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Abstract

Speech impairment in Parkinson's disease (PD) reflects interacting respiratory, phonatory,
articulatory and cognitive processes, but the complementary value of sustained phonation and
connected speech remains unclear. We analysed two independent, non-overlapping cohorts
comprising 78 participants with PD and 27 healthy controls. Cohort 1 (28 PD, 27 controls)
characterized sustained-phonation abnormalities, whereas Cohort 2 (50 PD) examined
associations of sustained vowels and passage reading with motor severity, perceived voice
handicap and cognition. PD was associated with shorter maximum phonation time, lower
Dysphonia Severity Index, restricted intensity range, higher shimmer and reduced vowel space.
Across six vowels, shimmer was consistently elevated, while vowel-space reduction was similar
in men and women. In Cohort 2, slower speech, more and longer pauses, and shorter speech runs
were associated with greater motor severity and voice handicap. Mean pause length remained
independently associated with both outcomes after adjustment for maximum phonation time and
was also related to poorer global cognition and immediate verbal recall. A small acoustic feature
set showed promising internally cross-validated discrimination between PD and controls,
although external validation is required. These findings indicate that sustained phonation and
connected-speech timing provide complementary, clinically interpretable markers of motor and

cognitive involvement in PD.
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1. Introduction

Parkinson's disease (PD) is a progressive neurodegenerative disorder characterized by a
heterogeneous combination of motor and non-motor manifestations [1]. Speech and voice
impairment is among its most frequent and disabling features, commonly presenting as
hypokinetic dysarthria with reduced loudness, restricted pitch and intensity variation, breathy or
harsh voice quality, imprecise articulation, and disrupted speech timing [2—4]. Acoustic
manifestations are heterogeneous, and distinct speech phenotypes have been described even in de
novo PD [5]. These changes can emerge before advanced motor disability and may substantially
limit intelligibility, communication, social participation, and quality of life. The clinical
relevance of speech dysfunction is further supported by recent randomized evidence showing
that targeted voice treatment can reduce the patient-reported impact of communication problems

in PD [6].

Objective acoustic analysis offers a non-invasive and repeatable approach for quantifying
speech dysfunction and has attracted increasing interest as a digital biomarker for detection,
phenotyping, and longitudinal monitoring [7-9]. Sustained phonation minimizes linguistic
demands and permits relatively controlled assessment of respiratory-phonatory capacity,
laryngeal stability, and intensity regulation. Studies in untreated or clinically established PD have
identified abnormalities in maximum phonation time (MPT), sound pressure level (SPL),
perturbation measures, and composite voice-quality indices [10—-13]. The Dysphonia Severity
Index (DSI) integrates MPT, highest fundamental frequency, minimum intensity, and jitter into
an interpretable multidimensional measure [14]. Formant-derived indices, including triangular
vowel space area (tVSA) and the Vowel Articulation Index (VAI), additionally quantify
articulatory working space and vowel centralization, which may be altered even when overt

dysarthria is mild [15-18].

Sustained vowels, however, capture only a constrained component of speech production.
Connected speech imposes additional demands on respiratory control, articulation, prosody,
sequencing, lexical access, and self-monitoring. Automated analysis of reading and sentence
production has shown that speech rate, pause structure, and respiratory timing can reveal

parkinsonian abnormalities [19,20]. These temporal features may also reflect cognitive-linguistic
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processes rather than motor impairment alone. Recent work in Chinese-speaking cohorts linked
slower speech and longer pauses to cognitive impairment in PD [3,21], while discourse studies
have demonstrated reduced productivity and informativeness after accounting for motor speech
changes [22]. Thus, phonatory measures and connected-speech timing may provide

complementary information about the motor-cognitive interface of PD.

Despite rapid growth in speech-based PD research, several limitations remain. Many studies
evaluate a single task, emphasize classification performance without examining clinically
interpretable associations, or combine heterogeneous recordings in ways that complicate
comparison across populations and languages [7,8,23]. Recent cross-language research also
indicates that some acoustic markers are relatively language-general whereas others depend on
task and linguistic context [24]. Sustained-phonation and connected-speech features are also
frequently analysed in separate samples, leaving uncertainty about which acoustic domains
primarily reflect disease-related phonatory phenotype, motor severity, perceived voice handicap,
or cognition. A design that preserves cohort-specific acquisition and analysis while comparing
shared measures can help distinguish reproducible directional patterns from artefacts of protocol

or instrumentation.

The present study therefore integrated two independently recruited, non-overlapping cohorts.
Cohort 1 was used to define a multidomain sustained-phonation phenotype of PD relative to
healthy controls and to examine vowel-specific perturbation, articulatory working space, clinical
associations, and exploratory discrimination. Cohort 2 was used to evaluate sustained-phonation
and connected-speech correlates of motor severity, perceived voice handicap, and global and
domain-specific cognition. We hypothesized that PD would be characterized by impaired
phonatory capacity, intensity regulation, stability, and articulatory working space; that
connected-speech timing would show stronger associations with motor and cognitive outcomes
than isolated phonatory measures; and that shared measures would demonstrate partial
directional consistency across cohorts despite differences in recording protocols and clinical

assessments.

2. Results

2.1 Participant characteristics

A total of 118 individuals were initially assessed across the two non-overlapping cohorts. In

Cohort 1, 34 patients with Parkinson's disease (PD) and 31 healthy controls (HC) were assessed;
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six patients with PD and four HC were excluded because they did not complete the speech tasks
or because their recordings were unsuitable for acoustic analysis, leaving 28 patients with PD
and 27 HC. In Cohort 2, 53 patients with PD were assessed and three were excluded for the same
reasons, leaving 50 patients in the final analytical sample. The final study population therefore
comprised 105 independent participants: 78 patients with PD and 27 HC (Fig. 1). Because
recruitment, recording protocols, and clinical assessments differed between cohorts, no formal

between-cohort comparisons were performed.
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Fig. 1 Participant flow and two-cohort analytical framework. Of 118 individuals assessed, 105 entered the final analyses.
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Cohort 1 assessed 34 patients with Parkinson's disease (PD) and 31 healthy controls (HC); six patients with PD and four HC were
excluded because of incomplete speech tasks or inadequate recordings, leaving 28 patients with PD and 27 HC. Sustained vowels
and maximum phonation supported case-control, vowel-specific, clinical-association, and exploratory ROC analyses. Cohort 2
assessed 53 patients with PD; three were excluded for the same reasons, leaving 50 patients. Sustained vowels and standardized
passage reading supported analyses of MDS-UPDRS Part III, VHI-10, and cognition. Cross-cohort synthesis compared
directionality for seven shared measures (MPT, DSI, jitter, shimmer, vowel SPL range, tVSA, and VAI) without pooling raw data
or estimating a combined effect. DSI, Dysphonia Severity Index; HNR, harmonics-to-noise ratio, MDS-UPDRS, Movement
Disorder Society-sponsored revision of the Unified Parkinson's Disease Rating Scale; MPT, maximum phonation time; ROC,
receiver operating characteristic; SPL, sound pressure level; tVSA, triangular vowel space area; VAI, Vowel Articulation Index;
VHI, Voice Handicap Index.

In Cohort 1, the PD and HC groups did not differ in age, sex, education, or Mini-Mental
State Examination (MMSE) score (all P > 0.20; Table 1). Patients with PD had higher Voice
Handicap Index-30 (VHI-30) and Geriatric Depression Scale-30 scores and lower modified
Frenchay Dysarthria Assessment (mFDA) scores than HC (all P < 0.001). Among patients with
PD, median disease duration was 3.0 years, median Hoehn and Yahr stage was 2.0, and mean

Unified Parkinson's Disease Rating Scale (UPDRS) total score was 37.18.

Cohort 2 included 31 men and 19 women, with a mean age of 69.06 years. Median disease
duration was 3.0 years, median levodopa equivalent daily dose was 557.5 mg/day, median
Hoehn and Yahr stage was 2.0, and median MDS-UPDRS Part I1I score was 25.0. Median VHI-
10 and MMSE scores were 10.5 and 26.0, respectively, and the mean Montreal Cognitive
Assessment score was 18.22. Four participants reached the prespecified 360-s ceiling for Trail
Making Test part A and 15 reached the ceiling for part B. Detailed clinical, affective, and

neuropsychological results are provided in Supplementary Table S1.

Table 1. Demographic and clinical characteristics of the two study cohorts

Characteristic Cohort 1 HC Cohort 1 PD P value Cohort 2 PD
(n=27) (n=28) (n=50)
Age, years 68.78 £ 6.61 69.96 +7.55 0.538 69.06 + 7.99
Male sex, n (%) 10 (37.0) 15 (53.6) 0.282 31 (62.0)
Education level, n (%) 0.585
Illiterate 5(18.5) 4(14.3) 13 (26.0)
Junior high school 13 (48.1) 11(39.3) 24 (48.0)
High school 8(29.6) 9 (32.1) 9 (18.0)
University 1(3.7) 4 (14.3) 4(8.0)
MMSE score 28.0[26.0-29.0] 27.0[25.0-28.0] 0.210 26.0 [24.0-27.0]
MoCA score - - - 18.22 +4.43
Disease duration, years - 3.0[2.0-4.1] - 3.0[1.0-5.8]
LEDD, mg/day - - - 557.5 [375.0-668.8]
Hoehn and Yahr stage - 2.0[2.0-3.0] (1-4) - 2.0[1.5-2.5]1(14)
UPDRS total score - 37.18 £ 14.15 - -
MDS-UPDRS Part III score - - - 25.0 [14.0-35.8]
VHI-30 score 2.0 [0-4.5] 24.0[15.8-35.3] <0.001 -
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Characteristic Cohort 1 HC Cohort 1 PD P value Cohort 2 PD
(n=27) (n=28) (n =50)

VHI-10 score - - - 10.5[2.3-19.0]

mFDA score 25.0 [23.0-26.0] 19.0 [16.8-20.0] <0.001

GDS-30 score 0[0-1.0] 11.0 [5.8-16.0] <0.001

Values are mean =+ standard deviation, median [interquartile range], or n (%). Hoehn and Yahr stage is followed by the observed range in
parentheses. P values compare PD and HC within Cohort 1 only; no formal between-cohort comparisons were performed.

Age was compared using Welch’s t test, sex using Fisher’s exact test, education using the Fisher-Freeman-Halton exact test, and MMSE,
VHI-30, mFDA, and GDS-30 using the Mann-Whitney U test.

GDS-30, 30-item Geriatric Depression Scale; HC, healthy controls; LEDD, levodopa equivalent daily dose; mFDA, modified Frenchay
Dysarthria Assessment; MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment; PD, Parkinson’s disease;
MDS-UPDRS, Movement Disorder Society-sponsored revision of the Unified Parkinson’s Disease Rating Scale; UPDRS, Unified
Parkinson’s Disease Rating Scale; VHI, Voice Handicap Index.

2.2 Multidomain sustained-phonation phenotype and exploratory discrimination in Cohort

1

Representative spectral and waveform displays illustrate the sustained-phonation recordings
in HC and PD (Fig. 2a). In age- and sex-adjusted analyses, eight of the ten prespecified acoustic
measures differed between groups after false discovery rate (FDR) correction (Fig. 2b and Table
2). Maximum phonation time (MPT) was shorter in PD (adjusted difference, -3.25 s; 95%
confidence interval [CI], -5.50 to -0.99; q = 0.010), and the Dysphonia Severity Index (DSI) was
lower (adjusted difference, -1.82 points; 95% CI, -2.49 to -1.14; q < 0.001; Fig. 2c¢).

Intensity regulation was also altered in PD (Fig. 2d). DIVAS-derived minimum sound
pressure level (SPL) was higher (adjusted difference, 4.16 dB; 95% CI, 2.03 to 6.29; q <0.001),
whereas SPL range was narrower (adjusted difference, -6.45 dB; 95% CI, -11.03 to -1.86; q =
0.010). Praat-derived mean intensity was lower in PD (adjusted difference, -5.55 dB; 95% CI, -
10.31 to -0.80; q = 0.032), whereas maximum SPL did not differ after FDR correction (q =
0.298). For the sustained vowel /a/, shimmer was higher in PD (adjusted difference, 0.94
percentage points; 95% CI, 0.52 to 1.37; q < 0.001), while the difference in jitter did not remain

significant after correction (q = 0.075).

Formant-derived measures indicated a smaller articulatory working space in PD (Fig. 2e).
The adjusted geometric mean triangular vowel space area (tVSA) in PD was 0.64 times that in
HC (95% CI, 0.50 to 0.83; q=0.001), and the Vowel Articulation Index (VAI) was lower by
0.056 (95% CI, -0.109 to -0.003; q = 0.048).
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Fig. 2 Representative acoustic displays and multidomain sustained-phonation phenotype in Cohort 1.

(a) Representative frequency-domain, time-frequency, and waveform displays from one healthy control (HC) and one participant
with Parkinson's disease (PD). From top to bottom, the rows show a short-term spectrum, long-term average spectrum, narrow-
band spectrogram, wide-band spectrogram, and waveform. The displays are illustrative and do not constitute independent
inferential evidence. (b) Age- and sex-adjusted standardized group effects for the ten prespecified sustained-phonation measures,
estimated using linear regression with HC3 heteroscedasticity-robust standard errors. Filled symbols indicate false discovery rate
(FDR)-adjusted q < 0.05. (c-¢) Individual distributions of maximum phonation time (MPT) and Dysphonia Severity Index (DSI)
(c), intensity measures (d), and triangular vowel space area (tVSA) and Vowel Articulation Index (VAI) (e). Violin envelopes
show kernel-density estimates, boxes indicate medians and interquartile ranges, whiskers extend to 1.5 times the interquartile
range, and points represent individual participants. tVSA is displayed on a logarithmic scale, and its adjusted effect is expressed
as a geometric mean ratio; all other adjusted effects are mean differences. Significance symbols are based on FDR-adjusted
values across the ten prespecified measures: *q < 0.05, **q < 0.01, ***q < 0.001; ns, not significant. CI, confidence interval;
SPL, sound pressure level.
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Table 2. Adjusted differences in prespecified sustained-phonation measures in Cohort 1

Measure HC (n=27) PD (n =28) Adjusted effect, PD vs HC (95% CI) FDR q
MPT, s 16.90 + 3.86 13.46 £4.48 -3.25 (-5.50 to -0.99) 0.010
DSI, points 0.76 £0.92 -1.13 £ 1.60 -1.82 (-2.49 to -1.14) <0.001
DIVAS minimum SPL, dB 49.59+3.30 53.93+4.78 4.16 (2.03 to 6.29) <0.001
DIVAS maximum SPL, dB 91.30 £ 6.37 88.57+8.61 -2.29 (-6.59 t0 2.02) 0.298
DIVAS SPL range, dB 41.70£7.16 34.64 £9.63 -6.45 (-11.03 to -1.86) 0.010
Praat mean intensity, dB 57.08 £9.91 51.75+5.63 -5.55(-10.31 to -0.80) 0.032
Jitter /a/, % 1.58 £0.53 1.83+£0.59 0.29 (-0.02 to 0.60) 0.075
Shimmer /a/, % 2.35+0.51 341+1.01 0.94 (0.52 to 1.37) <0.001
{VSA, Hz? 31523‘,‘5,85325; 21285??3653‘; 0.64 (050 to 0.83)* 0.001
VAI 1.079+£0.110 1.013 £ 0.099 -0.056 (-0.109 to -0.003) 0.048

HC and PD values are unadjusted arithmetic means + standard deviations. Adjusted effects were estimated using linear regression
models including study group, age, and sex with HC3 heteroscedasticity-robust standard errors. Except for tVSA, effects are adjusted
mean differences calculated as PD minus HC.

* tVSA was natural-log transformed before analysis. The reported effect is the exponentiated group coefficient and represents the
adjusted geometric mean ratio for PD relative to HC.

FDR correction was applied across the ten prespecified measures. CI, confidence interval; DSI, Dysphonia Severity Index; FDR, false
discovery rate; HC, healthy controls; MPT, maximum phonation time; PD, Parkinson’s disease; SPL, sound pressure level; tVSA,
triangular vowel space area; VAL Vowel Articulation Index.

In sensitivity analyses additionally adjusted for GDS-30, group differences in DSI, minimum
SPL, SPL range, Praat-derived mean intensity, and shimmer remained significant after FDR
correction, whereas MPT, tVSA, and VAI were attenuated and no longer met the FDR-adjusted
significance threshold (Supplementary Table S2).

In exploratory receiver operating characteristic analyses, DSI showed the highest apparent
discrimination among the four individual measures examined (area under the curve [AUC],
0.864; bootstrap 95% CI, 0.759 to 0.944), followed by shimmer /a/ (AUC, 0.796; 95% CI, 0.672
to 0.902), log-transformed tVSA (AUC, 0.742; 95% ClI, 0.603 to 0.865), and MPT (AUC, 0.710;
95% CI, 0.563 to 0.840). Across 200 repetitions of stratified fivefold cross-validation, the mean
AUC was 0.909 (95% empirical range, 0.890 to 0.925) for the acoustic model, 0.895 (0.862 to
0.923) for the combined demographic-acoustic model, and 0.523 (0.422 to 0.593) for the
demographic model (Supplementary Fig. S1). These estimates represent internal exploratory

validation rather than external diagnostic validation.

2.3 Vowel-specific perturbation and sex-stratified vowel-space patterns in Cohort 1

Jitter and shimmer varied across the six sustained vowels (both P <0.001), but the group-by-
vowel interactions were not significant (jitter, P = 0.432; shimmer, P = 0.810; Fig. 3a,b). In
additive mixed-effects models adjusted for vowel, age, and sex, geometric mean jitter was 1.27
times higher in PD than in HC (95% CI, 1.07 to 1.51; P = 0.006), and geometric mean shimmer
was 1.36 times higher (95% CI, 1.20 to 1.54; P <0.001). Exploratory within-vowel contrasts
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showed higher jitter in PD for /o/, /e/, /i/, /u/, and /ii/ after FDR correction, but not for /a/.

Shimmer was higher in PD for all six vowels (all g <0.001). Complete mixed-effects and vowel-

specific estimates are reported in Supplementary Table S3.

Sex-stratified F1-F2 plots showed a smaller vowel-space triangle in PD in both men and
women (Fig. 3¢,d). The age-adjusted PD-to-HC tVSA ratio was 0.54 in men (bootstrap 95% ClI,
0.32 to 0.82) and 0.74 in women (95% CI, 0.61 to 0.88; Fig. 3¢). The corresponding adjusted
VALl differences were -0.045 in men (95% CI, -0.120 to 0.029) and -0.065 in women (95% ClI, -
0.129 to -0.001). There was no evidence that sex modified the group effect for tVSA (P for
interaction = 0.261) or VAI (P for interaction = 0.702).

a Jitter across sustained vowels b Shimmer across sustained vowels
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Fig. 3 Vowel-specific phonatory perturbation and sex-stratified vowel-space patterns in Cohort 1.

(a,b) Jitter (a) and shimmer (b) across six sustained vowels in healthy controls (HC) and patients with Parkinson's disease (PD).
Boxes indicate medians and interquartile ranges, whiskers extend to 1.5 times the interquartile range, and points represent
individual participants. Overall PD-to-HC ratios were estimated using mixed-effects models with participant-specific random
intercepts. Within-vowel symbols indicate FDR-adjusted contrasts: *q < 0.05, **q < 0.01, ***q < 0.001; ns, not significant. (c,d)
Sex-stratified F1-F2 vowel-space plots for men (c) and women (d). Small points represent individual corner-vowel observations;
large points and error bars represent group centroids and bootstrap 95% confidence intervals. F1 and F2 axes are reversed
according to conventional acoustic vowel-space presentation. (e) Sex-stratified age-adjusted effects for tVSA and VAI with
bootstrap 95% confidence intervals. CI, confidence interval; F1, first formant frequency; F2, second formant frequency; FDR,
false discovery rate; tVSA, triangular vowel space area; VAI, Vowel Articulation Index.
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2.4 Acoustic interrelationships and correlates of motor severity and perceived voice

handicap

Within-cohort correlation matrices showed expected clustering within acoustic domains
(Supplementary Fig. S2). In Cohort 1, the strongest FDR-significant correlations included DSI
with minimum SPL (Spearman's rho = -0.83), maximum SPL with SPL range (rho = 0.85), and
tVSA with VAI (rho = 0.74). In Cohort 2, MPT correlated with DSI (rho = 0.68), jitter with
shimmer (rho = 0.70), shimmer inversely with harmonics-to-noise ratio (rho =-0.85), and tVSA
with VAI (tho = 0.81). Connected-speech timing measures were strongly interrelated, including
speech rate with silent-pause count (rho = -0.88) and silent-pause count with mean run length
(tho =-0.95). Cross-domain correlations were generally smaller, although MPT correlated with

speech rate and mean run length (both rho = 0.57).

Within Cohort 1, larger log-transformed tVSA was associated with lower UPDRS total score
(standardized beta, -0.50; 95% CI, -0.83 to -0.18; q = 0.024; Fig. 4a). Higher minimum SPL was
associated with lower VHI-30 score (standardized beta, -0.54; 95% CI, -0.88 to -0.19; q = 0.022).
No acoustic measure remained associated with mFDA score after FDR correction. Full estimates

are provided in Supplementary Table S4.

In Cohort 2, higher MDS-UPDRS Part III scores were associated with shorter MPT
(standardized beta, -0.31; 95% CI, -0.54 to -0.09; q = 0.023), slower speech rate (beta, -0.40;
95% CI, -0.61 to -0.19; g = 0.001), more silent pauses (beta, 0.32; 95% CI, 0.09 to 0.55; q =
0.023), longer mean pause length (beta, 0.55; 95% CI, 0.30 to 0.81; q <0.001), and shorter mean
run length (beta, -0.30; 95% CI, -0.53 to -0.08; q = 0.025; Fig. 4b). Higher VHI-10 scores were
associated with shorter MPT, lower DSI, narrower sustained-vowel SPL range, and lower
reading SPL mean (q = 0.003 to 0.039). Slower speech rate, more silent pauses, longer mean
pause length, and shorter mean run length were also associated with higher VHI-10 scores (all q

<0.001).

In mutually adjusted models, mean pause length remained associated with MDS-UPDRS
Part III (standardized beta, 0.52; 95% CI, 0.25 to 0.79; q < 0.001) and VHI-10 (beta, 0.44; 95%
CI, 0.19 to 0.70; g = 0.001), whereas MPT was not independently associated with either outcome
after adjustment for mean pause length (Fig. 4d and Supplementary Table S4). Among the seven
acoustic measures available in both cohorts, coefficient directions were concordant for six

measures in the motor-severity analyses and four measures in the voice-handicap analyses (Fig.
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4c). These cross-cohort comparisons were descriptive; no pooled effect or formal test of

255  heterogeneity was calculated.
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257 Fig. 4 Acoustic associations with motor severity and perceived voice handicap.
258 (a) Age- and sex-adjusted standardized associations of ten sustained-phonation measures with UPDRS total score, VHI-30, and
259 mFDA in Cohort 1. (b) Corresponding associations of fourteen sustained-phonation and connected-speech measures with MDS-
260 UPDRS Part III and VHI-10 in Cohort 2. Points indicate standardized regression coefficients and horizontal lines indicate 95%
261 confidence intervals; filled symbols denote FDR-adjusted q < 0.05. (c) Descriptive cross-cohort comparison of seven shared
262 acoustic measures. Circles denote Cohort 1 and squares denote Cohort 2. Lines connect cohort-specific estimates for visual
263 comparison only; no pooled effect was estimated. (d) Partial-regression plots from mutually adjusted Cohort 2 models comparing
264 mean pause length and MPT as correlates of MDS-UPDRS Part III and VHI-10. Points represent partial residuals, solid lines
265 indicate fitted trends, and shaded areas indicate 95% confidence bands. CI, confidence interval; DSI, Dysphonia Severity Index;
266 FDR, false discovery rate; HNR, harmonics-to-noise ratio, mFDA, modified Frenchay Dysarthria Assessment; MPT, maximum
267 phonation time; SPL, sound pressure level; tVSA, triangular vowel space area; MDS-UPDRS, Movement Disorder Society-
268 sponsored revision of the Unified Parkinson's Disease Rating Scale; UPDRS, Unified Parkinson's Disease Rating Scale; VAL,
269 Vowel Articulation Index; VHI, Voice Handicap Index.
270 2.5 Acoustic correlates of cognition and incremental contribution of pause timing in Cohort
271 2
272 Four age-, sex-, and education-adjusted acoustic-cognition associations remained significant
273 after FDR correction (Fig. 5a and Supplementary Table S5). Longer mean pause length was
274  associated with lower MMSE score (partial Spearman's rho, -0.50; 95% CI, -0.69 to -0.24; q =
275  0.007) and poorer Rey Auditory Verbal Learning Test (RAVLT) immediate recall (rho, -0.44;
276 95% CI, -0.65 to -0.17; ¢ = 0.031). Longer MPT was associated with better RAVLT immediate
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recall (rho, 0.42; 95% CI, 0.15 to 0.64; q = 0.031) and shorter Trail Making Test part A
completion time (rho, -0.43; 95% CI, -0.64 to -0.16; q = 0.045; Fig. 5b). No other acoustic-

cognition association remained significant after FDR correction.

After exclusion of the four participants who reached the TMT-A ceiling, the association
between MPT and TMT-A remained directionally consistent but no longer survived FDR
correction (partial Spearman's rho =-0.36, q = 0.280). After exclusion of the 15 TMT-B ceiling
cases, MPT, DSI, and mean pause length showed nominal associations with TMT-B
performance, but none remained significant after FDR correction (all q = 0.110; Supplementary

Table S6).

Hierarchical rank-based models assessed whether mean pause length explained cognitive
variation beyond demographic and clinical variables (Fig. 5S¢ and Supplementary Table S7). For
MMSE, adjusted R-squared increased from 0.117 in the demographic model to 0.166 after
adding disease duration and MDS-UPDRS Part III and to 0.300 after adding mean pause length.
The clinical block increased unadjusted R-squared by 0.078 (P = 0.115), whereas mean pause
length contributed a further 0.130 (P = 0.004). For RAVLT immediate recall, adjusted R-squared
increased from 0.146 to 0.219 and 0.270 across the three models. The corresponding increases in
unadjusted R-squared were 0.098 for the clinical block (P = 0.057) and 0.058 for mean pause
length (P = 0.055).
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Fig. 5 Acoustic correlates of cognition and incremental contribution of pause timing in Cohort 2.

(a) Heatmap of age-, sex-, and education-adjusted partial Spearman correlations between fourteen acoustic measures and eight
cognitive outcomes. Cell values are partial correlation coefficients. Asterisks indicate FDR-adjusted significance: *q < 0.05, **q
<0.01, ***q < 0.001. Higher Trail Making Test values indicate poorer performance; higher scores on the remaining tests indicate
better performance. (b) Partial-regression plots for the four associations that remained significant after FDR correction. Points are
standardized residuals of rank-transformed variables, solid lines indicate fitted trends, and shaded areas indicate 95% confidence
bands. (c) Hierarchical rank-based models for MMSE and RAVLT immediate recall. Model 1 included age, sex, and education;
Model 2 additionally included disease duration and MDS-UPDRS Part III; Model 3 additionally included mean pause length. The
upper panel shows adjusted R-squared for the three nested models, and the lower panel shows incremental unadjusted R-squared
with nested-model P values. CI, confidence interval; DSI, Dysphonia Severity Index; FDR, false discovery rate; HNR,
harmonics-to-noise ratio; MMSE, Mini-Mental State Examination; MPT, maximum phonation time; RAVLT, Rey Auditory
Verbal Learning Test; SPL, sound pressure level; TMT, Trail Making Test; tVSA, triangular vowel space area; VAI, Vowel
Articulation Index.
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3. Discussion

This two-cohort study delineated complementary acoustic dimensions of Parkinson's disease
(PD). In the case-control cohort, PD was associated with shorter maximum phonation time
(MPT), lower Dysphonia Severity Index (DSI), restricted intensity regulation, greater amplitude
perturbation, and a smaller articulatory working space. Across the six sustained vowels, the
group effect was more consistent for shimmer than for jitter, and the reduction in vowel space
was evident in both men and women without statistical evidence of sex-specific effect
modification. In the independent clinical cohort, connected-speech timing measures, particularly
mean pause length, showed the clearest associations with motor severity, perceived voice
handicap, and cognition. Cross-cohort comparisons further indicated partial directional
consistency for shared acoustic measures, while the exploratory classification analysis suggested
that a small set of interpretable acoustic features could distinguish PD from healthy controls
within Cohort 1. Together, these findings support a multidomain view of parkinsonian speech in
which sustained phonation primarily characterizes respiratory-phonatory, laryngeal, and
articulatory impairment, whereas connected-speech timing captures additional motor-cognitive

burden.

The sustained-phonation findings are broadly consistent with recent acoustic studies
showing that PD affects several speech-production subsystems rather than a single voice feature
[4,10-13]. Shorter MPT points to reduced respiratory-phonatory efficiency, whereas lower DSI
reflects the combined influence of reduced phonation time, altered frequency capacity, elevated
minimum intensity, and perturbation. The higher shimmer observed in PD indicates less stable
cycle-to-cycle amplitude control and agrees with recent acoustic evidence of phonatory
instability in parkinsonian dysarthria [12,13]. Jitter showed a weaker main comparison for /a/ but
was elevated across the six-vowel mixed-effects model, illustrating that a conclusion based on
one sustained vowel may depend on vowel selection. This task dependence is compatible with
studies showing that phonetic context and speaking rate affect the discriminative information

carried by parkinsonian speech [20,25,26].

The intensity results warrant a nuanced interpretation. PD participants had a higher
minimum SPL, a narrower SPL range, and a lower Praat-derived mean intensity, while
maximum SPL did not differ after correction. This pattern does not represent uniform
hypophonia across all intensity metrics. Instead, it is compatible with compression of the

available intensity range and reduced modulation around a constrained operating level.
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Differences between summary measures may also arise because minimum, maximum, range, and
mean intensity capture distinct aspects of vocal output and can be sensitive to task instructions
and signal-processing procedures. Accordingly, the present findings favour multidimensional

interpretation rather than treating any single SPL metric as a direct proxy for perceived loudness.

Formant-derived measures provided complementary evidence of impaired articulation. Both
tVSA and VAl indicated a smaller articulatory working space in PD, in agreement with previous
work on vowel centralization and recent studies of task-dependent and Mandarin-language vowel
production [11,13,15-18]. The absence of a significant group-by-sex interaction suggests that the
direction of the articulatory effect was similar in men and women, although the sex-stratified
confidence intervals were wide. Sex remains important in speech-biomarker research because
fundamental and formant frequencies, spectral energy, and some derived features can differ
systematically between men and women [24,27]. Larger samples are therefore needed before

concluding that the magnitude of vowel-space reduction is sex invariant.

The strongest clinical associations in Cohort 2 involved connected-speech timing. Slower
speech rate, more frequent pauses, longer pauses, and shorter runs were associated with greater
motor severity and perceived voice handicap, and mean pause length remained independently
related to both outcomes after simultaneous adjustment for MPT. These results align with recent
studies showing that connected-speech timing and pause behaviour reveal parkinsonian
abnormalities that are not fully captured by isolated phonation [19,20]. Longitudinal evidence
has likewise identified pause duration, speech rate, and syllable timing as features that change
across the clinical course of PD [9,28]. Together, these observations suggest that timing
measures integrate multiple processes, including respiratory phrasing, initiation and sequencing

of speech movements, articulatory transitions, and online monitoring.

The partial dissociation between MPT and mean pause length is particularly informative.
MPT reflects the capacity to sustain a relatively simple phonatory act, whereas reading requires
repeated initiation, coordination of respiration with linguistic units, and continuous adjustment of
speech output. Their moderate cross-domain correlations indicate shared physiological
constraints, but the mutually adjusted models show that pause timing carried additional clinical
information in this cohort. This does not imply that connected speech is uniformly superior to
sustained phonation. Rather, the two tasks appear to probe different levels of the speech-
production hierarchy: sustained vowels offer controlled, interpretable measures of phonatory and

articulatory function, while connected speech increases ecological and cognitive demands.
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Mean pause length was associated with global cognition and immediate verbal learning after
adjustment for age, sex, and education, and it explained additional variance in MMSE beyond
demographic variables, disease duration, and MDS-UPDRS Part III. MPT was also related to
immediate verbal learning and Trail Making Test part A performance. These findings are
consistent with recent evidence that speech rate and pause-related prosody are associated with
cognitive impairment in PD [3,21]. They also align with discourse studies showing that
communication abnormalities in PD cannot be reduced entirely to motor speech impairment [22].
From a network perspective, speech production depends on coordinated interactions among basal
ganglia, frontal executive systems, language networks, auditory feedback pathways, and
respiratory-laryngeal control. Recent neuroimaging and sensory-feedback research further

supports this distributed motor-language framework [29,30].

The cognitive findings should nevertheless be interpreted conservatively. Reading reduces
lexical retrieval demands compared with spontaneous discourse, but it still requires visual
scanning, sequencing, working memory, sustained attention, and timing control. Longer pauses
may therefore reflect a mixture of bradykinesia, respiratory planning, motor initiation, slowed
information processing, and cognitive-linguistic monitoring. The hierarchical model provided
clear incremental evidence for MMSE, whereas the additional contribution to RAVLT
immediate recall was borderline. Moreover, only four of 112 partial correlations remained
significant after FDR correction. The pattern therefore supports selective rather than generalized
acoustic-cognitive coupling and does not establish pause duration as a standalone cognitive

biomarker.

The present results have two translational implications. First, clinically interpretable acoustic
domains may be more useful when considered together than when used in isolation. DSI,
shimmer, and tVSA represent complementary aspects of composite voice quality, phonatory
stability, and articulation. Their internally cross-validated acoustic model showed promising
discrimination in Cohort 1, whereas adding age and sex did not improve performance. Similar
studies in previous studies have shown that voice-derived models can identify PD with
promising accuracy [23], while work on interpretable speech biomarkers has emphasized the
need to relate data-driven features to recognizable physiological or acoustic constructs [27]. The
current model follows that principle by using a small number of conventional measures rather

than a large opaque feature set.
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404 Second, the results support a task-complementary assessment strategy. A brief sustained-
405  vowel protocol can quantify respiratory-phonatory capacity, perturbation, intensity regulation,
406  and articulatory space, while a short reading task can add temporal measures that are more

407  closely related to clinical burden and cognition. Such an approach may be suitable for repeated
408  digital assessment because speech is inexpensive and non-invasive, and recent work has

409  demonstrated the feasibility of automated speech-based PD evaluation and motor-state

410  monitoring [7,23,31]. However, the ROC analysis in this study was exploratory, internally

411  validated, and confined to Cohort 1. It should not be interpreted as evidence of diagnostic

412  accuracy in an independent population. External validation across centres, languages, disease

413  stages, devices, and recording environments is required before clinical implementation.

414 Strengths of this study include the use of two independently recruited and non-overlapping
415  cohorts, preservation of cohort-specific acquisition and analysis, coverage of multiple acoustic
416  domains, evaluation of six vowels rather than reliance on /a/ alone, and integration of motor,

417  patient-reported, and neuropsychological outcomes. The analytical strategy used age- and sex-
418  adjusted robust regression, mixed-effects modelling for repeated vowels, correction for multiple
419  testing, mutually adjusted models, bootstrap confidence intervals, and repeated cross-validation.
420  The separation of the cohorts also avoided inappropriate pooling of measurements obtained using

421  different instruments and protocols.

422 Several limitations should be considered. First, the cross-sectional, single-centre design and
423 modest sample sizes limit causal inference, subgroup analysis, and generalizability. Second, the
424 cohorts differed in recruitment period, recording equipment, microphone distance, clinical scales,
425  and available acoustic measures. Cross-cohort synthesis was therefore limited to descriptive
426  directionality and cannot be regarded as replication of identical effect estimates. Third, all

427  Cohort 2 assessments were performed in the medication ON state, and medication-related

428  fluctuations were not examined. Fourth, GDS-30 scores differed substantially between PD and
429  healthy controls in Cohort 1. Additional GDS-30-adjusted analyses preserved the DSI, intensity,
430  and shimmer effects but attenuated MPT and vowel-space effects, indicating that depressive
431  symptoms may explain part of the latter differences and that the modest, imbalanced sample
432 limits precise separation of disease-group and mood effects. Fifth, the reading task does not

433 capture the lexical, grammatical, and discourse demands of spontaneous speech, and the pause
434  segmentation procedure did not distinguish respiratory, linguistic, and hesitation pauses. Sixth,

435  TMT completion times were capped at 360 s, producing ceiling values, particularly for part B.
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Sensitivity analyses excluding ceiling cases yielded directionally similar but FDR-nonsignificant
estimates, with reduced precision because only 35 participants remained in the TMT-B analysis.
Seventh, no concurrent laryngoscopic, acrodynamic, respiratory, or neurophysiological measures
were available to identify the biological source of individual acoustic abnormalities. Finally, the
exploratory discrimination model lacked an external test cohort, and its performance may be
optimistic despite repeated cross-validation. Longitudinal multicentre studies with harmonized
recording, blinded clinical ratings, explicit pause annotation, and independent validation are

needed to determine sensitivity to progression and treatment response.

In conclusion, PD was associated with a multidomain sustained-phonation phenotype
comprising reduced respiratory-phonatory capacity, altered intensity regulation, greater
phonatory instability, and a smaller articulatory working space. Connected-speech timing
provided complementary information: slower and more fragmented reading was more
consistently associated with motor severity, perceived voice handicap, and selected cognitive
outcomes, and mean pause length retained independent clinical and cognitive associations after
adjustment. The two tasks should therefore be viewed as complementary rather than
interchangeable. These findings support the use of interpretable acoustic measures for motor-
cognitive phenotyping, while the exploratory classification results require external validation
before diagnostic application. Harmonized longitudinal studies are now needed to establish

reproducibility, treatment sensitivity, and clinical utility across languages and recording settings.

4. Methods

4.1 Study design and ethical approval

This study was an integrated cross-sectional analysis of two independently recruited, non-
overlapping cohorts. Cohort 1 used a case-control design to characterize the sustained-phonation
phenotype of Parkinson's disease (PD) relative to healthy controls (HC). Cohort 2 comprised an
independent clinical cohort of patients with PD and was used to examine sustained-phonation
and connected-speech correlates of motor severity, perceived voice handicap, and cognition.
Because the cohorts were recruited under different protocols and used different recording
systems and clinical assessments, analyses were conducted separately within each cohort. Cross-
cohort synthesis was restricted to descriptive comparison of coefficient directions for shared

acoustic measures; raw measurements were not pooled and no combined effect estimate was
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calculated. Participant flow, cohort-specific acquisition and analysis, and the cross-cohort

synthesis framework are summarized in Fig. 1.

Cohort 1 was approved by the Medical Ethics Committee of the First Affiliated Hospital of
Chengdu Medical College (No. 2021CYFYrb-SQ-04). Cohort 2 was approved by the
Institutional Review Board of the same hospital (No. 2024CYFYIRB-SQ-28). All procedures
were conducted in accordance with the Declaration of Helsinki and relevant institutional
requirements [32]. Written informed consent was obtained from all participants before study

procedures.

4.2 Participants

Cohort 1 initially comprised 34 patients with PD and 31 HC recruited at the First Affiliated
Hospital of Chengdu Medical College between January and December 2021. Six patients with
PD and four HC were excluded because they did not complete the speech tasks or because their
recordings were of insufficient quality for acoustic analysis, leaving 28 patients with PD and 27
HC in the final analytical sample. Patients were recruited from the Department of Neurology,
and HC were recruited from the hospital physical examination centre. Idiopathic PD was
diagnosed according to the 2015 Movement Disorder Society clinical diagnostic criteria [33].
Cognitive eligibility was screened using education-adjusted Mini-Mental State Examination
(MMSE) thresholds: at least 17 points for participants with no formal education, at least 20
points for those with primary-school education, and at least 24 points for those with junior-high-
school education or above [34]. Participants were required to understand the instructions and
complete the clinical and speech assessments. Additional eligibility criteria included no self-
reported hearing impairment that interfered with testing, no professional voice training or
previous speech therapy, no respiratory infection within the preceding month, no clinically
relevant pharyngeal disease on fibre laryngoscopy, and no previous trauma or surgery involving
the phonatory system. Exclusion criteria included secondary parkinsonism, other
neurodegenerative or major neurological disease, severe systemic or psychiatric illness, and

inability to complete the recording protocol.

Cohort 2 initially comprised 53 patients with PD recruited from the Department of
Neurology of the First Affiliated Hospital of Chengdu Medical College between January and
December 2024. Three participants were excluded because they did not complete the speech
tasks or because their recordings were of insufficient quality for acoustic analysis, leaving 50

patients with PD in the final analytical sample. Eligibility criteria were a diagnosis of idiopathic
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PD according to the 2015 Movement Disorder Society criteria [33], age 40—90 years, a stable
clinical condition, and sufficient reading ability to complete the standardized passage. Exclusion
criteria included other neurological or communication disorders, clinically relevant laryngeal
disease, severe psychiatric illness, major systemic disease, or inability to complete the clinical,
cognitive, or speech assessments. Clinical assessments and speech recordings were performed 1—
4 h after anti-parkinsonian medication intake during the medication ON state. Levodopa

equivalent daily dose was calculated using updated standard conversion procedures [35].

4.3 Clinical and neuropsychological assessment

Demographic variables collected in both cohorts included age, sex, and education. In Cohort
1, clinical characterization included disease duration, Hoehn and Yahr stage [36], Unified
Parkinson's Disease Rating Scale (UPDRS) total score [37], the 30-item Voice Handicap Index
(VHI-30) [38], the modified Frenchay Dysarthria Assessment (mFDA) [39], the 30-item
Geriatric Depression Scale (GDS-30) [40], and MMSE [34]. Higher UPDRS, VHI-30, and GDS-
30 scores indicated greater impairment, whereas higher mFDA scores indicated better speech-

motor or articulatory performance.

In Cohort 2, motor and non-motor status was assessed using the Movement Disorder
Society-sponsored revision of the Unified Parkinson's Disease Rating Scale (MDS-UPDRS)
Parts I-IV [41], Hoehn and Yahr stage [36], the Hamilton Anxiety Rating Scale [42], the
Hamilton Depression Rating Scale [43], and the 10-item Voice Handicap Index (VHI-10) [44].
Global cognition was assessed using the MMSE [34] and Montreal Cognitive Assessment [45].
Domain-specific testing comprised Rey Auditory Verbal Learning Test immediate and delayed
recall [46], Digit Span Test, Clock Drawing Test [47], and Trail Making Test parts A and B
(TMT-A and TMT-B) [48]. All clinical and neuropsychological assessments were administered
by trained neurologists. TMT completion time was capped at 360 s; participants unable to
complete a task within 360 s were assigned 360 s and flagged as having reached the ceiling.
Higher TMT values represented poorer performance, whereas higher scores on the remaining

cognitive measures represented better performance.

4.4 Speech tasks and recording procedures

In Cohort 1, recordings were obtained in a sound-treated speech room with background
noise below 45 dB. Participants were seated upright and maintained an approximately 10-15 cm

mouth-to-microphone distance. Under standardized instruction, they sustained the six Mandarin
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529  monophthongs /a/, /o/, /e/, /i/, lu/, and /ii/ at comfortable loudness and habitual pitch, with the
530  aim of maintaining a steady phonation. Each vowel was produced twice, with an interval of
531 approximately 2 s between repetitions; each production lasted approximately 3—5 s. The higher-
532 quality production was retained, and the most stable 1-2-s segment from the middle of that

533  recording was used for vowel-specific jitter and shimmer extraction. Maximum phonation time
534  was measured twice, and the longer duration was retained. Signals were acquired using a

535  unidirectional microphone and an LAO1 pre-low-pass filter amplifier at 44.1 kHz and 16-bit
536  resolution. The microphone gain was 10 dB and the filter cut-off was 20 kHz. Recording

537  procedures followed established recommendations for instrumental voice assessment and

538  microphone-based voice research [49,50].

539 In Cohort 2, recordings were obtained in a quiet room with ambient noise below 40 dB using
540  a Sony ICD-PX470 digital recorder. The recorder was positioned approximately 30 cm from the
541  participant's mouth at a 45-degree downward-forward angle. Participants completed sustained
542  production of the same six Mandarin monophthongs and read a standardized Mandarin version
543  of 'The North Wind and the Sun' containing approximately 250 syllables. For perturbation

544  analysis, sustained /a/ phonation was maintained for at least 3 s and a stable middle portion was
545  selected for extraction of jitter, shimmer, and harmonics-to-noise ratio. For formant analysis,

546  each vowel was sustained at a comfortable habitual pitch and loudness, with at least 2 s of stable
547  phonation. Maximum phonation time was measured twice, and the longer duration was retained.
548  The same recording arrangement and instructions were used for all participants within the cohort,

549  consistent with general recommendations for standardized acoustic voice acquisition [49,50].

550 4.5 Acoustic processing and feature definitions

551 Cohort 1 recordings were processed using DIVAS 2.5 and Praat version 6.0.25. DIVAS

552 supplied maximum phonation time (MPT), minimum and maximum sound pressure level (SPL),
553  maximum fundamental frequency (FOmax), jitter, and shimmer, whereas Praat was used for

554  formant extraction and the additional mean-intensity measure. Cohort 2 recordings were

555  processed using Praat version 6.2.09 [51]. All acoustic measures were derived using a uniform
556  procedure within each cohort. The primary feature sets represented respiratory-phonatory

557  capacity, composite voice quality, intensity regulation, phonatory stability, articulatory working
558  space, and connected-speech timing. Because the cohorts used different recording devices,

559  microphone geometries, and processing systems, intensity measures were analysed only within

560  cohort and were not directly pooled or compared between cohorts.
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Maximum phonation time (MPT) was defined as the maximum sustained phonation duration
in seconds. Minimum and maximum sound pressure level (SPL) were extracted for sustained
phonation, and vowel SPL range was calculated as maximum minus minimum SPL. In Cohort 1,
Praat-derived mean intensity was additionally retained as a separate intensity measure. Jitter and
shimmer quantified cycle-to-cycle frequency and amplitude perturbation, respectively; vowel-
specific values were available for all six sustained vowels in Cohort 1, whereas the /a/ measures
were used in the main Cohort 2 analyses. Harmonics-to-noise ratio (HNR) was available in

Cohort 2.

To ensure identical computation in both cohorts, the Dysphonia Severity Index (DSI) was
recalculated using the original multiparametric formulation [14]: DSI=0.13 x MPT + 0.0053 %
FOmax - 0.26 x SPLmin - 1.18 X jitter(/a/) + 12.4, where FOmax is the maximum fundamental
frequency and jitter(/a/) is expressed as a percentage. Lower DSI values indicate greater
dysphonia severity.

First and second formant frequencies (F1 and F2) were extracted in Praat for the corner
vowels /a/, /i/, and /u/. Triangular vowel space area (tVSA) was calculated as 0.5 x |F1i(F2a - Fou)
+ F1a(Fau - F2i) + Fru(F2i - F2a)|. The Vowel Articulation Index (VAI) was calculated as (Fa; +
F1a)/(F1i + Fru+ Fau + F2a), following established formant-based approaches to vowel
centralization [15,16]. Larger tVSA and VAI values generally indicate a more expanded
articulatory working space. Sex-stratified F1-F2 plots were generated because absolute formant

frequencies differ systematically between men and women.

For the Cohort 2 reading task, mean and range of SPL were obtained from the full reading
sample, with reading SPL range calculated as maximum minus minimum SPL. Temporal
measures included speech rate (syllables per second), number of silent pauses, mean pause
length, and mean run length. Silent pauses were defined as silent intervals lasting at least 0.20 s.
Speech segmentation and annotation were performed with reference to both the waveform and
spectrogram. During pitch-quality control, automatically detected erroneous periods were
manually inspected and corrected before smoothing and interpolation. Silent intervals and
continuous speech runs were otherwise identified using a consistent Praat-based segmentation

procedure across all Cohort 2 recordings.
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4.6 Analytical framework and prespecified measure sets

The Cohort 1 case-control analysis included ten sustained-phonation measures: MPT, DSI,
minimum SPL, maximum SPL, SPL range, Praat mean intensity, jitter /a/, shimmer /a/, tVSA,
and VAL Vowel-specific analyses used jitter and shimmer from all six vowels. Cohort 2 analyses
included fourteen measures: MPT, DSI, jitter, shimmer, HNR, vowel SPL range, tVSA, VAI,
reading SPL mean, reading SPL range, speech rate, number of silent pauses, mean pause length,
and mean run length. Seven measures were available in both cohorts for descriptive cross-cohort

synthesis: MPT, DSI, jitter, shimmer, vowel SPL range, tVSA, and VAL

4.7 Statistical analysis

No formal a priori sample-size calculation was performed because this study was a
secondary integrated analysis of two existing cohorts. All eligible participants with the required

clinical and acoustic data were included.

Distributional characteristics were assessed using histograms, Q-Q plots, and Shapiro-Wilk
tests. For linear regression models, residual-versus-fitted plots and Q-Q plots of residuals were
inspected to assess linearity and residual behaviour. Multicollinearity was evaluated using
variance inflation factors, and influential observations were assessed using Cook's distance.

Mixed-effects models were checked for convergence and residual patterns.

Continuous variables are summarized as mean and standard deviation or median and
interquartile range, according to their distribution, and categorical variables as number and
percentage. All tests were two-sided. No values were imputed; analyses used available complete
observations. Missing clinical values in Cohort 1 HC were structural because PD-specific
measures were not applicable. Statistical significance was assessed at P < 0.05 or false discovery
rate (FDR)-adjusted q < 0.05, as appropriate. Benjamini-Hochberg correction was used for all

stated FDR procedures [52].

For participant characteristics, Cohort 1 age was compared using Welch's t test, sex using
Fisher's exact test, education using the Fisher-Freeman-Halton exact test, and MMSE, VHI-30,
mFDA, and GDS-30 using Mann-Whitney U tests. No formal demographic or clinical

comparisons were made between Cohort 1 and Cohort 2.

For the primary Cohort 1 case-control analysis, each acoustic outcome was entered into a
separate linear regression model with group, age, and sex as predictors. HC3 heteroscedasticity-

robust standard errors were used [53]. tVSA was natural-log transformed; its group coefficient
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was exponentiated and reported as the adjusted geometric mean ratio for PD relative to HC.
Other effects were reported as adjusted mean differences. Standardized group coefficients were
additionally calculated for the forest plot. FDR correction was applied across the ten prespecified

acoustic measures.

As a sensitivity analysis, the primary Cohort 1 case-control models were repeated with
additional adjustment for GDS-30 score to assess the potential influence of depressive

symptoms. FDR correction was again applied across the ten acoustic outcomes.

Vowel-specific jitter and shimmer were natural-log transformed and analysed using linear
mixed-effects models with participant-specific random intercepts. Full models included study
group, vowel, age, sex, and the group-by-vowel interaction and were fitted by maximum
likelihood. Because neither interaction was significant, overall PD-to-HC ratios were obtained
from additive models without the interaction. Exploratory within-vowel contrasts were estimated
from the full interaction models, with FDR correction applied separately across the six contrasts

for jitter and shimmer.

Sex-stratified tVSA and VAI effects in Cohort 1 were estimated using age-adjusted linear
models within men and women. tVSA was natural-log transformed and reported as a PD-to-HC
geometric mean ratio; VAI was reported as an adjusted mean difference. Confidence intervals
were obtained by nonparametric bootstrap [54]. Effect modification was evaluated in models

containing group, sex, age, and a group-by-sex interaction.

Acoustic-clinical associations were examined separately in each cohort using age- and sex-
adjusted linear regression with HC3 robust standard errors. Acoustic predictors and clinical
outcomes were standardized before modelling. In Cohort 1, tVSA and VHI-30 were transformed
as In(value) and In(score + 1), respectively. In Cohort 2, jitter, shimmer, tVSA, mean pause
length, and mean run length were natural-log transformed; silent-pause count and VHI-10 were
transformed as In(value + 1). FDR correction was applied separately across the prespecified
acoustic measures for each clinical outcome. In Cohort 2, MPT and mean pause length were also
entered simultaneously to assess their independent associations with MDS-UPDRS Part III and
VHI-10; FDR correction was applied across the four focal acoustic coefficients. Cross-cohort
comparisons of the seven shared measures were descriptive and based on direction of the

standardized coefficients only.
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Within-patient acoustic intercorrelations were evaluated separately in the PD subgroup of
Cohort 1 and in Cohort 2 using Spearman rank correlation. FDR correction was applied across

all unique pairwise correlations within each cohort.

In Cohort 2, associations between the fourteen acoustic measures and eight cognitive
outcomes were evaluated using partial Spearman correlations after rank transformation, with
adjustment for age, sex, and education level; education was represented categorically.
Confidence intervals were calculated using Fisher z transformation and two-sided P values used
43 residual degrees of freedom. FDR correction was applied separately across the fourteen
acoustic measures for each cognitive outcome. The capped TMT-A and TMT-B analysis values

were used.

To evaluate the influence of the prespecified 360-s ceiling, analyses of TMT-A and TMT-B
were repeated after excluding participants who reached the ceiling for the corresponding task.
Partial Spearman correlations were recalculated with adjustment for age, sex, and education,

using the same outcome-specific FDR procedure.

Exploratory hierarchical rank-based linear regression was then used to assess the incremental
contribution of mean pause length to MMSE and RAVLT immediate recall. All continuous
variables were rank transformed. Model 1 included age, sex, and education; Model 2 additionally
included disease duration and MDS-UPDRS Part III; and Model 3 additionally included mean
pause length. Education was entered categorically. Model fit was summarized using R-squared,
adjusted R-squared, overall F tests, and Akaike information criterion. Incremental variance was

evaluated using the change in unadjusted R-squared and nested-model F tests.

Exploratory discrimination analyses were performed in Cohort 1. Apparent receiver
operating characteristic curves were generated for DSI, MPT, shimmer /a/, and natural-log-
transformed tVSA, with scores oriented so that larger values indicated a greater probability of
PD. Areas under the curve (AUCs) and 95% confidence intervals were estimated using 5000
stratified nonparametric bootstrap resamples [54]; operating points were selected using the
Youden index. Three logistic regression models were internally evaluated: a demographic model
containing age and sex, an acoustic model containing DSI, shimmer /a/, and log-transformed
tVSA, and a combined model containing all five predictors. Fixed L2-regularized logistic
regression (C = 1.0) was used. Standardization was fitted within each training fold, and out-of-
fold predictions were obtained from 200 repetitions of stratified fivefold cross-validation using

scikit-learn [55]. Performance was summarized by the mean cross-validated AUC and its 2.5th-
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97.5th percentile empirical range. These analyses were considered exploratory internal validation

and not external diagnostic validation.

Analyses were performed using IBM SPSS Statistics version 26.0 and Python version 3.12.
Python analyses used standard scientific-computing, statistical-modelling, and machine-learning
libraries. Figures were generated from the final analysis datasets using reproducible Python

scripts.

4.8 Code availability

The Python scripts used for data preprocessing, statistical modelling, false-discovery-rate
correction, bootstrap estimation, repeated cross-validation, and generation of the main and
supplementary figures are available from the corresponding author (chinazxw002@cmc.edu.cn)
on reasonable request. The code package includes variable definitions and instructions required

to reproduce the reported analyses. No proprietary custom algorithm was used.

4.9 Use of generative artificial intelligence

OpenAlI ChatGPT was used to assist with manuscript organization, language editing, and the
drafting and debugging of selected Python analysis and visualization scripts. The tool was not
used to determine participant eligibility, collect data, make autonomous research decisions, or
verify study results. All statistical procedures, code, numerical outputs, references, figures, and
final wording were independently reviewed and approved by the authors, who take full

responsibility for the content of the manuscript.

Data availability

De-identified participant-level clinical and derived acoustic data, the data dictionary, and source
data underlying the tables and figures are available from the corresponding author, Xianwei Zou
(chinazxw002@cmc.edu.cn), upon reasonable request. Access is available to qualified
researchers for non-commercial academic verification or secondary analysis, subject to approval
by the institutional ethics committee and completion of a data-use agreement. Requests should
include the research question, analysis plan, and proposed data-security measures and will
normally be reviewed within 30 days. Raw voice recordings are not publicly deposited because
voice recordings may remain personally identifiable; access to such recordings will be
considered only where permitted by participant consent and applicable ethical and legal

requirements.
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