development of 
inclusive, language‐sensitive digital biomarkers for PD that 
are relevant both locally and globally.

2. Materials and methods
2.1. Participants

This investigation is part of the ongoing longitudinal 
BRAINPHONE project, a multicenter digital biomarker 
initiative focusing on neurodegenerative disorders in the 
Russian population.21-23 The project systematically collects 
speech samples from patients with movement disorders 
and healthy controls. The present analysis used baseline 
cross-sectional data obtained during routine outpatient 
visits from the project’s expanding database.

Data were obtained from participants recruited at the 
Movement Disorders Center in Kazan, Tatarstan. PD 
diagnosis was confirmed by a movement disorder specialist 
with over 12 years of experience, using the MDS Clinical 
Diagnostic Criteria for PD.7 All participants were native 
speakers of Russian, Tatar, or both (bilingual). Language 
status was self-reported, with bilinguals indicating daily use 
of both languages. No standardized proficiency testing was 
performed, which represents a methodological limitation.

All included PD patients were diagnosed as Hoehn 
and Yahr stages 3–4, reflecting the advanced outpatient 
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profile within the recruitment site. Early-stage patients are 
underrepresented in this cohort but are a focus of ongoing 
recruitment in the BRAINPHONE project. Both patients 
with established and those with de novo PD were eligible. 
All patients reported their PD status: year of disease onset, 
duration of illness, medications taken, dose, and time since 
last administration. When applicable, the motor state at 
the time of testing was recorded as “on” or “off.” Exclusion 
criteria were atypical or secondary Parkinsonism, speech 
disorders unrelated to PD (e.g., post-stroke aphasia, non-
Parkinsonian dysarthria, and vocal cord dystonia), recent 
surgery (<6  months), severe hearing impairment, and 
acute respiratory infections.

The final cohort comprised Russian-speaking PD 
patients (n = 50) and controls (n = 52), Tatar-speaking 
PD patients (n = 7) and controls (n = 5), and bilingual 
Russian–Tatar PD patients (n = 52) and controls (n = 35). 
Given the limited number of Tatar-speaking participants, 
analyses in this subgroup are presented as exploratory.

All participants provided written informed consent 
before enrollment, in accordance with the Declaration 
of Helsinki.24 Data were anonymized and stored securely 
following institutional guidelines.

2.2. Procedures

Participants were instructed to produce a sustained/a:/
vowel for at least 5 s at a comfortable pitch and loudness. 
Recordings were conducted in routine clinical settings 
using standard microphones (minimum sampling rate: 
16 kHz; bit depth: 32-bit) and saved in uncompressed.wav 
format. This approach prioritized ecological validity while 
ensuring sufficient audio quality for analysis.

Motor symptom severity was assessed with MDS-
UPDRS Part  III during routine clinical visits. Most 
assessments were performed in the “on-medication” state, 
though the interval since the last levodopa dose varied 
among patients. This variability was documented (in the 
forms of dose and time since intake) but not standardized, 
representing both a limitation and a reflection of real-
world clinical practice.

Voice samples were analyzed using Praat software 
(version  6.2.23). Acoustic features were extracted across 
four domains: (i) fundamental frequency characteristics 
(mean, minimum, and maximum pitch in Hz, and pitch 
variability through standard deviation and semitone 
range); (ii) perturbation measures (jitter local and five-
point Period Perturbation Quotient [PPQ5] variants, and 
shimmer local and decibel [dB] variants); (iii) spectral and 
cepstral parameters (cepstral peak prominence [CPPS], 
harmonic-to-noise ratio [HNR], HNR in dB, spectral 
tilt measures [H1−H2 difference], and glottal-to-noise 

excitation ratio [GNE]); and (iv) additional features 
(including spectral slope parameters [e.g., floor, ceiling, 
slope, and tilt], high-frequency noise energy, power 
spectral density distribution, and voice break fraction).

The sustained vowel/a:/task was chosen because it 
provides a controlled phonatory signal that minimizes 
the confounding influence of articulation and sentence-
level prosody, thereby offering a stable basis for acoustic 
analysis.25,26 While this task reduces cross-linguistic 
variability compared to connected speech, vowel 
production still reflects language-specific phonetic 
patterns (e.g., vowel harmony or typical pitch range). Prior 
studies have demonstrated that sustained vowels are highly 
sensitive to PD-related dysphonia, particularly through 
perturbation and cepstral measures.26,27 This makes the 
task both a robust starting point for universal biomarker 
development and a useful window into how linguistic 
background may modulate vocal impairment.

All methods and procedures were developed and 
standardized within the framework of the BRAINPHONE 
project.

2.3. Statistical analysis

All analyses were conducted in Python 3.9 (NumPy, 
Pandas, SciPy, statsmodels, and matplotlib). Two-sided 
tests were used throughout with an α of 0.05. Continuous 
variables were summarized as mean ± standard deviation 
(SD); categorical variables as n (%). Missing data were not 
imputed; tests used pairwise complete observations.

Given non-normal distributions on most acoustic 
variables (Shapiro–Wilk), PD versus control comparisons 
for continuous measures used the Mann–Whitney U test. 
Effect sizes are reported as the rank-biserial correlation 
(r_rb) computed from U; 95% confidence intervals (CIs) 
are provided where indicated. Categorical variables (e.g., 
sex) were compared with χ2 tests. For multi-level factors 
(e.g., language strata), we used Kruskal–Wallis tests, with 
Dunn’s pairwise contrasts where relevant.

To limit false positives while preserving readability for 
clinicians, we controlled the false discovery rate (FDR) 
using the Benjamini–Hochberg procedure within 
prespecified feature families:
•	 Perturbation: Jitter (local, PPQ5), shimmer (local, dB)
•	 Cepstral/noise: CPPS, HNR (dB), HNR, GNE
•	 Pitch: Mean F0, short-term F0 variability (SD), 

semitone range (spectral features, if reported, were 
adjusted within a spectral family)

We reported raw p-  and q-values (FDR-adjusted): 
q ≤ 0.05 was considered significant; 0.05 < q ≤ 0.10 was 
treated as exploratory/suggestive (used only to frame 
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trends, not as confirmatory evidence). Family definitions 
and the use of within-family FDR are stated a priori to 
align with reviewer guidance.

To examine sex and language effects without inflating 
type  I error, we repeated PD–control contrasts within 
the sex (female and male) and within the language strata 
(Russian, Russian–Tatar bilingual, and Tatar). For each 
stratum, we used Mann–Whitney U tests with within-
stratum FDR across the same core features. Given the 
limited number of participants in the Tatar subgroup 
(7 PD and 5 controls), its results are labeled as exploratory.

As a primary robustness check, we fitted ordinary least 
squares models with heteroscedasticity-consistent (HC3) 
standard errors for each acoustic outcome, with diagnosis 
(PD vs. control) as the primary predictor, and age, sex, and 
language as covariates.

We report adjusted β for diagnosis with 95% CIs and 
p-values. Prespecified interactions (diagnosis × sex, 
diagnosis × language) were probed in sensitivity models; 
simple effects were interpreted cautiously if interactions 
were non-significant. As an extended sensitivity analysis, 
we added Hoehn and Yahr stage, disease duration, levodopa 
equivalent daily dose (LEDD), individual levodopa dose, 
and time since last dose to the model; because these are 
PD-specific, results are presented as conservative checks 
rather than primary inference.

To address variability in medication state, we repeated 
the PD vs. healthy control contrasts, restricting PD patients 
to 90–180 min post-levodopa (typical “ON” window), again 
using Mann–Whitney U tests with the same feature families 
and FDR policy. In a complementary approach, we refitted 
the demographic-adjusted models, adding LEDD and time 
since last dose as covariates to test whether dopaminergic 
exposure/timing accounts for the observed group differences.

Within the PD group, associations between acoustic 
features and clinical measures (MDS-UPDRS Part  III, 
MDS-UPDRS III without tremor, Hoehn and Yahr stage, 
disease duration, LEDD, individual dose, and time since last 
dose) were evaluated with Spearman’s ρ (pairwise complete 
data). FDR (with the Benjamini–Hochberg procedure) was 
applied across all feature–clinical pairs. As a sensitivity 
analysis, we estimated rank-based partial Spearman 
correlations by rank-residualizing each acoustic and clinical 
measure for age, sex, LEDD, and time since last dose, and 
then correlating the residuals. For this prespecified small set 
of measures (CPPS, GNE, and shimmer vs. MDS-UPDRS 
Part III ± tremor), we report unadjusted p-values.

Primary numeric results are reported in the main 
tables. Violin/box plots illustrate key effects by diagnosis, 
sex, and language, and a correlation heatmap summarizes 

acoustic–clinical relationships in PD. Exact n for each test 
is shown in tables/figure captions; all tests are two-tailed.

3. Results
3.1. Clinical results

3.1.1. PD and control

The study cohort comprised 201 participants: 109 patients 
with clinically confirmed PD and 92 age- and sex-matched 
healthy controls. Patients were at advanced stages of the 
disease, with Hoehn and Yahr stage 3 (n = 87, 80%) or stage 
4 (n = 22, 20%). The mean age of the PD group was 68.1 
± 7.5 years compared with 66.7 ± 11.2 years in controls. 
This difference was not statistically significant (Mann–
Whitney U = 4,722, p=0.29, rank-biserial r = −0.07, 95% 
CI = −0.20–0.06). Sex distribution did not differ between 
groups (χ2 = 0.84, p=0.36). Within the PD cohort, there 
were no significant differences in demographic or clinical 
characteristics between Hoehn and Yahr stages 3 and 4 (all 
p>0.05). Motor symptom severity was quantified with the 
MDS-UPDRS Part III, where PD patients showed a mean 
score of 48.0 ± 15.2, consistent with advanced disease.

Pharmacological treatment was also characterized: 
LEDD averaged 677.1 ± 268.9  mg. The mean individual 
levodopa dose most recently taken before assessment was 
183.5 ± 51.5 mg, with a mean elapsed time of 331 ± 236 min 
These data reflect heterogeneous treatment states at the 
time of testing, which were recorded for use in adjusted 
analyses. Overall demographic and clinical characteristics 
are summarized in Table 1.

3.1.2. Sex differences

Across the whole cohort, there were 97  males (48%) 
and 104  females (52%), with similar distributions in PD 
patients (57/52) and controls (40/52; χ2 = 0.84, p=0.36). 
Male and female controls were comparable in age (males: 
66.1 ± 10.7 years vs. females: 67.2 ± 11.5 years; U = 971, 
p=0.58, r = −0.05). Likewise, within the PD group, age 
did not differ significantly between sexes (males: 68.9 ± 
6.8 years vs. females: 67.2 ± 8.1 years; U = 1,402, p=0.21, 
r = −0.12, 95% CI = −0.29–0.05).

In the PD group, disease duration did not differ by 
sex (males: 7.5 ± 4.9  years vs. females: 6.9 ± 4.3  years; 
U = 1,426, p=0.33, r = −0.09). Motor symptom severity, 
as measured using MDS-UPDRS Part III, showed no sex-
based differences (males: 47.3 ± 15.4  vs. females: 48.8 ± 
15.0; U = 1,469, p=0.42, r = −0.07). LEDD was comparable 
between sexes (males: 690.4 ± 271.1 mg vs. females: 662.8 
± 267.3 mg; U = 1,473, p=0.45, r = −0.06). No differences 
were detected for individual levodopa dose or time since 
last dose (all p>0.20).
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Table 1. Demographic and clinical characteristics of participants

Parameter Group n (%) Mean±SD 95% CI

Age (years) PD 109 (54.2) 68.12±7.48 66.70–69.54

Control 92 (45.8) 66.66±11.16 64.35–68.97

PD males 39 (35.8) 67.00±8.52 64.24–69.76

PD females 70 (64.2) 68.74±6.81 67.12–70.37

Control males 33 (35.9) 66.52±12.39 62.12–70.91

Control females 59 (64.1) 66.75±10.52 64.00–69.49

PD Russian 50 (45.9) 68.94±7.42 66.83–71.05

PD bilingual 52 (47.7) 67.17±7.67 65.04–69.31

PD Tatar 7 (6.4) 69.29±6.47 63.30–75.27

Control Russian 52 (56.5) 68.27±10.63 65.31–71.23

Control bilingual 35 (38.0) 63.89±12.04 59.75–68.02

Control Tatar 5 (5.5) 69.40±7.16 60.51–78.29

PD duration (years) PD 109 7.23±4.61 6.35–8.11

PD males 39 7.77±5.35 6.03–9.51

PD females 70 6.93±4.15 5.94–7.92

PD Russian 50 7.46±5.26 5.96–8.96

PD bilingual 52 7.42±4.05 6.30–8.55

PD Tatar 7 4.14±2.34 1.98–6.31

LEDD PD 109 677.10±268.92 621.70–732.49

PD males 39 711.43±264.93 620.36–802.50

PD females 70 656.38±271.48 584.97–727.79

PD Russian 50 656.55±251.66 578.11–734.99

PD bilingual 52 683.42±265.07 604.64–762.21

PD Tatar 7 791.50±449.98 232.86–1,350.14

Levodopa dose before 
assessment (mg)

PD 109 183.54±51.54 172.98–194.10

PD males 39 187.50±48.60 170.79–204.21

PD females 70 181.19±53.47 167.26–195.13

PD Russian 50 175.31±52.47 159.16–191.47

PD bilingual 52 188.59±48.72 174.11–203.07

PD Tatar 7 207.90±66.23 125.67–290.13

Time from the last dose 
(minutes)

PD 109 331.41±236.33 281.33–381.49

PD males 39 334.26±249.95 242.59–425.93

PD females 70 329.86±230.85 268.58–391.14

PD Russian 50 292.97±209.81 224.94–361.01

PD bilingual 52 362.44±256.43 285.35–439.54

PD Tatar 7 357.00±251.19 110.80–603.20

MDS‑UPDRS, Part III PD 109 48.04±15.17 45.06–51.02

PD males 39 48.95±15.94 43.63–54.26

PD females 70 47.52±14.81 43.85–51.19

PD Russian 50 48.23±15.00 43.66–52.79

PD bilingual 52 49.06±15.85 44.60–53.52

PD Tatar 7 39.43±8.42 31.64–47.22

Notes: Proportions are calculated relative to total PD for subgroups; full data available upon request.
Abbreviations: CI: Confidence interval; SD: Standard deviation; LEDD: Levodopa equivalent daily dose; MDS‑UPDRS, Part III: Unified Parkinson’s 
Disease Rating Scale Part III (motor examination); PD: Parkinson’s disease.
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Taken together, male and female PD patients were 
clinically similar in age, disease duration, severity, and 
treatment exposure.

3.1.3. Linguistic differences

Linguistic diversity was self-reported, comprising 102 
Russian monolinguals, 12 Tatar monolinguals, and 87 
Russian–Tatar bilinguals. Analyses were stratified by 
diagnosis (PD vs. control) within each language group.

There were notable patterns in clinical presentation 
and treatment among PD patients. Russian-speaking PD 
patients (n = 50, 45.9%) had a mean age of 68.9 ± 7.4 years 
and disease duration of 7.5 ± 5.3  years, comparable to 
Russian–Tatar bilinguals (n = 52, 47.7%; age: 67.2 ± 
7.7  years, duration: 7.4 ± 4.1  years). Tatar monolinguals 
(n = 7, 6.4%) had a mean age of 69.3 ± 6.5  years and 
shorter disease duration (4.1 ± 2.3  years), although the 
small sample size limits the reliability of this observation, 
and the difference was not significant. Medication patterns 
differed across groups, with Tatar speakers receiving 
higher LEDD (791 ± 450  mg) compared to Russian 
speakers (657 ± 252 mg) and bilinguals (683 ± 265 mg). 
Kruskal–Wallis tests showed no significant differences in 
LEDD between groups (p=0.56). Motor symptom severity 
was lowest in Tatar speakers (MDS-UPDRS Part III: 39.4 
± 8.4) compared with Russian (48.2 ± 15.0) and bilingual 
(49.1 ± 15.9) patients, also without a significant difference 
(p=0.29).

Taken together, Russian-speaking, bilingual, and Tatar-
speaking participants were clinically similar with respect 
to demographic characteristics, disease severity, and 
treatment exposure. The limited size of the Tatar subgroup 
limits statistical power, and therefore, findings in this 
group are considered exploratory.

3.2. Acoustic results

3.2.1. PD and control

Acoustic analysis of sustained vowel phonation revealed 
robust group differences between PD patients (n = 109) 
and healthy controls (n = 92) across perturbation, cepstral, 
and noise-related domains (Table  2, Figure  1). Group 
comparisons were performed using Mann–Whitney U 
tests due to non-normal distributions (Shapiro–Wilk 
p<0.05 for most variables). Effect sizes are reported as 
rank-biserial correlations with 95% CIs, and q-values 
reflect FDR correction within feature families.

In perturbation measures, both jitter and shimmer were 
consistently elevated in PD. Jitter local was higher in PD 
patients (0.81 ± 0.55 vs. 0.65 ± 0.56; U = 6,341, p=0.0008, 
r = 0.28, q = 0.0011), as was jitter PPQ5 (0.48 ± 0.36 vs. 0.38 

± 0.36; U = 6,454, p=0.0003, r = 0.30, q = 0.0005). Shimmer 
local (8.52 ± 3.69  vs. 6.67 ± 3.86; U = 6,697, p<0.0001, 
r = 0.35, q = 0.0001) and shimmer dB (0.78 ± 0.33 vs. 0.60 
± 0.34; U = 6,722, p<0.0001, r = 0.35, q = 0.0001) showed 
large and significant differences.

Cepstral and noise measures were also affected. CPPS 
was markedly reduced in PD (10.35 ± 2.61 dB vs. 12.35 ± 
2.89 dB; U = 2,989, p<0.0001, r = −0.40, q < 0.001). HNR was 
lower in PD (12.85 ± 4.36 dB vs. 14.89 ± 5.14 dB; U = 3,561, 
p=0.0006, r = −0.28, q = 0.0013), as was HNR (dB) (28.92 ± 
5.45 dB vs. 30.99 ± 6.20 dB; U = 3,968, p=0.011, r = −0.21, 
q = 0.011). GNE showed the largest effect (0.65 ± 0.17 vs. 
0.76 ± 0.15; U = 2,912, p<0.0001, r = 0.42, q < 0.001).

The voices of PD patients were characterized by elevated 
perturbation (jitter and shimmer), reduced CPPS, and 
deterioration of noise measures (HNR and GNE). These 
acoustic alterations were robust to multiple-comparison 
correction and exhibited moderate to large effect sizes.

By contrast, fundamental frequency and most spectral 
measures did not differ reliably between groups. Mean pitch 
did not differ significantly between groups (PD: 169.95 
± 46.65  Hz vs. controls: 173.29 ± 53.38  Hz; U = 4,760, 
p=0.61, r = 0.04, q = 0.61). Pitch variability showed a 
weak reduction in PD (8.44 ± 14.48 Hz vs. controls: 8.67 ± 
15.89 Hz; U = 5,730, p=0.062, r = −0.15, q = 0.12) and did 
not survive correction. Semitone range likewise showed no 
significant difference (p=0.67). Spectral slope was steeper 
in PD voices (−19.85 ± 4.01  vs. −18.50 ± 3.94; p=0.017, 
r = −0.20), whereas the H1−H2 difference only showed 
a trend (1.57 ± 7.55  vs. −0.39 ± 7.05; p=0.058). Neither 
effect survived FDR correction. Voice break fraction and 
power spectral density metrics showed no PD-vs.-control 
differences (all q > 0.20) and are not discussed further.

These results suggest that perturbation and cepstral/
noise features, rather than pitch-based measures, provide 
the most reliable acoustic markers of PD in our cohort.

3.2.2. Sex differences

Our detailed analysis of voice parameters across sex and 
diagnostic groups revealed pronounced sexual dimorphism 
in vocal characteristics, which persisted in PD but with 
notable disease-specific modifications (Figure 2).

The most pronounced sex differences were found in 
fundamental frequency measures. As expected, control 
females exhibited significantly higher pitch values 
than control males across all measures. Mean pitch 
was 54% higher in females (198.38 ± 45.54  Hz) than in 
males (128.44 ± 31.86  Hz; p<0.001, r = 0.64, q < 0.001). 
This dimorphism was attenuated but preserved in PD 
patients, with females still showing a 22% higher mean 
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pitch (181.39 ± 50.75 Hz vs. 148.86 ± 26.41 Hz in males; 
p<0.001, r = 0.42, q < 0.001). Maximum pitch followed 
the same pattern, with a 57% sex difference in controls 

(females: 217.06 ± 44.13 Hz vs. males: 137.92 ± 34.82 Hz) 
that narrowed to 24% in PD patients (females: 199.46 ± 
52.22 Hz vs. males: 160.93 ± 26.50 Hz). Thus, PD affects 

Table 2. Core acoustic features of sustained vowel phonation in Parkinson’s disease and control groups stratified by sex and 
native language

Strata 
parameter

Feature PD HC U p r q

n Mean SD n Mean SD

Total sv_cpps 109 10.345 2.614 92 12.347 2.888 2,989.5 <0.001 0.404 <0.001

sv_gne 109 0.645 0.168 92 0.757 0.151 2,912.0 <0.001 0.419 <0.001

sv_shimmer LocaldB 108 0.781 0.331 92 0.602 0.336 6,722.0 <0.001 −0.353 <0.001

sv_shimmerLocal 108 8.516 3.690 92 6.669 3.859 6,697.5 <0.001 −0.348 <0.001

sv_jitterLocal 108 0.809 0.554 92 0.650 0.556 6,341.0 0.0008 −0.276 0.0011

sv_HNR 108 12.850 4.358 92 14.89 5.142 3,561.0 <0.001 0.283 0.0013

sv_HNR (dB) 109 28.924 5.448 92 30.992 6.197 3,968.5 0.011 0.209 0.011

sv_meanPitch 108 169.947 46.649 92 173.290 53.386 4,760.0 0.611 0.042 0.611

sv_sdPitch 108 8.441 14.483 92 8.674 15.890 5,730.0 0.062 −0.153 0.124

Female sv_cpps 70 10.135 2.652 59 12.341 2.835 1,171.0 <0.001 0.433 <0.001

sv_gne 70 0.654 0.172 59 0.774 0.135 1,140.5 <0.001 0.448 <0.001

sv_shimmerLocaldB 70 0.798 0.335 59 0.564 0.315 2,998.0 <0.001 −0.452 <0.001

sv_jitterLocal 70 0.844 0.614 59 0.594 0.461 2,809.0 <0.001 −0.360 0.001

sv_hnrd 70 29.560 5.967 59 33.107 5.752 1,334.5 0.001 0.354 0.001

Male sv_cpps 39 10.722 2.465 33 12.358 2.937 418.0 0.011 0.350 0.027

sv_gne 39 0.627 0.163 33 0.726 0.173 397.0 0.005 0.383 0.027

sv_shimmerLocaldB 38 0.750 0.326 33 0.669 0.365 739.0 0.198 −0.179 0.331

sv_jitterLocal 38 0.744 0.423 33 0.750 0.681 709.5 0.344 −0.132 0.430

sv_hnrd 39 27.781 4.199 33 27.211 5.122 693.5 0.576 −0.078 0.576

Russian sv_cpps 50 10.632 2.511 52 12.414 2.939 827.0 0.002 0.364 0.004

sv_gne 50 0.663 0.152 52 0.767 0.141 730.0 <0.001 0.438 0.001

sv_shimmerLocaldB 49 0.748 0.334 52 0.564 0.290 1,723.5 0.007 −0.353 0.004

sv_jitterLocal 49 0.769 0.402 52 0.625 0.558 1,687.5 0.005 0.295 0.006

sv_hnrd 50 28.607 5.738 52 31.008 6.274 993.5 0.041 0.236 0.041

Russian and Tatar sv_cpps 52 10.040 2.749 35 12.344 2.910 453.5 <0.001 0.427 0.006

sv_gne 52 0.630 0.178 35 0.753 0.161 480.5 0.001 0.393 0.007

sv_shimmerLocaldB 52 0.809 0.335 35 0.646 0.389 1,060.5 0.007 −0.339 0.017

sv_jitterLocal 52 0.827 0.650 35 0.683 0.568 979.0 0.083 −0.236 0.073

sv_hnrd 52 28.841 5.338 35 31.040 6.282 593.5 0.098 0.251 0.071

Tatar sv_cpps 7 10.563 1.708 5 11.674 1.474 12.0 0.527 0.314 0.755

sv_gne 7 0.624 0.178 5 0.670 0.130 14.0 0.615 0.200 0.755

sv_shimmerLocaldB 7 0.811 0.213 5 0.688 0.281 25.5 0.222 −0.457 0.755

sv_jitterLocal 7 0.953 0.621 5 0.672 0.350 22.5 0.464 −0.238 0.755

sv_hnrd 7 31.806 1.430 5 30.492 3.594 20.0 0.755 −0.143 0.755

Notes: q≤0.05 indicates significant; 0.05<q ≤ 0.10 indicates exploratory.
Abbreviations: cpps: Cepstral peak prominence; gne: Glottal‑to‑noise excitation ratio; HC: Healthy controls; HNR: Harmonic‑to‑noise ratio; 
HNR (dB): Harmonic‑to‑noise ratio in dB; p: Two‑sided unadjusted P-value; PD: Parkinson’s disease; q: False discovery rate‑adjusted P-value 
(Benjamini–Hochberg); r: rank‑biserial correlation computed from U, interpreted as small (≈0.1), medium (≈0.3), or large (≥0.5) effect; sv: Sustained 
vowel, U: Mann–Whitney statistic; SD: Standard deviation.
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vocal pitch but does not eliminate fundamental sex-based 
frequency differences.

The perturbation analyses revealed particularly striking 
results. PD-induced instability in vocal fold vibration was 
particularly evident in females. Jitter local increased by 
42% in PD females (0.844 ± 0.61) compared with control 
females (0.59 ± 0.46; p<0.001, r = 0.36, q = 0.001), whereas 
male differences were smaller and non-significant (PD: 
0.74 ± 0.42  vs. controls: 0.75 ± 0.68; p=0.344). Similarly, 
shimmer local was 39% higher in PD females (8.70 ± 
3.72 vs. controls: 6.26 ± 3.66; p<0.001, r = 0.42, q = 0.003) but 
showed only an 11% increase in males (PD: 8.18 ± 3.57 vs. 

controls: 7.40 ± 4.03; p=0.240). Shimmer (dB) confirmed 
the same pattern (females: +41%, p<0.001; males: +12%, 
p=0.198). These results suggest greater vulnerability of 
female voices to PD-related perturbation, with shimmer 
particularly sensitive.

The spectral analysis revealed complex patterns of 
sex and disease interaction. Sex differences in spectral 
quality were evident in controls but diminished in PD. 
Control females had superior HNR (dB) compared to 
males (females: 33.11 ± 5.75  vs. males: 27.21 ± 5.04; 
p<0.001), yet this advantage disappeared in PD (29.56 ± 
5.92  vs. 27.78 ± 4.14; p=0.072). CPPS showed minimal 

Figure 1. Violin plots of acoustic features in PD and control groups: (A) CPPS, (B) GNE, (C) shimmer (dB), (D) jitter (local), and (E) HNR (dB) 
Abbreviations: Control: Healthy controls; CPPS: Cepstral peak prominence; GNE: Glottal-to-noise excitation ratio; HNR (dB): Harmonic-to-noise ratio 
in dB; PD: Parkinson’s disease; sv: Sustained vowel.
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Figure 2. Sex-stratified boxplots by sex and diagnosis: (A) shimmer (dB), (B) CPPS, and (C) GNE 
Abbreviations: CTRL: Healthy controls; CPPS: Cepstral peak prominence; F: Female; GNE: Glottal-to-noise excitation ratio; M: Male; PD: Parkinson’s 
disease; sv: Sustained vowel.
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sex difference in controls (females: 12.34 ± 2.84 vs. males: 
12.36 ± 2.94; p=0.978) but was significantly reduced in 
both PD groups (females: 10.14 ± 2.65; males: 10.72 ± 
2.47; both p<0.01 vs. controls, q < 0.03). GNE also declined 
significantly in PD, with reductions of 16% in females (PD: 
0.65 ± 0.17 vs. controls: 0.77 ± 0.13; p<0.001, q < 0.005) 
and 14% in males (PD: 0.63 ± 0.16 vs. controls: 0.73 ± 0.17; 
p=0.005, q = 0.027). These findings may indicate that while 
shimmer/jitter effects are female-specific, CPPS and GNE 
represent robust, sex-neutral biomarkers.

Analysis of pitch variability revealed interesting disease 
effects. Control females displayed greater pitch variability 
than males (females: 11.8 ± 18.7 Hz vs. males: 3.1 ± 4.9 Hz; 
p=0.006), but this difference was no longer significant 
in PD (females: 9.1 ± 15.7  Hz vs. males:.2 ± 11.7  Hz; 
p=0.185). Similarly, semitone range differences between 
sexes disappeared in PD. Voice break rates and spectral 
slope/tilt showed trends toward sex effects but did not 
reach significance after correction.

The spectral slope analysis revealed that control males 
had steeper slopes than females (−20.22 ± 3.09 vs. −17.53 
± 4.00; p=0.001), a pattern that persisted in PD patients 
(−20.35 ± 4.36  vs. −19.56 ± 3.75; p=0.146). Spectral tilt 
showed similar patterns, with control males having more 
negative values than females (−4.48 ± 2.75 vs. −3.27 ± 3.30; 
p=0.068), and PD patients showing intermediate values 
(−2.40 ± 3.12  vs. −3.21 ± 2.72; p=0.406). These findings 
suggest that spectral characteristics may be less affected by 
PD than time-based perturbation measures.

These analyses confirm that sexual dimorphism in 
voice is preserved but reshaped in PD. Female patients 
showed greater perturbation-related deterioration, 
particularly in shimmer measures, whereas cepstral and 
noise-based parameters (CPPS, GNE, and HNR) were 
consistently altered in both sexes. As clinical variables 
were comparable between males and females (Section 
3.1.2), these differences likely reflect genuine sex-specific 

vulnerability of the vocal apparatus to PD pathology rather 
than demographic or treatment confounds.

3.2.3. Linguistic differences

When stratified by language background, acoustic 
profiles of PD patients and controls were broadly similar 
across Russian-speaking and bilingual subgroups, with 
exploratory data available for the small Tatar-speaking 
group (Figure 3).

Mean pitch was highest in Tatar speakers (PD: 214.89 
± 15.07  Hz; controls: 176.26 ± 40.81  Hz), slightly lower 
in bilinguals (PD: 168.16 ± 44.29  Hz; controls: 179.62 ± 
50.77  Hz), and lowest in Russian speakers (PD: 165.42 
± 48.22  Hz; controls: 174.80 ± 55.54  Hz). However, 
these differences were modest and non-significant after 
correction (Kruskal–Wallis H = 2.14, p=0.34, q = 0.42). 
Pitch variability followed a similar trend, with bilinguals 
and Tatars showing slightly larger ranges, but again without 
statistical significance.

Perturbation measures (jitter and shimmer) were 
consistently elevated in PD patients across all language 
groups. Russian-speaking PD patients demonstrated 
significantly higher jitter local (0.77 ± 0.40 vs. controls: 0.62 
± 0.56; p=0.005, r = 0.30, q = 0.009) and shimmer local (8.11 
± 3.68 vs. controls: 6.25 ± 3.25; p=0.003, r = 0.54, q = 0.004). 
Comparable effects were seen in bilinguals, with jitter (0.83 
± 0.65  vs. controls 0.68 ± 0.57; p=0.083, q = 0.036) and 
shimmer (8.85 ± 3.78 vs. controls 7.15 ± 4.57; p=0.006, q 
= 0.004) elevated in PD. The small Tatar subgroup showed 
the same direction of effect (e.g., shimmer local PD: 8.86 ± 
2.38 vs. controls: 7.64 ± 3.24), but these differences did not 
reach significance, attributable to its limited sample size.

In contrast, CPPS was significantly lower in both 
Russian (10.63 ± 2.51 vs. controls: 12.41 ± 2.94; p=0.0021, 
q = 0.006) and bilingual PD patients (10.04 ± 2.75  vs. 
controls: 12.34 ± 2.91; p<0.001, q = 0.001), with large 
effect sizes (r = −0.65 to −0.81). GNE also showed robust 

Figure 3. Language-stratified boxplots by language and diagnosis: (A) CPPS and (B) GNE 
Abbreviations: CTRL: Healthy controls; CPPS: Cepstral peak prominence; GNE: Glottal-to-noise excitation ratio; PD: Parkinson’s disease; sv: Sustained 
vowel.
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reductions in Russian (0.66 ± 0.15  vs. controls: 0.77 ± 
0.14; p<0.001, q < 0.001) and bilingual PD patients (0.63 
± 0.18 vs. controls: 0.75 ± 0.16; p=0.001, q < 0.001). Again, 
the Tatar subgroup showed numerically similar differences 
(e.g., CPPS: PD: 10.56 ± 1.71  vs. controls: 11.67 ± 1.47; 
GNE: PD: 0.62 ± 0.18 vs. controls: 0.67 ± 0.13), but these 
results should be considered preliminary due to their 
limited power.

Overall, the acoustic alterations associated with PD 
were consistent across Russian-speaking and bilingual 
participants, with jitter, shimmer, CPPS, and GNE 
emerging as reliable markers independent of language 
background. The exploratory data from the Tatar subgroup 
followed the same pattern but cannot be interpreted with 
confidence, given its limited sample size (7 PD and 5 
controls). Furthermore, bilingual status was self-reported, 
without a formal assessment of proficiency, dominance, or 
frequency of use, which may have influenced outcomes. 
These limitations constrain the strength of conclusions 
regarding linguistic effects but support the cross-linguistic 
robustness of perturbation and cepstral/noise-based 
features as markers of PD-related dysphonia.

3.2.4. Covariate-adjusted analysis

Findings were robust in covariate-adjusted models. After 
controlling for age, sex, and language, PD remained 
associated with lower CPPS (β = −1.93, p<0.001) and GNE 
(β = −0.105, p<0.001), and higher shimmer (β = +1.74 local, 
p=0.0017; β = +0.169 dB, p=0.0005), while pitch measures 
remained non-significant. No diagnosis × sex or diagnosis 
× language interactions were detected after adjustment. 
In a conservative sensitivity model additionally including 
stage, duration, and medication covariates (all of which 
were not defined in controls), effect sizes were attenuated, 
but GNE remained significant (β = −0.296, p=0.014). Full 
results are provided in Appendix Table A1.

These analyses demonstrate that the main acoustic 
markers of PD (jitter, shimmer, CPPS, and GNE) are 
robust to potential demographic and clinical confounds, 
strengthening their candidacy as reliable digital biomarkers 
of PD-related dysphonia.

3.2.5. Medication sensitivity analysis

To assess whether medication state could account for 
the observed acoustic differences, we performed two 
complementary sensitivity analyses: (i) we repeated PD 
versus control comparisons, restricting the PD group to 
participants assessed 90–180 min after their last levodopa 
dose; and (ii) We refitted covariate-adjusted models to 
include time since last dose and LEDD as covariates (in 
addition to age, sex, and language).

Within the defined window (n = 14 PD), all effects 
trended in the same direction as in the full sample but did 
not reach statistical significance, consistent with the small 
subsample. Pitch measures remained non-informative 
(mean pitch p=0.535, pitch SD p=0.077). These windowed 
results suggest that timing within a typical “on” interval 
does not abolish the PD–control differences; rather, power 
is insufficient in this small subset.

We next included LEDD and time since last dose 
alongside age, sex, and language in robust ordinary least 
squares models (HC3) to predict each acoustic outcome. 
The PD main effect remained significant for the core 
voice-quality markers (only significant results): CPPS: 
β_PD  =  −2.61  (95% CI = −3.81–−1.42), p<0.001; GNE: 
β_PD  = −0.153  (95% CI = −0.232–−0.075), p=0.0001; 
shimmer (local): β_PD = +2.20 (95% CI = +0.46–+3.94), 
p=0.013; shimmer (dB): β_PD = +0.216 (95% CI = +0.062–
+0.369), p=0.006; and HNR: β_PD = −2.39  (95% CI 
= −4.48–−0.30), p=0.025. Pitch measures again showed no 
significant adjusted PD effect (both p>0.50; not shown).

Across both sensitivity approaches, the pattern and 
magnitude of PD-related changes were stable. Within the 
90–180  min window, effects pointed the same way but 
were underpowered (n = 14). In covariate-adjusted models 
that explicitly accounted for time since last administration 
and LEDD, CPPS and GNE remained significantly 
reduced, and shimmer increased in PD, with HNR also 
significantly lower. These findings indicate that medication 
timing and overall dopaminergic load are not the primary 
drivers of the group differences observed in this cohort. 
Clinically, this is consistent with prior reports that PD 
dysphonia is less levodopa-responsive than limb motor 
symptoms, supporting the utility of voice measures as a 
complementary, relatively stable biomarker domain.28-30

3.3. Correlations

Spearman’s rank correlations were used to assess 
relationships between acoustic parameters and clinical 
measures (MDS-UPDRS Part III, LEDD, disease duration, 
and Hoehn and Yahr stage) in PD patients (n = 109). 
Correlations between acoustic and clinical measures were 
generally weak. The strongest (nominal) associations were 
(i) lower CPPS/HNR (dB) with greater motor severity when 
tremor was removed from MDS-UPDRS Part  III (e.g., 
CPPS vs. MDS-UPDRS Part III without tremor: ρ = −0.16 
to −0.19; HNR [dB] ρ = −0.18; p=0.07–0.12), but none 
survived FDR; (ii) shimmer (local/dB) showed modest 
negative associations with disease duration and Hoehn and 
Yahr stage (ρ = −0.21; p=0.027–0.031), again not significant 
after FDR; and (iii) medication variables (LEDD, last dose, 
and time since last dose) showed minimal relationships 
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with acoustic features (|ρ| typically < 0.20; all q > 0.55). The 
correlation matrices are presented in Figure 4.

After rank-residualizing acoustic and clinical measures 
on age, sex, LEDD, and time since last dose, CPPS retained 
a small negative association with MDS-UPDRS Part  III 
(without tremor) (partial ρ = −0.185; p=0.092), while 
GNE and shimmer associations remained weak and non-
significant. These patterns support the view that voice 
quality degradation relates weakly to axial/bradykinetic 
severity, but not to tremor or medication timing per se.

In the real world, advanced-PD, outpatient cohort, 
acoustic markers (especially CPPS, GNE, and shimmer) 
distinguish PD from controls, but they correlate only 
weakly with clinical scales and medication exposure. Voice, 
therefore, appears to index a partly independent symptom 
domain, consistent with prior reports that PD dysphonia 
is not strongly levodopa-responsive. These results 
motivate longitudinal tracking (progression sensitivity) 
and multidomain modeling rather than relying on cross-
sectional correlations with MDS-UPDRS Part III.

4. Discussion
In our real-world, advanced-PD, outpatient cohort, 
sustained-vowel analysis revealed a coherent and biologically 
plausible dysphonia profile: increased perturbation (jitter 
and shimmer), reduced CPPS, and deterioration of noise-
related measures (GNE and HNR), whereas fundamental 
frequency metrics were comparatively preserved. These 

differences remained after FDR control and persisted 
in covariate-adjusted models (age, sex, and language), 
were robust to sensitivity analyses for medication timing 
and dopaminergic load, and correlated only weakly with 
concurrent motor-severity indices. Collectively, the results 
suggest that CPPS, GNE, and shimmer are reliable and 
scalable markers of PD-related phonatory impairment that 
are not reducible to demographics, language background, 
or immediate levodopa state, in line with reports across 
other languages and cohorts.12,13,16,26

The clustering of elevated jitter/shimmer with lower 
CPPS/HNR/GNE recapitulates prior clinical–acoustic 
observations in PD and matches the physiology of 
hypokinetic dysarthria: increased laryngeal rigidity, 
reduced subglottal pressure, and incomplete glottal closure, 
yielding unstable vocal-fold vibration and increased 
aperiodic energy.16,30,31 CPPS and GNE summarize 
harmonic organization and glottal noise excitation, 
respectively, and thus behave as sensitive indices of 
impaired phonation stability. By contrast, the mean 
fundamental frequency is dominated by anatomic and 
communicative determinants (laryngeal size, sex, and task 
intent), explaining its limited discriminative value here and 
in several prior reports.31 Spectral trends (steeper spectral 
slope and H1−H2 tendencies) were weaker, unsurprising 
given the additional variability from vocal-tract filtering 
and task execution; resolving these effects requires larger 
samples and connected-speech tasks.30

Sex-stratified analyses clarify two points. First, sexual 
dimorphism in fundamental frequency measures is 
preserved in PD, although attenuated, consistent with 
persistent anatomical differences in the larynx.32 Second, 
perturbation-heavy markers, especially shimmer, were 
more abnormal in PD females than in PD males, whereas 
CPPS and GNE were comparably abnormal in both 
sexes. As male and female patients were well-matched 
on age, disease duration, MDS-UPDRS Part  III, and 
dopaminergic treatment, these contrasts are unlikely to 
reflect clinical confounding. Mechanistically, sex-linked 
differences in vocal-fold tissue (mucosal thickness and 
viscoelastic properties) and hormonal milieu provide 
plausible explanations for greater shimmer vulnerability 
in females.32,33 Our results, consistent with prior studies, 
suggest sex-sensitive thresholds for perturbation indices, 
anchored by sex-neutral cepstral/noise markers (CPPS 
and GNE).11,13 Notably, formal diagnosis × sex interactions 
did not reach significance after covariate control, implying 
that sex differences are feature-specific rather than global. 
Larger sample sizes powered for interactions and direct 
laryngeal assessments (e.g., videostroboscopy) could 
clarify the mechanisms and effect sizes.34

Figure 4. Correlation matrix for acoustic and clinical parameters 
Abbreviations: cpps: Cepstral peak prominence; gne: Glottal-to-noise 
excitation ratio; H&Y: Hoehn and Yahr; hnrd: Harmonic-to-noise ratio 
in dB; LD single dose: Dose of levodopa intake before assessment; 
LEDD: Levodopa equivalent daily dose; MDS-UPDRS: Unified 
Parkinson’s Disease Rating Scale Part III (motor examination); p: Two-
sided unadjusted p-value; PD: Parkinson’s disease; sv: Sustained vowel.
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Using a task that minimizes articulatory and prosodic 
confounds (sustained/aː/), we observed near-identical 
PD signatures in Russian monolinguals and Russian–
Tatar bilinguals: jitter/shimmer increases and CPPS/
GNE reductions with comparable effect sizes, consistent 
with language-robust phonatory markers reported in 
other languages.18,27,34 At the same time, we refrain from 
claiming full invariance: the Tatar monolingual subgroup 
was limited (7 PD and 5 controls), rendering its findings 
exploratory, and bilingual status was based on self-report 
without standardized proficiency/dominance/usage 
metrics. Both factors can modulate speech motor control 
and may obscure subtle language-linked effects.34

Methodologically, the sustained vowel was intentional; 
it isolates phonation to test cross-language generalizability. 
The present results support phonatory robustness (CPPS, 
GNE, and perturbation). They do not preclude language-
linked differences in prosody or articulation, which require 
connected-speech protocols. Future work should therefore 
combine sustained vowels with standardized reading and 
spontaneous speech and incorporate formal bilingual 
profiling.

Acoustic features showed only weak associations 
with MDS-UPDRS Part  III (including tremor-subtracted 
scores), Hoehn and Yahr stage, disease duration, and 
medication exposure; none survived FDR. Covariate-
adjusted partial correlations retained at most a modest 
link between lower CPPS and greater axial/bradykinetic 
burden, implying specific but limited coupling rather 
than redundancy with limb motor ratings, echoing 
prior work.28,35 Medication sensitivity analyses further 
support relative levodopa insensitivity: limiting analyses 
to a typical “ON” window (90–180  min post-dose) 
preserved effect directionality (underpowered subset), 
and models explicitly adjusting for LEDD and time since 
last dose retained significant PD effects for CPPS, GNE, 
and shimmer (and HNR).28,35,36 Clinically, these findings 
align with evidence that speech/voice is less consistently 
levodopa-responsive than limb motor signs, reinforcing 
voice as a complementary, relatively stable biomarker 
domain suitable for remote monitoring.28

These findings have important implications for 
understanding PD-related voice changes. The dissociation 
between vocal parameters and medication status 
suggests that voice symptoms may be less responsive 
to dopaminergic therapy than other motor symptoms, 
potentially reflecting involvement of non-dopaminergic 
pathways in PD-related dysphonia. The results support 
using multiparameter voice assessment in PD, as different 
acoustic measures appear to capture distinct yet interrelated 
aspects of vocal impairment. The limited correlation with 

motor scores further reinforces the value of voice analysis 
as an independent biomarker domain in PD assessment.

These findings underline the robustness and sensitivity 
of acoustic parameters as digital biomarkers, not only 
distinguishing PD from healthy states but also reflecting 
subtle differences linked to sex and native language. 
This points toward potential personalized voice-based 
monitoring strategies for PD progression and intervention 
effectiveness, notably through remote, accessible digital 
health platforms. Future research should use longitudinal 
designs to quantify progression sensitivity, larger minority-
language cohorts with formal bilingual profiling, and task 
diversification (sustained vowels + connected speech).

Several limitations should be considered when interpreting 
these findings, particularly with respect to language-
specific vocal characteristics in PD:
(i)	 The sample size of the Tatar-speaking subgroup was 

limited (7 PD and 5 controls). This severely limits 
statistical power, widens CIs, and increases the risk of 
both false negatives (failure to detect true effects) and 
unstable effect-size estimates. All Tatar-specific results 
should therefore be regarded as exploratory. Similarly, 
sample-size imbalance across language categories 
(Russian > bilingual > Tatar) may have reduced the 
sensitivity to modest language effects and complicated 
interaction testing (diagnosis × language), even after 
we applied non-parametric methods and FDR control

(ii)	 The study was cross-sectional. We cannot infer 
trajectories of voice change or determine whether 
language background, sex, or clinical variables 
(e.g., axial symptoms) differentially influence rates 
of deterioration. Longitudinal data are required to 
assess progression, medication-state dynamics within 
individuals, and temporal coupling between acoustic 
measures and clinical outcomes

(iii)	Our bilingual characterization relied on self-report. 
We did not implement standardized assessments of 
language proficiency, dominance, age of acquisition, 
or frequency of use. These factors can modulate 
speech motor control and phonation stability, thereby 
attenuating or obscuring language-linked differences

(iv)	 Recordings were obtained in routine clinical settings, 
not in soundproof environments. Although we 
enforced minimum sampling/bit depth and used 
features known to be relatively robust, ambient 
noise may still affect certain parameters, especially 
noise-sensitive metrics (HNR and GNE). This choice 
improves ecological validity but may introduce 
measurement noise that biases estimates

(v)	 We focused on a single phonation task (sustained/aː/). 
This task intentionally isolates laryngeal function and 
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minimizes articulatory/prosodic confounds; hence, 
it is advantageous for cross-linguistic comparisons. 
However, it cannot capture language-dependent 
prosody, coarticulation, or segmental features that 
may emerge more clearly in connected speech. As 
such, our findings speak primarily to phonatory 
biomarkers rather than the full spectrum of speech 
impairment in PD

(vi)	 The medication state was heterogeneous. Although 
we recorded the last levodopa dose and time since 
intake and performed medication-sensitivity analyses, 
we did not experimentally standardize states. Subtle 
pharmacodynamic effects or delayed responses could 
therefore elude detection in a cross-sectional snapshot

(vii)	While we controlled the FDR within feature families, 
multiple testing across numerous acoustic variables 
still raises the possibility of type  I error. Conversely, 
given subgroup sizes (notably the Tatar group), type II 
error (false negatives) is also a concern, particularly 
for interaction tests (diagnosis × sex, diagnosis × 
language)

(viii)	Although we used robust estimators and sensitivity 
models, our analytical choices (e.g., feature extraction 
settings and reliance on a single sustained vowel) 
may influence absolute values of certain features 
(pitch trackers and perturbation algorithms are 
known to vary by implementation). Harmonization 
across software versions and test–retest reliability 
assessments were beyond the scope of this study and 
should be addressed in future work.

In summary, the small Tatar subgroup, self-reported 
bilingual status without proficiency/dominance testing, 
cross-sectional design, clinic-based recording conditions, 
and single-task protocol are the principal constraints. 
These limitations reinforce our cautious interpretation of 
language effects as exploratory and motivate longitudinal, 
multilingual studies with standardized bilingual profiling, 
connected-speech tasks, and environment/device 
harmonization to validate and extend the present findings.

5. Conclusion
In summary, sustained-vowel acoustics captured robust, 
medication-insensitive differences between PD and 
controls in our multilingual cohort, with CPPS, GNE, 
and shimmer emerging as pragmatic markers that 
generalize across sex and (within the limits of our sample) 
language background. Their weak ties to limb motor 
ratings emphasize that voice reflects a partly independent 
dimension of PD. The physiological plausibility, 
statistical robustness, and ecological feasibility support 
their integration into inclusive, language-aware clinical 
workflows and remote monitoring pipelines.

This study aimed to bridge critical gaps in PD research by 
validating sustained vowel acoustics as digital biomarkers in 
the Russian population that is underrepresented in scientific 
research. By combining rigorous acoustic analysis with 
clinical correlations, we strive to advance equitable diagnostic 
tools that align with linguistic and healthcare realities. Our 
findings may not only enhance local PD management but 
also inform global efforts to harness voice as a biomarker 
in diverse linguistic and cultural settings. This study 
underscores the potential of voice analysis as a scalable PD 
biomarker in multilingual populations, with implications 
for inclusive, language-sensitive diagnostic tools.
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Table A1. Covariate‑adjusted models

Feature Beta_DX Confidential interference p

Low High

sv_cpps −1.9271 −2.7121 −1.1422 0.0

sv_gne −0.1054 −0.15 −0.0608 0.0

sv_shimmerLocaldB 0.1694 0.0735 0.2652 0.0005

sv_shimmerLocal 1.7378 0.6538 2.8217 0.0017

sv_hnr −1.9332 −3.3023 −0.5641 0.0056

sv_hnrd −2.0402 −3.6383 −0.442 0.0123
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