
MODELS AND 
ANALYSIS 
OF VOCAL 
EMISSIONS 
FOR 
BIOMEDICAL 
APPLICATIONS
December 16-17, 2025
Firenze, Italy

14th
INTERNATIONAL 
WORKSHOP

W
O

R
K

S
H

O
P

 P
R

O
C

E
E

D
IN

G
S

PROCEEDINGS

M
A

V
E

B
A

 2025



PROCEEDINGS E REPORT

ISSN 2704-601X (PRINT) | ISSN 2704-5846 (ONLINE)

139





MODELS AND ANALYSIS OF VOCAL 
EMISSIONS FOR BIOMEDICAL 

APPLICATIONS

14TH INTERNATIONAL WORKSHOP

December, 16-17, 2025
Firenze, Italy

Edited by
Lorenzo Frassineti, Antonio Lanatà, Claudia Manfredi

Firenze University Press
2025



Models and Analysis of Vocal Emissions for Biomedical Applications : 14th International Workshop, 
December, 16-17, 2025 / edited by Lorenzo Frassineti, Antonio Lanatà, Claudia Manfredi. - Firenze : Firenze 
University Press, 2025.
(Proceedings e report ; 139)

https://books.fupress.com/isbn/9791221508215

ISSN 2704-601X (print)
ISSN 2704-5846 (online)
ISBN 979-12-215-0820-8 (Print)
ISBN 979-12-215-0821-5 (PDF)
ISBN 979-12-215-0822-2 (XML)
DOI 10.36253/979-12-215-0821-5

Cover: designed by CdC, Firenze, Italy.

Peer Review Policy 
Peer-review is the cornerstone of the scientific evaluation of a book. All FUP’s publications undergo a peer-review process by external experts under the 
responsibility of the Editorial Board and the Scientific Boards of each series (DOI 10.36253/fup_best_practice.3). 

Referee List 
In order to strengthen the network of researchers supporting FUP’s evaluation process, and to recognise the valuable contribution of referees, a Referee 
List is published and constantly updated on FUP’s website (DOI 10.36253/fup_referee_list). 

Firenze University Press Editorial Board
M. Garzaniti (Editor-in-Chief), M.E. Alberti, F. Vittorio Arrigoni, E. Castellani, F. Ciampi, D. D’Andrea, A. Dolfi, R. Ferrise, A. Lambertini, R. Lanfre-
dini, D. Lippi, G. Mari, A. Mariani, P.M. Mariano, S. Marinai, R. Minuti, P. Nanni, A. Orlandi, I. Palchetti, A. Perulli, G. Pratesi, S. Scaramuzzi, I. Stolzi.

FUP Best Practice in Scholarly Publishing (DOI 10.36253/fup_best_practice)

 The online digital edition is published in Open Access on www.fupress.com.

Content license: except where otherwise noted, the present work is released under Creative Commons Attribution 4.0 International license (CC BY 4.0: http://
creativecommons.org/licenses/by/4.0/legalcode). This license allows you to share any part of the work by any means and format, modify it for any purpose, 
including commercial, as long as appropriate credit is given to the author, any changes made to the work are indicated and a URL link is provided to the license. 

Metadata license: all the metadata are released under the Public Domain Dedication license (CC0 1.0 Universal: https://creativecommons.org/pu-
blicdomain/zero/1.0/legalcode).

© 2025 Author(s)

Published by Firenze University Press
Firenze University Press
Università degli Studi di Firenze
via Cittadella, 7, 50144 Firenze, Italy
www.fupress.com 

This book is printed on acid-free paper
Printed in Italy

https://books.fupress.com/isbn/9791221508215
https://doi.org/10.36253/979-12-215-0821-5
https://books.fupress.com/scientific-board/consiglio-editoriale-fup/73
https://books.fupress.com/scientific-boards
https://doi.org/10.36253/fup_best_practice.3
https://doi.org/10.36253/fup_referee_list
https://books.fupress.com/scientific-board/consiglio-editoriale-fup/73
http://www.fupress.com
http://creativecommons.org/licenses/by/4.0/legalcode
http://creativecommons.org/licenses/by/4.0/legalcode
https://creativecommons.org/publicdomain/zero/1.0/legalcode
https://creativecommons.org/publicdomain/zero/1.0/legalcode


MAVEBA 
2025 
Firenze, Italy 

 

 

 

 

 

 The MAVEBA 2025 Workshop is sponsored by: 
 

  

 

Electronics – Section Bioelectronics | An Open Access Journal 
from MDPI 
https://www.mdpi.com/journal/electronics/sections/bioelectronics 

  

 

Logopedics Phoniatrics Vocology (LPV, Taylor & Francis) 
https://www.tandfonline.com/journals/ilog20 

  

 

La Voce Artistica 
https://www.voceartistica.it/ 

  

 

Fondazione CR Firenze 
https://fondazionecrfirenze.it 

  

 
World Voice Day 
http://world-voice-day.org/ 

  

 

Dipartimento di Ingegneria dell’Informazione (DINFO), 
Università degli Studi di Firenze 
https://www.dinfo.unifi.it/ 









FUP Best Practice in Scholarly Publishing (DOI 10.36253/fup_best_practice) 
Lorenzo Frassineti, Antonio Lanatà, Claudia Manfredi (edited by), Models and Analysis of Vocal Emissions for Biomedical Applications. 14th International 
Workshop, December, 16-17, 2025, © 2025 Author(s), CC BY 4.0, published by Firenze University Press, ISBN 979-12-215-0821-5, DOI 10.36253/979-
12-215-0821-5

CONTENTS

Foreword������������������������������������������������������������������������������������������������������������������������������������������������������� XI

SESSION IA – ANALYSIS OF PATHOLOGICAL VOICE

VOICE MAPPING IN CLINICAL PRACTICE: TRACKING OBJECTIVE CHANGES AFTER 
INJECTION LARYNGOPLASTY����������������������������������������������������������������������������������������������������������������15
S. Capobianco, G. Björck, F. Forli, L. Bruschini, A. Nacci, S. Ternström

MACHINE LEARNING STRATIFICATION OF PHONATION NEUROMOTOR ALTERATION 
IN PARKINSON’S DISEASE�����������������������������������������������������������������������������������������������������������������������19
A. Gómez-Rodellar, J. Mekyska, A. Álvarez-Marquina, D. Palacios-Alonso, P. Gómez-Vilda

SPONTANEOUS SPEECH PRODUCED BY BRAZILIAN AND PORTUGUESE COCHLEAR 
IMPLANT USERS����������������������������������������������������������������������������������������������������������������������������������������23
A.A. Maia, A.N.P. Almeida, A.C.A.M. Ghirardi, Luis M.T. Jesus

ΜU-BAND ACTIVITY DESYNCHRONIZATION BEHAVIOR FOUND IN PHONATION FROM 
TWO CASES OF AUTISM SPECTRUM DISORDER��������������������������������������������������������������������������������27
A. Gómez-Rodellar, M. Jodra-Chuan, P. Gómez-Vilda

SPECIAL SESSION I – THE ROLE OF AI IN THE FIELD OF PHONIATRICS AND 
LARYNGOLOGY: PRESENT AND FUTURE (organized by G. Cantarella)

EVALUATING STATE OF THE ART VOICE CONVERSION MODELS FOR DYSPHONIC AND 
ELECTRO-LARYNX SPEECH��������������������������������������������������������������������������������������������������������������������33
B. Mayrhofer, M. Hagmüller, F. Pernkopf, P. Aichinger

THE ROLE OF ARTIFICIAL INTELLIGENCE IN LARYNGOLOGY: CURRENT EVIDENCE 
AND FUTURE PERSPECTIVES�����������������������������������������������������������������������������������������������������������������37
E. Bellini, C. Sampieri, F. Mora, G. Peretti

VOCAL BIOMARKERS OF DYSPHONIA AND THEIR INTERPRETABILITY: CHALLENGES 
FOR AN UNDERSTANDABLE AI��������������������������������������������������������������������������������������������������������������41
F. Calà

SESSION II – SINGING VOICE ANALYSIS

THE INFLUENCE OF ESTILL VOICE TRAINING FIGURES ON ACOUSTIC AND 
ELECTROGLOTTOGRAPHIC PARAMETERS�����������������������������������������������������������������������������������������47
M. Frič, A. Dobrovolná

PERCEPTUAL AND ACOUSTIC EVALUATION OF VIBRATO IN DIFFERENT SINGING STYLES����� 51
E. Globerson, O. Amir, O. I. Ronen, N. Amir

https://fupress.com/fup-best-practice-in-scholarly-publishing
http://creativecommons.org/licenses/by/4.0/legalcode
https://doi.org/10.36253/979-12-215-0821-5
https://doi.org/10.36253/979-12-215-0821-5


EFFECTS OF OVERTONE FLUTE BREATHING TRAINING ON VOICE RANGE PROFILES 
AND SPECTRAL OUTPUT�������������������������������������������������������������������������������������������������������������������������55
M. Frič, P. Amarante Andrade, J. Passerin, J. Kantor, M. Kučera

IMPACT OF VOCAL TRACT RESONANCES ON OBOE PLAYING������������������������������������������������������59
A. Koop, M. Kob

MULTIMODAL FEATURE ANALYSIS FOR DETECTING EXPRESSIVITY IN SINGING USING 
A MACHINE LEARNING APPROACH������������������������������������������������������������������������������������������������������63
N. Kotsani, V. Lyberatos, S. Kantarelis, A. Andreopoulou, G. Stamou, A. Georgaki

TO CREAK OR NOT TO CREAK, THAT IS THE QUESTION�����������������������������������������������������������������67
N. Henrich Bernardoni, A. Ménard, T. Linke, A. Katriou, M. Girod-Roux, I. Atallah

SESSION III – VOICE ANALYSIS AND SYNTHESIS

ABOUT THE EXCESS VARIABILITY OF POPULAR ACOUSTIC FEATURES OF VOCAL 
JITTER AND SHIMMER�����������������������������������������������������������������������������������������������������������������������������73
J. Schoentgen, A. Kacha , F. Grenez

A GRAPHICAL USER INTERFACE FOR GENERATING SYNTHETIC VOWELS WITH 
PREDEFINED ACOUSTIC PARAMETERS�����������������������������������������������������������������������������������������������77
D. Gasperini, S. Orlandi, A. Bandini

FINITE ELEMENT MODEL OF VOCAL FOLD DYNAMICS WITH LARYNGEAL MUSCLE 
ACTIVATION-DEPENDENT PARAMETERS��������������������������������������������������������������������������������������������81
C. Ponce, J. A. Parra, S. D. Peterson, H. Ramirez, M. Zañartu

SESSION IB – ANALYSIS OF PATHOLOGICAL VOICE

DESIGNING AN EXPERIMENTAL PROTOCOL FOR ELICITING ALZHEIMER’S DISEASE 
PHONETIC BIOMARKERS IN RUSSIAN SPEAKERS����������������������������������������������������������������������������87
E.V. Nikolaeva, K.V. Evgrafova, V.V. Evdokimova, P.А. Skrelin

NON-INVASIVE SPEECH ANALYSIS FOR DYSPHAGIA DETECTION IN AMYOTROPHIC 
LATERAL SCLEROSIS��������������������������������������������������������������������������������������������������������������������������������91
F. Pierotti, D. Gasperini, S. Capobianco, L. Becattini, F. Bianchi, A. Nacci, A. Santoro, B. Fattori,  
G. Siciliano, A. Bandini

FEASIBILITY AND CLINICAL SIGNIFICANCE OF AN UPDATED MULTIPARAMETRIC 
VOICE ASSESSMENT PROTOCOL BASED ON SPEECH DIADOCHOKINETIC PARAMETERS 
IN PATIENTS WITH PARKINSON DISEASE��������������������������������������������������������������������������������������������95
L. Franz, R. Cenedese, C. Birca, M. Kob, G. Baracca, C. de Filippis, G. Marioni

CNN-BASED SCREENING OF NEONATAL PATHOLOGIES USING INFANT CRY AS A 
BIOMARKER M. A.�������������������������������������������������������������������������������������������������������������������������������������99
Ruiz-Diaz, C. A. Reyes-Garcia, H. Perez-Espinosa

VIII



SPECIAL SESSION II – HISTORICAL ASPECTS OF VOICE RECORDINGS AND 
ANALYSIS (organized by P.H. DEJONCKERE)

HUMANITY’S FIRST VOICE RECORDINGS�����������������������������������������������������������������������������������������105
P.H. DeJonckere

ENRICO CARUSO – A VOCAL PROFILE BASED ON HISTORICAL RECORDINGS�����������������������109
B. Richter

A SURVEY ON VIBRATO PARAMETERS IN HISTORIC OPERA SINGERS��������������������������������������113
I. Ferrante

SPECIAL SESSION III – UPDATES ON VOICE RANGE PROFILE MEASUREMENTS 
(organized by M.KOB and G. BARACCA)

DETAILED ANALYSIS OF VOICE RANGE PROFILES������������������������������������������������������������������������119
M.Kob, G.Baracca

MULTIPARAMETRIC VOICE ASSESSMENT OF ADDUCTOR SPASMODIC DYSPHONIA 
PRE- AND POST-TREATMENT WITH BOTULINUM TOXIN INJECTION: A PROPOSAL FOR 
IMPLEMENTATION����������������������������������������������������������������������������������������������������������������������������������123
G. Baracca, C. Birca, M. Kob, R. Cenedese, G. Marioni, C. de Filippis, L. Franz

LONGITUDINAL STUDY OF VOICE PROPERTIES IN MUSIC PEDAGOGY STUDENTS��������������127
J. L. Thiele, E. Nagl, M. Kob

THE ACOUSTIC PERFORMANCE OF A TRANSGENDER SINGER���������������������������������������������������131
H. Browne, M. Kob, J. L. Thiele, I. Kansy, B. Schneider-Stickler

“VOICE RANGE PROFILE” OR “VOICE MAP”? ON TERMS, RATIONALES AND 
TECHNIQUES��������������������������������������������������������������������������������������������������������������������������������������������135
S. Ternström, P. Pabon

SESSION IV – VOICE EMOTIONS AND PERSONALITY

HARMONY IN SPEECH: MUSICAL STRUCTURE AS A MARKER OF PERSONALITY TRAITS������� 141
D. Valeeva

A PRELIMINARY ANALYSIS ON LONGITUDINAL EFFECTS OF EXAM STRESS AND 
PERSONALITY TRAITS OVER ACOUSTIC PROPERTIES������������������������������������������������������������������145
F. Calà, I. Colpizzi, C. Sica, C. Caudek, A. Lanatà, L. Frassineti

PROSOVR: EMOTIONAL PROSODY ACOUSTIC ASSESSMENT IN HEALTHY AND 
SCHIZOPHRENIA PATIENTS THROUGH VIRTUAL REALITY ASSISTED DATA COLLECTION������ 149
A. Araujo, S. Sousa, A. C. Gaspar, C. Silveira, J. Silva, C. Queirós, M. Leite, S. Ferreira, J. Martins, 
F. Torres, A. Campos

INDEX OF AUTHORS�������������������������������������������������������������������������������������������������������������������������������153

� IX












–






                  
              


, the link with the “real” complex world of the human 
              
 
            


               



–

–
–

–
–
–
–

    


            
                   







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
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
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
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

, the link with the “real” complex world of the human 
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Abstract: Objective: to explore the use of voice 
mapping for assessing changes in phonatory function 
following injection laryngoplasty in patients with 
unilateral vocal fold paralysis (UVFP). Materials and 
methods: Two patient cohorts were analyzed. Cohort 
1 (N=8) received in-office injections of hyaluronic 
acid or calcium hydroxylapatite, with voice 
recordings acquired before and immediately after 
treatment. Cohort 2 (N=4) underwent autologous fat 
injection under general anesthesia, with follow-ups 
at 1 and 3 months. All patients completed standard 
speech tasks with simultaneous acquisition of 
acoustic and electroglottographic (EGG) signals. 
Voice maps were computed using the FonaDyn 
system. Perceptual GRBAS ratings were provided by 
three blinded expert raters. Results: Voice mapping 
was feasible in all patients and revealed consistent 
treatment effects. Across both cohorts, the cycle-rate 
sample entropy (CSE) decreased, while the 
normalized peak dEGG (Q∆) and the Index of 
Contacting (Ic) both increased, indicating improved 
phonatory stability and vocal fold contact. Percep-
tual ratings showed corresponding reductions in 
breathiness and overall dysphonia. Conclusions: The 
voice map representation clearly visualized and 
quantified phonatory changes post-treatment for 
UVFP, with potential applications in clinical 
monitoring and outcome evaluation. 
Keywords: vocal fold paralysis; injection laryngo-
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I. INTRODUCTION 
Unilateral vocal fold paralysis (UVFP) is a relatively 

common cause of persistent dysphonia. Its annual 
incidence is estimated at 3.0-3.5 per 100,000 in the 
general population [1], rising to 0.42% among patients 
who have undergone surgery under general anesthesia 
[2]. It usually results from recurrent laryngeal nerve 

injury after thyroid, thoracic, or cervical spine surgery, 
but may also occur in case of malignancies, trauma, or 
be idiopathic [3]. The impaired vocal fold shows 
reduced mobility and varying resting positions, leading 
in some cases to glottic insufficiency with a breathy, 
weak, and effortful voice [3]. 
Traditional assessment of UVFP typically combines 
perceptual, acoustic, aerodynamic, endoscopic, and self-
reported measures, though many are designed for 
general dysphonia and may miss UVFP-specific deficits 
[1]. Perceptual tools like the GRBAS scale are widely 
used but inherently subjective and limited by inter-rater 
variability [1]. Acoustic parameters, including jitter, 
shimmer, harmonics-to-noise ratio, and cepstral peak 
prominence, are typically derived from sustained vowel 
phonation at a comfortable pitch and loudness. This 
approach suffers from intrinsic limitations, as many 
acoustic features are non-linearly dependent on both 
sound pressure level (SPL) and fundamental frequency 
(fo), making comparisons across conditions and time 
points problematic [4]. Moreover, in pathological voices 
such as those affected by UVFP, compensatory 
strategies and unstable glottal behaviors may further 
confound the interpretation of traditional acoustic 
measures, especially if phonation is limited to a single 
point in the SPL–fo space. As a result, these assessments 
often fail to capture the multidimensional and dynamic 
nature of phonatory function and may provide little 
insight into the physiological effects of treatment [4,5]. 

Voice mapping is a fairly new framework for visual-
izing and analyzing voice quality across a continuous 
range of SPL and fo. Unlike traditional acoustic analyses 
that rely on elicitation of isolated vowels, voice mapping 
captures phonatory behavior over some relevant range, 
such as habitual speech. This can reveal stable and 
unstable regions of voice production, abrupt transitions, 
and patterns of irregularity across a variety of acoustic 
and EGG-derived parameters [4].  
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This approach has demonstrated a particular strength 
in capturing the variability and fine structure of phona-
tion in professional voice users and healthy individuals 
[6-8] but it has been applied only occasionally in 
patients affected by voice pathologies [5]. Importantly, 
voice maps often reveal abrupt and regime-shifting 
changes in both acoustic and EGG-derived parameters 
that correspond to the onset of vocal fold contact, a 
physiologically critical event in vocal fold 
biomechanics (Fig.1). For instance, the normalized peak 
dEGG (Q∆) rises sharply as soon as contact begins, 
while the quotient of contact by integration (Qci), the 
index of contacting Ic (= Qci × log10(Q∆) ) and the cycle-
rate sample entropy (CSE) of the EGG signal display 
steep gradients across the contact boundary, indicating 
a sudden transition from disordered to more stable 
vibration patterns [9,10]. These effects occur over 
narrow SPL bands, highlighting the importance of 
analyzing phonation across the full fo-SPL space rather 
than at isolated points. This makes voice mapping a 
potentially valuable tool for tracking physiologically 
meaningful changes in glottic behavior, particularly 
relevant in conditions such as UVFP, where restoration 
of vocal fold contact is a primary therapeutic goal. 

 

 
Fig.1: Maps of the metrics Q∆ (left) and CSE (right), illu-

strating EGG wave-shape variability across the voice range of 
a professional baritone singing in modal voice. Darker shades 
indicate softer contacting (Q∆=1 means no contact) and 
higher entropy (less stable contact patterns). The superim-
posed dashed line represents the onset of vocal fold contacting 
threshold, based on the Q∆ metric. As soon as contact is estab-
lished, VG vibration becomes more stable and CSE decreases.  

 
Despite its potential, voice mapping has rarely been 

applied to the study of pathological voices, and stand-
ardized protocols for its clinical implementation remain 
lacking. In particular, no studies to date have system-
atically investigated how voice maps evolve in response 
to therapeutic interventions aimed at restoring glottal 
contact. Given the abrupt acoustic and electro-
glottographic transitions observed at the onset of vocal 
fold contact in healthy voices, this method may offer 
unique insights into the effectiveness of medialization 
procedures in UVFP. In this study, we applied the voice 
mapping technique to a cohort of patients undergoing 

injection laryngoplasty for UVFP, with the aim of 
evaluating whether changes in voice maps reflect 
increased glottic contact and correlate with perceptual 
and instrumental clinical outcomes. 

 
II. METHODS 

Study design and participants 
This observational study assessed the immediate and 

longer-term effects of injection laryngoplasty in patients 
affected by UVFP across two independent cohorts. 

Cohort 1 included eight patients (3 F, 5 M; mean age 
64.4 years) treated at Karolinska University Hospital 
(Stockholm, Sweden) with in-office injection laryngo-
plasty under local anesthesia (6 hyaluronic acid, 2 
calcium hydroxylapatite). Six had received prior 
injections. Etiologies included lung disease (n=3, 
namely lung transplant, pleural mesothelioma and lung 
cancer), thyroidectomy (n=1), multiple sclerosis (n=1), 
vagus schwannoma (n=1), cerebellar infarction (n=1), 
and idiopathic paralysis (n=1). 

Cohort 2 comprised four female patients (mean age: 
51.5 years) undergoing first-time injection laryngo-
plasty with autologous fat under general anesthesia at 
Pisa University Hospital (Pisa, Italy). Etiologies were 
iatrogenic (n=2) due to thyroidectomy (n=1) and 
thoracic surgery (n=1), or idiopathic (n=2).  

Data acquisition was performed at different time  
points in the two cohorts: in cohort 1, patients were 
recorded before (T0) and immediately after (T1a) the 
injection procedure; in cohort 2, recordings were 
collected before treatment (T0) and at one (T1b) and 
three months (T2b) post-intervention. 

Given the differences in injection materials, surgical 
settings, and follow-up timelines, this preliminary study 
considers the two cohorts not as directly comparable, 
but as providing complementary insights into voice 
mapping after laryngoplasty. 
Speech tasks and data collection 

All participants performed the same standardized 
vocal tasks at each assessment time point: reading of a 
short phonetically-balanced text (“Nordanvinden och 
solen” in Swedish or “Il Deserto” in Italian), counting 
from 1 to 10, and reciting the days of the week. Each 
session lasted approximately 2 minutes in total. Record-
ings were conducted with a fixed 30 cm mouth-to-
microphone distance. Audio was captured using a Line 
Audio OM1 microphone and Focusrite Scarlett 2i2 
interface; EGG signals were recorded via the 
Laryngograph A100. The sample rate was 44.1 kHz and 
the sample width was 24 bits. 
Voice mapping and outcome measures 

Voice maps visualize phonatory variation across the 
SPL-fo plane. They were computed using the program 
FonaDyn [9]. The acoustic metrics evaluated were 
cepstral peak prominence (CPP) and spectrum balance 

(SB). The EGG metrics were Q∆ , Qci , Ic , and EGG 
Cycle-rate Sample Entropy (CSE), being proportional to 
the disorder or irregularity of vocal fold contacting. A 
phonation detection threshold based on the 
autocorrelation of the acoustic signal was set to 0.8, 
indicating adequate periodicity and signal quality. 

Additional assessments included maximum phona-
tion time (MPT, in seconds) and perceptual evaluation 
using the GRBAS scale, rated by three independent, 
blinded experts. 
Ethical approval 

The study was approved by the Swedish Ethical 
Review Authority (Dnr 2024-00457-01) and the Ethics 
Committee of Tuscany Region – Northwest Area 
(26216_FORLI). All participants gave written informed 
consent. The study was conducted in accordance with 
the Declaration of Helsinki and Good Clinical Practice. 

 
III. RESULTS 

Immediate effect of injection laryngoplasty (Cohort 1) 
Perceptual evaluation: Voice quality was assessed in 

both cohorts using the GRBAS scale, independently 
rated by three expert phoniatricians or speech-language 
pathologists blinded to condition and timepoint. Inter-
rater agreement ranged from moderate to substantial 
(intra-class correlation coefficient, ICC=0.60–0.80). 
Immediately after injection, perceptual ratings showed a 
consistent reduction in breathiness (B, 5/8 pts) and 
asthenia (A, 4/8 pts) across the cohort. Conversely, 
increases in roughness (R, 4/8 pts) and strain (S, 5/8 pts) 
were observed in most patient. Global grade of 
dysphonia (G) scores improved in 5 patients, supporting 
an overall positive shift in perceived voice quality. 

Voice mapping: Voice maps computed from simul-
taneous audio and EGG recordings using the FonaDyn 
software exhibited consistent trends immediately 
following injection laryngoplasty. Among the extracted 
parameters, spectrum balance (SB) decreased in 7 out of 
8 patients across the speech range, within regions of 
overlap between pre- and post-injection recordings, 
indicating a reduction in high-frequency spectral com-
ponents. EGG-based measures showed systematic 
changes: Q∆ increased in 6 patients, suggesting stronger 
and more abrupt vocal fold contact; the Index of 
Contacting (Ic) increased in 6 patients; and cycle sample 
entropy (CSE), which reflects cycle-to-cycle variability 
in glottal contact, decreased in 6 out of 8 patients, 
indicating more stable phonatory patterns (Fig. 2). To 
quantify these trends, Wilcoxon signed-rank tests were 
applied to pre/post differences across all patients. The 
analysis revealed statistically significant changes for 
several metrics, particularly those associated with 
increased glottal contact (CSE: p = 0.059; Q∆: p = 0.059; 
Ic: p = 0.059; SB: p = 0.008). 

 
Fig.2: Maps of Ic (left) and CSE (right) for patient M8 

before (top), and immediately after (middle) injection laryngo-
plasty (LxP), and the difference maps (bottom) of the over-
lapping cells. Ic quantifies the amount of VF contacting, while. 
CSE quantifies the variability in EGG wave-shape from cycle 
to cycle. In the overlapping f₀–SPL region, Ic increased 
somewhat and CSE decreased substantially, indicating 
increased regularity and stability of VF vibration post-
injection. Note also how the creaky region below 55 Hz 
disappeared. The horizontal is fo in Hz, the vertical is SPL in 
dB(C) @ 0.3 m.  
 
Delayed effect of injection laryngoplasty (Cohort 2) 

Perceptual evaluation: In the second cohort, which 
included four female patients treated with autologous fat 
injection laryngoplasty under general anesthesia, the 
GRBAS perceptual evaluation revealed consistent 
improvements at one month post-operatively (T1b). All 
four patients demonstrated a reduction in the overall 
grade of dysphonia (G) and in breathiness (B). Asthenia 
(A) was reduced in three patients, while roughness (R) 
decreased in one and increased in another. Notably, 
unlike the first cohort, none of the patients exhibited an 
increase in strain following the injection. At three 
months post-operatively (T2b), the perceptual profile 
remained largely stable, with the exception of changes 
in asthenia: two patients showed further reduction, 
likely due to the initiation of speech therapy, whereas in 
one patient asthenia was increased. 

Voice mapping: Qualitative analysis of voice maps 
between T0 and T1b assessments revealed consistent 
trends among the four patients. The most prominent 
changes included an increase in CPP in three out of four 
patients, suggesting enhanced harmonic structure and 
vocal clarity, and a decrease in CSE in all four, 
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indicating more stable and regular vocal fold contact. At 
T2b these improvements were generally maintained.  
CPP further increased in three patients, while CSE 
remained stable. 
 

IV. DISCUSSION 
The results indicate that voice mapping is feasible 

and informative even in severely dysphonic patients, 
despite the variability typically associated with patho-
logical voices and the small sample size. Previous 
studies have shown that voice maps tend to be consistent 
within an individual but differ markedly across 
speakers, and this may be particularly impactful in the 
presence of vocal fold pathologies [4]. Nevertheless, 
several parameters in our study displayed coherent 
trends across patients, particularly those derived from 
the EGG signal and associated with vocal fold contact. 

CSE emerged as the most consistent metric, decreas-
ing in most patients both immediately after the injection 
and at follow-up recordings, indicating more stable 
vibratory patterns. Q∆ and Ic increased in most patients 
after treatment, reflecting a stronger and more distinct 
vocal fold contact. These quantitative findings were 
corroborated by perceptual improvements, especially in 
the global rating of dysphonia and the degree of 
breathiness. In Cohort 1, recordings were performed 
immediately post-injection to capture the early effects 
of the procedure. Despite a mild increase in roughness, 
likely due to edema and temporary vibratory imbalance, 
voice mapping consistently revealed enhanced glottic 
contact, supporting the method’s feasibility and 
sensitivity to immediate physiological changes. 

When making difference maps pre-post, it is necess-
ary to ensure overlap in the SPL–fo space between pre- 
and post-treatment recordings. In some cases, particul-
arly in those with breathy or unstable preoperative 
voices, the voice range shifted considerably after 
treatment both in the SPL and in the fo domains, limiting 
direct comparisons. To facilitate analysis of patho-
logical voices, we lowered the clarity threshold from the 
default value of 0.96 to 0.8, so as to obtain a number of 
observed cycles sufficient for mapping [4,9]. While this 
adjustment allowed map generation in dysphonic 
patients, it may limit inter-subject comparability and 
should be interpreted with caution. 

Several open questions remain. Future studies 
should investigate which parameters are most clinically 
the most relevant to specific voice problems, establish 
effect sizes for meaningful changes, and develop user-
friendly tools to support clinical interpretation. Our 
findings suggest that voice mapping may enrich clinical 
interpretation by offering a visual and objective repres-

entation of phonatory changes, with the potential to 
complement traditional perceptual and acoustic tools by 
quantifying treatment-related improvements. Such 
visual feedback may help clinicians not only verify the 
immediate success of medialization procedures but also 
monitor phonatory function over time. In particular, 
tracking specific parameters such as CSE and Ic could 
enable early detection of reabsorption of temporary 
injected materials before these changes become percept-
ually or endoscopically evident. This anticipatory use of 
voice maps might support more timely therapeutic deci-
sions and individualized patient follow-up strategies. To 
support future clinical use, key aspects of the voice 
mapping procedure (such as metric thresholds, vocal 
tasks, and interpretation criteria) should be 
progressively standardized. 
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Abstract:  
The stratification of Parkinson’s disease severity 
remains an unresolved challenge, as existing grading 
scales, such as UPDRS, fail to accurately capture 
speech-related neuromotor degeneration. Statistical 
Machine Learning approaches, particularly 
Random Forests (RF), offer a promising solution by 
providing an objective assessment of disease 
progression while delivering clinically interpretable 
insights that enhance symptom classification. This 
aligns closely with Explainable Artificial Intelligence 
(XAI) within the framework of clinical diagnostic 
decision-making. The effectiveness of RF-based 
stratification is validated through neuromotor 
competence tests and by evaluating the impact of 
dopaminergic treatment. 
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I. INTRODUCTION 

 
Parkinson’s disease (PD), the second most prevalent 

neurodegenerative disorder, is placing increasing 
pressure on Europe’s healthcare systems, exacerbated 
by an aging global population. Phonation, a highly 
affected behavioral function in PD, offers a valuable, 
non-invasive, and cost-effective tool for detecting subtle 
neuromechanical changes linked to neurological 
decline. Traditional longitudinal assessments rely on 
subjective evaluations, primarily through the Unified 
Parkinson’s Disease Rating Scale (UPDRS), 
particularly its Part III [1], which assesses neuromotor 
activity. To improve accuracy, researchers propose 
objective evaluation methods independent of subjective 
ratings. In this context, integrating Explainable 
Artificial Intelligence (XAI) with PD stratification 
methods could enhance phonation-based diagnostics. 
While Deep Learning (DL) methods are effective in AI-
driven solutions, Decision Trees (DTs) offer a 
structured, intuitive, and clinically aligned approach to 

stratifying PD. Their hierarchical design naturally 
integrates with clinical differential diagnosis, making 
them a valuable tool for PD classification. The study 
explores the integration of laryngeal neuromechanical 
correlates as predictive features in DT training. 
Scientific evidence highlights the agonist-antagonist 
relationship between the cricothyroid (CT) and 
thyroarytenoid (TA) muscles, which have opposing 
effects on vocal fold dynamics. Since these muscles play 
a key role in modulating vocal fold tension, their 
inclusion in predictive modeling is highly relevant [2]: 
 Cricothyroid muscle: This muscle acts as the vocal 

fold stretcher. When it contracts, it tilts the thyroid 
cartilage forward and downward, increasing the 
tension and length of the vocal folds.  

 Thyroarytenoid muscle: This one acts like a vocal 
fold relaxer and thickener. It shortens and slackens 
the folds. 

Previous research has shown that CT and 
thyroarytenoid TA neuromotor activity can be indirectly 
estimated through sustained vowel phonation [3]. The 
present study seeks to enhance phonation stratification 
using RFs, utilizing dynamic neuromotor alteration 
(DNMA) correlates from CT and TA activity as key 
predictive features. 

 
II. METHODS 

 
The neuromechanical activity of the CT and TA 

neuromotor pathways, respectively 𝑠𝑠��(�) and 𝑠𝑠��(�), 
may be indirectly estimated from the vocal fold body 
stiffness (VFBS) ��(�) by full-wave rectification after 
differentiation: 𝑠𝑠��(�) = 12��� ������(�)�� � − ����(�)�� � ; 

𝑠𝑠��(�) = 12��� ������(�)�� � + ����(�)�� � 
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indicating more stable and regular vocal fold contact. At 
T2b these improvements were generally maintained.  
CPP further increased in three patients, while CSE 
remained stable. 
 

IV. DISCUSSION 
The results indicate that voice mapping is feasible 

and informative even in severely dysphonic patients, 
despite the variability typically associated with patho-
logical voices and the small sample size. Previous 
studies have shown that voice maps tend to be consistent 
within an individual but differ markedly across 
speakers, and this may be particularly impactful in the 
presence of vocal fold pathologies [4]. Nevertheless, 
several parameters in our study displayed coherent 
trends across patients, particularly those derived from 
the EGG signal and associated with vocal fold contact. 
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default value of 0.96 to 0.8, so as to obtain a number of 
observed cycles sufficient for mapping [4,9]. While this 
adjustment allowed map generation in dysphonic 
patients, it may limit inter-subject comparability and 
should be interpreted with caution. 

Several open questions remain. Future studies 
should investigate which parameters are most clinically 
the most relevant to specific voice problems, establish 
effect sizes for meaningful changes, and develop user-
friendly tools to support clinical interpretation. Our 
findings suggest that voice mapping may enrich clinical 
interpretation by offering a visual and objective repres-

entation of phonatory changes, with the potential to 
complement traditional perceptual and acoustic tools by 
quantifying treatment-related improvements. Such 
visual feedback may help clinicians not only verify the 
immediate success of medialization procedures but also 
monitor phonatory function over time. In particular, 
tracking specific parameters such as CSE and Ic could 
enable early detection of reabsorption of temporary 
injected materials before these changes become percept-
ually or endoscopically evident. This anticipatory use of 
voice maps might support more timely therapeutic deci-
sions and individualized patient follow-up strategies. To 
support future clinical use, key aspects of the voice 
mapping procedure (such as metric thresholds, vocal 
tasks, and interpretation criteria) should be 
progressively standardized. 
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The amplitude probability distributions of 𝑠𝑠��(�) and 𝑠𝑠��(�), are estimated by means of normalized 
histograms. The whole process of feature extraction and 
classification depends on the following steps: 
 Four-second nuclear segments of sustained 

utterances of vowel [a:], produced at a natural tone 
and comfortable effort, were extracted from each 
participant. The initial two seconds were omitted to 
eliminate vowel insertion effects. 

 Adaptive inverse filtering was used to remove 
effects of the oro-naso-pharyngeal tract from each 
vowel segment to produce a glottal residual. The 
glottal source was estimated by integration of the 
glottal residual. 

 A 2-mass biomechanical model of the vocal fold was 
used to estimate the VFBS exerted on the musculus 
vocalis. Full-wave rectification of the VBFS yielded 
correlates of the forces exerted by the CT (positive 
DNMAct) and TA (negative DNMAta), aligned with 
the neuromechanical model of cricothyroid 
articulation. The probability densities (pdfs) of the 
DNMAct, and DNMAta were estimated using 
amplitude normalized histograms. 

 The study utilized three sample subsets for each 
participant gender set: MPD and FPD for male and 
female PDs, MHC and FHC for male and female 
healthy controls (HC), and MRS and FRS for male 
and female reference samples (RS). Jensen-Shannon 
Divergence (JSD) between each sample’s pdf ��(�) with respect to the centroid of the respective 
reference subset ��(�) was estimated: Δ�����(�)���(�)� = = Δ�����(�)���(�)� + Δ�����(�)���(�)�2 ; 

 ��(�) = ��(�) + ��(�)2  

(1)    

where the variable ζ represents the normalized 
amplitude of the DNMA (0≤ ζ ≤1) and ΔKL is the 
Kulback-Leibler Divergence (Cover & Thomas, 
2012) between p(ζ) and q(ζ): Δ��(�(�)|�(�)) = � �(�)��𝑠𝑠 ���� �(�)�(�)� ���

�  (2)    

 JSDs from DNMAct and DNMAta pdfs were used 
as predictors to feed an RF of DTs with three 
possible categories as target labels: P for PDs, C for 
HCs, and R, for RSs. Leave-one-out training was 
used on the whole male and female subsets to 
produce a trained ensamble model of the RF. The 
best performing DT was selected in each case to 
estimate the sensitivity, specificity, accuracy, and 
classification performance F1-score. 

The inclusion of a reference set is crucial, as aging 
processes in some HC participants may align their 
phonation characteristics with those of PD participants, 
complicating differentiation between the two groups, as 
discussed in Section IV. 

 Age distribution of participants 

Males MHC MPD MRS 
No. Part. 16 16 16 
mean age 65 70 44 
std. age 9.7 8.0 13.2 

Females FHC FPD FRS 
No. Part. 16 16 16 
mean age 62 69 42 
std. age 10.6 10.1 13.5 

Sixteen samples for each gender and subset were 
selected from PD and HC samples recorded at St. 
Anne’s University Hospital, Brno, in Czech Republic. 
RSs were collected at Hospital Universitario Gregorio 
Marañón in Madrid (HUGMM). A brief demographic 
description is given in Table 1.  

The classification method by a specific DT 
predictive model assigns class labels to observations by 
recursively splitting the feature space [4]. The average 
accumulated mismatch (AAM), or missing rate, served 
as the performance measurement criterion: 

��� = 1 − ∑ �(���, ���)�����(�� + �� + ��) (3)   

Where each sample target vector ��� and predicted 
vector ���  are used to compute their Hamming distance �(���, ���), normalized by the respective subset sizes �� + �� + �� and the number of folds in the cross-
validation K. Standard definitions for sensitivity, 
specificity, accuracy, and F1-score are used as 
classification benchmarks [5]. Besides, individual JSDs 
were correlated (Pearson’s) with levodopa equivalent 
dosage (LED), and UPDRS-III motor scale (UIII). 

 
III. RESULTS 

 
The trees showing the lowest missing rate have been 

selected as potential candidates (optimum trees) for the 
study of the stratification process on the male and 
female subsets, separately. The number of maximum 
splits have been fixed to 5, and all combinations have 
been included, given the limited size of the training 
subsets. The stratification consisted in classifying all the 
subsets with the optimum trees. The resulting trees have 
been plotted in Figure 1.  

 
Figure 1 Optimum decision trees. Top: male subsets. 

Bottom: female subsets. 

The performance of the optimal classification trees 
was evaluated based on pathological condition detection 
(positives) in the PD subsets and non-pathological 
condition detection (negatives) in the HC and RS 
subsets. The classification results are given in Table 2 
and Table 3 for the male and female subsets.  

  Male set classification performance 

Missing Rate 0.1046  
pR pC pP 

tR 16 0 0 
tC 0 13 3 
tP 0 1 15 

Sen Spe Acc F1 
0.94 0.91 0.92 0.88 

  Female set classification performance 

Missing Rate 0.1888  
pR pC pP 

tR 16 0 0 
tC 1 14 1 
tP 0 6 10 

Sen Spe Acc F1 
0.63 0.97 0.85 0.74 

It may be seen that both optimum decision trees 
separate the PD subsets onto several subsets labelled 
according to the leaf nodes of each tree, therefore 
stratifying the participant samples accordingly, as listed 
in Table 4 and Table 5 for the male and female subsets.  

  Male PD subset stratification results. LED: 
Levodopa equivalent dose (LED), UPDRS-III: Unified 
Parkinson Disease Rating Scale Tier III. 

Sample Age LED UPDRS-III Node Global JSD 
P2059 63 1340 25 C1 0.303 
P2037 86 1185 36 P1 0.333 
P2039 64 1058 37 P1 0.341 
P2061 70 875 17 P1 0.340 
P2089 75 2275 38 P1 0.336 
P2113 70 750 21 P1 0.331 
P2012 72 2185.5 35 P2 0.387 
P2015 69 1324 22 P2 0.342 
P2030 71 767 8 P2 0.369 
P2034 74 870 15 P2 0.370 
P2038 71 1330 55 P2 0.359 
P2054 55 1836 13 P2 0.368 
P2067 62 639 31 P2 0.361 
P2070 59 300 18 P2 0.375 
P2090 82 997.5 33 P2 0.363 
P2104 69 1665 25 P2 0.381 

  Female PD subset stratification results. LED: 
Levodopa equivalent dose (LED), UPDRS-III: Unified 
Parkinson Disease Rating Scale Tier III. 

Sample Age LED UPDRS-III Node Global JSD 
P1006 59 875 24 P1 0.404 
P1022 72 800 6 P1 0.433 
P1058 71 463.75 20 P1 0.383 
P1076 69 460 5 P1 0.435 
P1078 83 718.75 21 P1 0.388 
P1085 69 560 22 P1 0.408 
P1100 84 332.5 36 P1 0.373 
P1103 60 517.5 27 P1 0.429 
P1027 65 740 8 P2 0.414 
P1008 78 1444 23 C 0.300 
P1052 49 700 33 C 0.352 
P1064 60 660 11 C 0.297 
P1073 65 2101.5 30 C 0.252 
P1080 65 400 3 C 0.319 
P1095 79 2047.5 18 C 0.262 
P1097 71 1040.5 29 P3 0.372 

The study explores whether the predictive power of 
optimal classification trees, as revealed by the JSD, 
could be linked to key anamnesis metadata.  

  Correlation coefficients between the 
Global JDS, LED, and the UPDRS-III 

Male subset ρGJSD/LED ρGJSD/UIII 
P1 -0.08 0.22 
P2 0.27 -0.10 

Female subset ρGJSD/LED ρGJSD/UIII 
P1 -0.29 0.55 

P2, P3, C -0.70 0.20 
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classification performance F1-score. 

The inclusion of a reference set is crucial, as aging 
processes in some HC participants may align their 
phonation characteristics with those of PD participants, 
complicating differentiation between the two groups, as 
discussed in Section IV. 

 Age distribution of participants 

Males MHC MPD MRS 
No. Part. 16 16 16 
mean age 65 70 44 
std. age 9.7 8.0 13.2 

Females FHC FPD FRS 
No. Part. 16 16 16 
mean age 62 69 42 
std. age 10.6 10.1 13.5 

Sixteen samples for each gender and subset were 
selected from PD and HC samples recorded at St. 
Anne’s University Hospital, Brno, in Czech Republic. 
RSs were collected at Hospital Universitario Gregorio 
Marañón in Madrid (HUGMM). A brief demographic 
description is given in Table 1.  

The classification method by a specific DT 
predictive model assigns class labels to observations by 
recursively splitting the feature space [4]. The average 
accumulated mismatch (AAM), or missing rate, served 
as the performance measurement criterion: 

��� = 1 − ∑ �(���, ���)�����(�� + �� + ��) (3)   

Where each sample target vector ��� and predicted 
vector ���  are used to compute their Hamming distance �(���, ���), normalized by the respective subset sizes �� + �� + �� and the number of folds in the cross-
validation K. Standard definitions for sensitivity, 
specificity, accuracy, and F1-score are used as 
classification benchmarks [5]. Besides, individual JSDs 
were correlated (Pearson’s) with levodopa equivalent 
dosage (LED), and UPDRS-III motor scale (UIII). 

 
III. RESULTS 

 
The trees showing the lowest missing rate have been 

selected as potential candidates (optimum trees) for the 
study of the stratification process on the male and 
female subsets, separately. The number of maximum 
splits have been fixed to 5, and all combinations have 
been included, given the limited size of the training 
subsets. The stratification consisted in classifying all the 
subsets with the optimum trees. The resulting trees have 
been plotted in Figure 1.  

 
Figure 1 Optimum decision trees. Top: male subsets. 

Bottom: female subsets. 

The performance of the optimal classification trees 
was evaluated based on pathological condition detection 
(positives) in the PD subsets and non-pathological 
condition detection (negatives) in the HC and RS 
subsets. The classification results are given in Table 2 
and Table 3 for the male and female subsets.  

  Male set classification performance 

Missing Rate 0.1046  
pR pC pP 

tR 16 0 0 
tC 0 13 3 
tP 0 1 15 

Sen Spe Acc F1 
0.94 0.91 0.92 0.88 

  Female set classification performance 

Missing Rate 0.1888  
pR pC pP 

tR 16 0 0 
tC 1 14 1 
tP 0 6 10 

Sen Spe Acc F1 
0.63 0.97 0.85 0.74 

It may be seen that both optimum decision trees 
separate the PD subsets onto several subsets labelled 
according to the leaf nodes of each tree, therefore 
stratifying the participant samples accordingly, as listed 
in Table 4 and Table 5 for the male and female subsets.  

  Male PD subset stratification results. LED: 
Levodopa equivalent dose (LED), UPDRS-III: Unified 
Parkinson Disease Rating Scale Tier III. 

Sample Age LED UPDRS-III Node Global JSD 
P2059 63 1340 25 C1 0.303 
P2037 86 1185 36 P1 0.333 
P2039 64 1058 37 P1 0.341 
P2061 70 875 17 P1 0.340 
P2089 75 2275 38 P1 0.336 
P2113 70 750 21 P1 0.331 
P2012 72 2185.5 35 P2 0.387 
P2015 69 1324 22 P2 0.342 
P2030 71 767 8 P2 0.369 
P2034 74 870 15 P2 0.370 
P2038 71 1330 55 P2 0.359 
P2054 55 1836 13 P2 0.368 
P2067 62 639 31 P2 0.361 
P2070 59 300 18 P2 0.375 
P2090 82 997.5 33 P2 0.363 
P2104 69 1665 25 P2 0.381 

  Female PD subset stratification results. LED: 
Levodopa equivalent dose (LED), UPDRS-III: Unified 
Parkinson Disease Rating Scale Tier III. 

Sample Age LED UPDRS-III Node Global JSD 
P1006 59 875 24 P1 0.404 
P1022 72 800 6 P1 0.433 
P1058 71 463.75 20 P1 0.383 
P1076 69 460 5 P1 0.435 
P1078 83 718.75 21 P1 0.388 
P1085 69 560 22 P1 0.408 
P1100 84 332.5 36 P1 0.373 
P1103 60 517.5 27 P1 0.429 
P1027 65 740 8 P2 0.414 
P1008 78 1444 23 C 0.300 
P1052 49 700 33 C 0.352 
P1064 60 660 11 C 0.297 
P1073 65 2101.5 30 C 0.252 
P1080 65 400 3 C 0.319 
P1095 79 2047.5 18 C 0.262 
P1097 71 1040.5 29 P3 0.372 

The study explores whether the predictive power of 
optimal classification trees, as revealed by the JSD, 
could be linked to key anamnesis metadata.  

  Correlation coefficients between the 
Global JDS, LED, and the UPDRS-III 

Male subset ρGJSD/LED ρGJSD/UIII 
P1 -0.08 0.22 
P2 0.27 -0.10 

Female subset ρGJSD/LED ρGJSD/UIII 
P1 -0.29 0.55 

P2, P3, C -0.70 0.20 
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Specifically, it examines associations with 
dopaminergic medication intake (measured by the 
levodopa equivalent dose, LED) and the severity of 
motor symptoms (evaluated using the UPDRS-III 
scale). These relationships are detailed in Table 6. 
 

IV. DISCUSSION 
 

The features utilized by the optimal trees for 
classification and stratification vary. In the male DT, 
only CT activity appears to have been used for 
stratification, whereas in the female DT, both CT and 
TA activities were employed. The male DT separated 
the reference subset (R) when the CT deviated from the 
reference group by less than 0.1361. A sequence of 
splits at thresholds 0.2369, 0.2466, and 0.2534 
distinguished the first HC subset (C1), the first PD 
subset (P1), the second HC subset (C2), and the second 
PD subset (P2). In the female subsets, both CT and TA 
divergences were used, resulting in a distinct 
stratification pattern. The first split occurred at CT < 
0.1402, separating the reference group (R). The second 
split, based on TA > 0.2549, distinguished P1. A 
subsequent split at CT < 0.1514 separated PD (P2), 
while the final split at CT < 0.2752 differentiated HC 
(C) from PD (PD3). The stratification in the male subset 
achieved a sensitivity of 0.94, specificity of 0.92, 
accuracy of 0.92, and an F1-score of 0.88. The 
classification performance for the female subsets, 
presented in Table 3, was slightly lower, achieving a 
sensitivity of 0.63, specificity of 0.97, accuracy of 0.85, 
and an F1-score of 0.74. The most compelling results 
emerged from the relationship between global 
divergences (global JSD) for each leaf node set and key 
factors such as dopaminergic medication (LED) and 
neuromotor alteration (UPDRS-III), as detailed in Table 
6 through Pearson’s correlation coefficients. While the 
male subset exhibited small correlations with opposite 
signs in both nodes, the female subset showed strong 
correlations across its stratification subsets—
specifically, node P1 correlated with UPDRS-III, 
whereas subsets P2, P3, and C correlated with LED, 
with the latter showing a counter-correlation. These 
subsets were distinguished by a low TA divergence, 
reflecting the relaxing effect on the musculus vocalis 
induced by dopaminergic conditions. This finding 
highlights the potential of XAI-powered DTs in 
improving the interpretation of results within clinical 
contexts. Interestingly, a potential interpretation of the 
P1, P2, P3 groups could somehow refer to PD severity, 
although this question is out of the scope of the present 
study. An especially compelling question arises: why 
was the activity of the sole CT muscle sufficient to 
achieve stratification exclusively within the male 
cohort? This finding invites speculation about whether 

underlying neurological or laryngological factors 
uniquely affect male patients. Addressing these 
possibilities brings an open direction for future research. 

 
V. CONCLUSIONS 

 
The study highlights that decision trees (DTs) are 

effective simple tools for stratifying phonation samples 
affected by hypokinetic dysarthria. Using neuromotor 
activity in the laryngeal muscular system enables 
differentiation between normal and abnormal 
phonation, in the detection of anomalous patterns. 
Additionally, explainable AI (XAI) can enhance clinical 
interpretation of results. The findings suggest that 
stratification before transversal classification could 
improve accuracy and support longitudinal monitoring. 
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Abstract: Understanding the integration between 
the biofeedback provided by cochlear implant (CI) 
devices and speech production and perception 
systems, based on acoustic features of spontaneous 
speech, is a step forward towards better 
rehabilitation strategies for the hearing-impaired 
population. Objective: To analyse how auditory 
feedback in unilateral CI users influences 
spontaneous speech in two Portuguese language 
varieties; Brazilian Portuguese (BP) and European 
Portuguese (EP). Method: Cross-sectional, case-
control speech production study of 18 postlingually 
deaf unilateral CI users (9 BP and 9 EP speakers). 
The acoustic signal for each group was annotated 
and analysed with Praat. The Long-Term Average 
Spectrum (LTAS) and Cepstral Peak Prominence 
(CPP) were estimated for each sentence; the 
fundamental frequency (fo) and difference in 
amplitude between the first and second harmonics 
(H1-H2) were calculated for each production of 
vowel /a/. Conclusions: The impact of suboptimal 
CI feedback on CPP and fo was similar in BP and 
EP, but differed in terms of the LTAS and H1-H2. 
The CPP could be used as a reliable cross-linguistic 
marker for describing voice quality and highlights 
convergent articulatory strategies in CI users. 
Furthermore, the LTAS and H1-H2 differences 
between BP and EP speakers may be related to 
their unique prosodic styles. 
Keywords: Voice quality, acoustic phonetics, hearing 
loss, cochlear implant 
  

I. INTRODUCTION 
 

Analysis of vocal control and speech production in 
cochlear implant (CI) users sheds light on the speech 
perception-production interaction and how auditory-
motor processing is influenced by a partially restored 
and suboptimal auditory feedback [1]. When analysing 
the speech production deviations of CI users in a 

literature review, Ashjaei et al. [1] only reported 
consistent results for the fundamental frequency (fo).  

Acoustic measures provide indirect information 
about the configuration of the vocal tract when 
producing speech sounds. The auditory system helps 
control voice production, so adults with post-lingual 
hearing loss (HL), with different auditory feedback 
conditions, use specific strategies regarding the 
synchronisation of adjustments of supraglottis, glottis 
and general muscle tension resulting in target 
undershoot [1]. Therefore, an analysis of spontaneous 
speech samples may contribute to the description of 
measures that clarify the complex dynamics of physical 
and psychophysical attributes that characterise the 
human voice and its relationship with the auditory 
system.  

The purpose of this study was to analyse how 
auditory feedback in unilateral CI users influences 
spontaneous speech in Brazilian Portuguese (BP) and 
European Portuguese (EP), aiming to understand 
source-filter interactions.  
 

II. METHOD 
 

This cross-sectional, case-control study acoustically 
describes the spontaneous speech of Brazilian and 
Portuguese adult unilateral CI users. Ethical approval 
was obtained from independent Research Ethics 
committees in Brazil (6.563.499) and Portugal (39-
CED/2024). 

Eighteen Portuguese native speakers (9 BP and 9 
EP) with post-lingual HL, unilateral CI users, were 
recruited. The groups were balanced by age [BP – 
Mean (M) = 60.11 years, Standard deviation of the 
mean (SD) = 10.83 years; EP – M = 62.00 years, SD = 
9.73 years]; sex [BP and EP – 7 women and 2 men]; 
audiological profile [BP and EP – 7 progressive HL 
and 2 HL abrupt aetiology]. The mean duration of CI 
use was 32.33 months for the BP speakers and 58.33 
months for the EP speakers. 
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Specifically, it examines associations with 
dopaminergic medication intake (measured by the 
levodopa equivalent dose, LED) and the severity of 
motor symptoms (evaluated using the UPDRS-III 
scale). These relationships are detailed in Table 6. 
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the reference subset (R) when the CT deviated from the 
reference group by less than 0.1361. A sequence of 
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stratification pattern. The first split occurred at CT < 
0.1402, separating the reference group (R). The second 
split, based on TA > 0.2549, distinguished P1. A 
subsequent split at CT < 0.1514 separated PD (P2), 
while the final split at CT < 0.2752 differentiated HC 
(C) from PD (PD3). The stratification in the male subset 
achieved a sensitivity of 0.94, specificity of 0.92, 
accuracy of 0.92, and an F1-score of 0.88. The 
classification performance for the female subsets, 
presented in Table 3, was slightly lower, achieving a 
sensitivity of 0.63, specificity of 0.97, accuracy of 0.85, 
and an F1-score of 0.74. The most compelling results 
emerged from the relationship between global 
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6 through Pearson’s correlation coefficients. While the 
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with the latter showing a counter-correlation. These 
subsets were distinguished by a low TA divergence, 
reflecting the relaxing effect on the musculus vocalis 
induced by dopaminergic conditions. This finding 
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improving the interpretation of results within clinical 
contexts. Interestingly, a potential interpretation of the 
P1, P2, P3 groups could somehow refer to PD severity, 
although this question is out of the scope of the present 
study. An especially compelling question arises: why 
was the activity of the sole CT muscle sufficient to 
achieve stratification exclusively within the male 
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underlying neurological or laryngological factors 
uniquely affect male patients. Addressing these 
possibilities brings an open direction for future research. 
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rehabilitation strategies for the hearing-impaired 
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feedback in unilateral CI users influences 
spontaneous speech in two Portuguese language 
varieties; Brazilian Portuguese (BP) and European 
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deaf unilateral CI users (9 BP and 9 EP speakers). 
The acoustic signal for each group was annotated 
and analysed with Praat. The Long-Term Average 
Spectrum (LTAS) and Cepstral Peak Prominence 
(CPP) were estimated for each sentence; the 
fundamental frequency (fo) and difference in 
amplitude between the first and second harmonics 
(H1-H2) were calculated for each production of 
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Analysis of vocal control and speech production in 
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motor processing is influenced by a partially restored 
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the speech production deviations of CI users in a 
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The participants’ voices were recorded in a quiet 
room, with a Shure PG48 dynamic microphone 
positioned at a 45° angle from the participant’s mouth 
and 5 cm away from the lips. The recordings were 
sampled at 44100 Hz with 16-bit per sample. Acoustic 
data were collected from the answers to the following 
request: Tell me about a special day for you. 

The acoustic signal for each group was imported into 
Praat 6.4.39; a TexGrid object with two interval tiers 
(sentences and phones) was created and the start and 
end of all sentences and all the productions of vowel 
/a/ were manually annotated using perceptual and 
acoustic evidence. Only the vowels with a duration 
above 50 ms were annotated. 

Power Spectral Density (PSD) estimates of all 
annotated sentences were obtained with the Long-Term 
Average Spectrum (LTAS) object type of Praat using 
the Ltas (pitch-corrected) function call [2]. 

The PSD estimates were then analysed using 
Functional Principal Component Analysis (FPCA) to 
explore variation [3] of the LTAS for the BP/ EP pair. 
PSD estimates were processed using a script based on 
two R packages developed by Happ-Kurz [4]. Both 
PC1 and PC2 scores (s1 and s2 shape descriptors), 
were used to linearly model the curves (lm function in 
R) using the following reconstruction formulas: 
predCurveBP (f) = μ (f) + s1 BP · PC1 (f) + s2 BP · PC2 (f)   (1) 
predCurveEP (f) = μ (f) + s1 EP · PC1 (f) + s2 EP · PC2 (f)   (2) 

A purpose-built Praat script, was used to extract, 
the mean fo from the annotated /a/ vowel segments. 

The CPP [5] was estimated for each sentence using 
a plugin developed for Praat by Murray et al. [6], with 
the same settings described in their paper, except for 
the minimum and maximum CPP peak fo search values 
that were set to fomean - 50 (Hz) and fomean + 50 (Hz) 
respectively. We calculated the CPP using a voicing 
activity detection algorithm [6]. 

The difference in amplitude between the first and 
second harmonics (H1-H2) was estimated for each 
vowel [7] using the Spectral Tilt Script for Praat 
developed by DiCanio [8]. 

Mixed effects regression models were developed 
using the lmer function from the lme4 version 1.1-37 
package, with the fo, CPP and H1-H2 as outcome 
variables, considering variety_id as a fixed effect, 
speaker_id and sex_id as random effects. 
Results from likelihood ratio tests of the models with 
the variety_id effect against the models without 
the variety_id effect were also analysed. 

The regression models satisfied the normality 
assumption (i.e., its residuals were approximately 
normally distributed) and the constant variance 
assumption (homoscedasticity). 

Praat 6.4.39 was used for signal processing and 
analysis; R version 4.5.1 running in RStudio Version 

2024.04.2+764 were used for statistical analysis and 
data visualisation. The models’ predictions and lines 
spanning the 95% confidence interval were drawn 
using the sjPlot 2.9.0 package. 

 
III. RESULTS 

  
The results reported in this section are based on the 

participants’ spontaneous speech samples that were 
used to generate the LTAS and to calculate the CPP 
values from sentences. The /a/ vowels from the same 
sentences were used to estimate the fo and H1-H2. 
 
Functional Principal Component Analysis (FPCA) of 
the Long-Term Average Spectrum (LTAS) 
 

FPCA was used to explore the main dimensions of 
variation of the PSD estimates of PB and EP for all 
sentences (shown in Fig. 1). 

 
Fig.1: PSD estimates in dB (frequency in Hz). 

The PC1 and PC2 components, shown in Fig. 2, 
had the following impact on the shape of the curves 
(proportion of explained variance): PC1 = 98.6 %; PC2 
= 1.4 %. 

The reconstructing of the curves (shown in Fig. 3) 
was based on s1 and s2 scores with the following 
standard deviations: s1 – 1535.85; s2 – 176.85. The 
proportions of variance explained by the regression 
models predicting s1 were: R2 = 0.658, p < 0.001. The 
proportions of variance explained by the regression 
models predicting s2 were: R2 = 0.042, p = 0.007. 

 
Fig. 2: Curves for components PC1 and PC2, and 

the effect of scores. 

 
Fig. 3: Reconstructed curves. 

 
CPP, fo and H1-H2 values 
 

The CPP, fo and H1-H2 values are shown in Fig. 4.  
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predictions and vertical lines spanning the 95% 
confidence intervals. 

The following mixed effects regression models 
predicted the values shown in Fig. 4: CPP ~ 

variety_id + (1|speaker_id) + 
(1|sex_id); fo ~ variety_id + 
(1|speaker_id) + (1|sex_id); H1-H2 ~ 
variety_id + (1|speaker_id) + 
(1|sex_id). Likelihood ratio tests of the models 
with the variety_id effect against the models 
without the variety_id effect only revealed a 
significant difference between the H1-H2 models, i.e., 
there was only a significant difference between H1-H2 
values of the two varieties: CPP – χ2(1) = 0.582, p = 
0.446; fo – χ2(1) = 1.669, p = 0.196; H1-H2 – χ2(1) = 
6.178, p < 0.013. 
 

IV. DISCUSSION 
 

The analysis of spontaneous speech production in 
adult CI speakers of BP and EP, showed that the CPP 
and fo measures were similar between the groups. The 
CPP values were higher than the references for neutral 
voice quality [9], suggesting deviations for both groups 
and that the CPP could be a cross-linguistic marker 
describing voice quality in speakers with auditory 
feedback partially restored by CI. The similar fo of 
vowel /a/ in spontaneous speech observed for both 
groups can reflect Portuguese language-specific 
prosodic patterns [10]. The LTAS and H1-H2 captured 
phonetic and prosodic differences between the BP and 
EP varieties of Portuguese. 

The pitch-corrected LTAS [2] showed significant 
differences between BP and EP varieties (see Fig. 3), 
the most noticeable difference being related to PSD 
levels (spectral slopes and spectral peak locations were 
similar). We believe these differences are related to a 
greater range of articulator movement and a prosody 
style that produces greater loudness in BP, which was 
corroborated by the lower H1-H2 in BP than in EP (see 
Fig. 4). Also, a previous study [11] suggested that 
cochlear implantation had positive effects on the LTAS 
of a voice with normal characteristics. 

The absence of significant differences in CPP values 
between the two groups indicates that this parameter is 
more directly related to how voice quality is affected 
by the altered auditory feedback than to the differences 
in vocal tract use by both groups. CPP has been shown 
to be correlated to perceived voice quality and has 
proven to be a useful tool to differentiate dysphonic 
from non-dysphonic voices [9], [12]. In CI users, 
limitations in spectral resolution and auditory feedback 
often influence vocal control [13], which may lead to 
increased roughness or breathiness. However, 
comparable CPP values between groups can be 
interpreted as evidence of convergent vocal tract use 
strategies. Although the two varieties of Portuguese 
differ in phonetic and prosodic patterns, CPP values 
suggest that CI speakers rely on comparable 
articulatory and phonatory adjustments to maintain a 



� 25

The participants’ voices were recorded in a quiet 
room, with a Shure PG48 dynamic microphone 
positioned at a 45° angle from the participant’s mouth 
and 5 cm away from the lips. The recordings were 
sampled at 44100 Hz with 16-bit per sample. Acoustic 
data were collected from the answers to the following 
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periodic and harmonic voice signal under conditions of 
altered auditory feedback. Moreover, the stability of 
CPP across BP and EP varieties suggests that 
phonatory stability was preserved independently of 
these prosodic differences.  This convergence may 
reflect the physiological constraints imposed by the CI, 
which shape how speakers control the interaction 
between the source and filter, leading to strategies that 
are similar in both varieties of the Portuguese 
language. Thus, we suggest that the CPP may be a 
reliable tool in the clinical assessment of individuals 
with CI, regardless of language variety. 

The fo of vowel /a/ in spontaneous speech did not 
vary significantly between the BP and EP groups. 
These results, also corroborate the idea that the 
auditory mechanisms, replaced by the CI, act directly 
on muscle control and vocal tract adjustments, which 
improves the quality of speech and voice as a whole, 
but do not influence the sound source itself, as 
previously shown for the fo values in different auditory 
profiles [14]. 

It may therefore be argued that both spectral and 
periodicity aspects of phonation may be less sensitive 
to language differences than to CI-related fo 
modulations.  Clinically, the fo should be interpreted 
within the context of language-specific pitch norms, so 
as to avoid “over-pathologizing” prosodic variations, 
while the CPP serves as a more reliable, cross-
linguistic marker of phonatory efficiency. 

The auditory system assists in controlling voice 
production, and this study illustrates this relationship 
through a cross-linguistic approach, contrasting two 
varieties of Portuguese. This highlights the clinical 
importance of considering vocal patterns in the 
communication rehabilitation process for individuals 
with HL. However, to better clarify the therapeutic 
objectives of this process, studies that include an 
auditory-perceptual evaluation of voice are necessary. 
 

V. CONCLUSIONS 
 

When describing the spontaneous speech of 
Brazilian and Portuguese adult unilateral CI users, we 
observed that the impact of suboptimal CI feedback on 
voice production were similar, based on the CPP and fo 
voice quality measures, and differed in terms of the 
energy level as reflected in the LTAS and H1-H2 
values, suggesting the presence of greater phonatory 
effort in the Brazilian population. 
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Abstract:  

This study explored potential behavioral 
indicators of phonation in two individuals with 
Autism Spectrum Disorder (ASD), focusing on 
desynchronization signatures derived from EEG-
band analysis. Longitudinal data revealed significant 
differences in the synchronization index (SI) during 
attentive vocalization, with normotypical controls 
exhibiting marked desynchronization, most notably 
among males. While the majority of phonations fell 
within central quartiles, select outliers demonstrated 
heightened desynchronization. Correlational 
findings linked increased desynchronization to 
greater pitch variability, along with higher kurtosis 
in males and greater skewness in females, indicating 
distinctive phonation qualities across cases. The 
contrast between the male’s imitative speech and the 
female’s spontaneous vocalizations underscores the 
difficulty of standardizing protocols, reinforcing the 
importance of tailored, empathetic approaches to 
vocal data collection in ASD research. 
 
Keywords:  Speech Analysis; Autistic Spectrum 
Disorder; μ-Band Desynchronization, Longitudinal 
Phonation Assessment. 

 
I. INTRODUCTION 

 
Autism Spectrum Disorder (ASD) encompasses a 

broad range of neurocognitive differences whose causes 
remain elusive, making its study vital for understanding 
brain diversity and tailoring interventions that enhance 
individual lives. ASD presents high variability in 
behavior and communication—some individuals are 
highly articulate while others rely on alternative 
methods—complicating the use of speech as a 
diagnostic tool [1]. Challenges in social communication, 
sensory processing, and language development point to 
complex neural mechanisms, often reflected in unique 
phonation patterns [2]. As cross-sectional studies fall 
short of capturing this complexity, longitudinal 
approaches—like the six-year analysis of phonation and 

EEG-related vocal correlates featured in this study—
offer deeper insights into the neurological and 
expressive dynamics of ASD, reinforcing the 
importance of personalized therapeutic strategies and 
continued research into neurodivergent conditions [3]. 

The EEG μ-band (typically 8–12 Hz) has been 
extensively studied in relation to autism spectrum 
disorder (ASD), and findings consistently point to 
alterations in its activity that may reflect underlying 
neurophysiological disruptions. Many studies report 
decreased μ-band power in individuals with ASD, 
especially during resting-state EEG. This reduction is 
often interpreted as a sign of impaired cortical 
inhibition, possibly linked to GABAergic dysfunction 
[4]. ASD EEG profiles often show excess power in low 
(ϑ) and high (β-γ) frequencies, with reduced μ in the 
middle, forming a “U-shaped” pattern [5]. Mu rhythms, 
neural oscillations linked to sensorimotor activity, play 
a crucial role in integrating perception and action, 
particularly through the transformation of sensory input 
into motor output [6]. Their suppression during action 
execution or observation reflects activity in the mirror 
neuron system (MNS), which is essential for 
understanding others’ actions and imitation learning. In 
individuals with Autism Spectrum Disorder (ASD), μ 
suppression often appears weakened during observed 
actions but remains intact during self-initiated 
movements, suggesting selective disruptions in social-
motor resonance. EEG studies indicate that this 
phenomenon is frequency-specific and influenced by 
developmental factors, with certain sub-bands (e.g., 10–
13 Hz) more sensitive to suppression effects than others. 
Rather than implying a wholly dysfunctional MNS in 
ASD, these findings underscore complex neural 
variability and highlight the relevance of alternative 
networks and top-down modulation pathways in social 
cognition [7]. Moreover, the distinction between 
synchronization at rest and desynchronization during 
motor tasks—core conditions for μ suppression—
suggests that a whole-brain EEG approach focusing on 
both μ and α rhythms may offer deeper insights into 
ASD-related neural dynamics [8]. 
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periodic and harmonic voice signal under conditions of 
altered auditory feedback. Moreover, the stability of 
CPP across BP and EP varieties suggests that 
phonatory stability was preserved independently of 
these prosodic differences.  This convergence may 
reflect the physiological constraints imposed by the CI, 
which shape how speakers control the interaction 
between the source and filter, leading to strategies that 
are similar in both varieties of the Portuguese 
language. Thus, we suggest that the CPP may be a 
reliable tool in the clinical assessment of individuals 
with CI, regardless of language variety. 

The fo of vowel /a/ in spontaneous speech did not 
vary significantly between the BP and EP groups. 
These results, also corroborate the idea that the 
auditory mechanisms, replaced by the CI, act directly 
on muscle control and vocal tract adjustments, which 
improves the quality of speech and voice as a whole, 
but do not influence the sound source itself, as 
previously shown for the fo values in different auditory 
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periodicity aspects of phonation may be less sensitive 
to language differences than to CI-related fo 
modulations.  Clinically, the fo should be interpreted 
within the context of language-specific pitch norms, so 
as to avoid “over-pathologizing” prosodic variations, 
while the CPP serves as a more reliable, cross-
linguistic marker of phonatory efficiency. 

The auditory system assists in controlling voice 
production, and this study illustrates this relationship 
through a cross-linguistic approach, contrasting two 
varieties of Portuguese. This highlights the clinical 
importance of considering vocal patterns in the 
communication rehabilitation process for individuals 
with HL. However, to better clarify the therapeutic 
objectives of this process, studies that include an 
auditory-perceptual evaluation of voice are necessary. 
 

V. CONCLUSIONS 
 

When describing the spontaneous speech of 
Brazilian and Portuguese adult unilateral CI users, we 
observed that the impact of suboptimal CI feedback on 
voice production were similar, based on the CPP and fo 
voice quality measures, and differed in terms of the 
energy level as reflected in the LTAS and H1-H2 
values, suggesting the presence of greater phonatory 
effort in the Brazilian population. 
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ASD, these findings underscore complex neural 
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cognition [7]. Moreover, the distinction between 
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suggests that a whole-brain EEG approach focusing on 
both μ and α rhythms may offer deeper insights into 
ASD-related neural dynamics [8]. 
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This study tracks the vocal progression of two 
individuals with ASD from Asociación Nuevo 
Horizonte (ANH: Las Rozas de Madrid, Spain), using 
semiannual recordings of sustained [a:] vowels from 
2019 to 2025. EEG-based biomarkers from the 
laryngeal neuromotor system; ϑ, μ, and α bands were 
extracted via phonation inversion to build a comparative 
dashboard against sixteen neurotypical reference 
subjects. The ultimate aim of this study is to assess the 
extent to which EEG-related activity, indirectly inferred 
from neuromotor phonation correlates, reveals the 
presence of U-shaped profiles or low/high frequency 
band ratios in abnormal power patterns associated with 
autism spectrum disorder (ASD). Such findings may 
substantiate the potential utility of voice recordings in 
the prodromal and longitudinal monitoring of ASD. 

 
II. METHODS 

 
Two participants diagnosed with ASD, namely a 45-

year-old male and a 40-year-old female at the start of the 
study, were continuously monitored through recordings 
of sustained vowel utterances ([a:]) between 2019 and 
2025. Their profiles summarized in Table 1 were 
carefully documented as part of a structured research 
program overseen by specialized professionals within 
ANH. All recordings were conducted under consent 
from legal representatives in strict adherence to the 
Helsinki protocol, ensuring ethical issues. 

  Characteristics of participants; F: female; M: Male; 
CARS: childhood autism rating scale (non autistic condition 
<30, moderate 30-36, severe: >36); DEX: Dysexecutive 
Questionnaire (optimum condition <10, normal condition 10-
18, moderate dysexecutive 19-28, severe cognitive alteration 
>28) 
Gender F M 
Age 45 40 
Diagnosis ASD ASD 
CARS 30 30 
DEX 45 44 
Comorbid. Intellec. Disab. Sev. Intellec. Dis. 

Audio was recorded using a Sennheiser SK 300 G2A 
lavalier mic (15 cm from mouth), linked to an EM 300 
G2 receiver and Motu Traveller interface on a portable 
PC. Speech was captured at 44.1 kHz/16-bit in 
uncompressed WAV format. Sessions occurred in a 
quiet, comfortable room to reduce ASD-related stress, 
with each lasting 3–4 minutes to avoid fatigue. 
Caregivers played a key role in easing the process and 
enhancing participant cooperation. Besides, two subsets 
of vowel [a:] samples from sixteen speakers of each 
gender drawn from Hospital Universitario Gregorio 
Marañón in Madrid (HUGMM) were used for the 
reference set, as given in Table 2. The study was 
conducted on segments of 1 s (excluding onset and 

decay) were extracted from the reference database; for 
ASD recordings, selections ranged from 600 ms to 1 s. 

  Age distribution of normotypical subsets. 
Male subset MRS 
No. Participants 16 
mean age 44 
std. age 13.2 
Female subset FRS 
No. Participants 16 
mean age 42 
std. age 13.5 

Adaptive inverse filtering was used to remove effects 
of the oro-naso-pharyngeal tract (ONPT) from each 
vowel segment produce a glottal residual. The glottal 
residual 𝜀𝜀�(�) was estimated from the phonation signal ��(�) by the inversion of the vocal tract, and the glottal 
source ��(�) was estimated integrating the glottal 
residual 𝜀𝜀�(�). A 2-mass biomechanical model of the 
vocal fold was used to estimate the vocal fold body 
stress (VFBS) ��(�) as a result of the inversion of the 
biomechanical model on the glottal source ��(�). The 
EEG-band components of the VFBS were the results of 
band-filtering and normalizing the VFBS ℱ�{��(�)} for 
the respective EEG frequency bands (Ω) defined as: ��(�) = ℱ��{��(�)} ��̅⁄ ; 0 < Ω� ≤ 4 �� ��(�) = ℱ��{��(�)} ��̅⁄ ; 4 < Ω� ≤ 8 �� ��(�) = ℱ��{��(�)} ��̅⁄ ; 8 < Ω� ≤ 16 �� ��(�) = ℱ��{��(�)} ��̅⁄ ; 16 < Ω� ≤ 32 �� ��(�) = ℱ��{��(�)} ��̅⁄ ; 32 < Ω� ≤ 64 �� ��(�) = ℱ��{��(�)} ��̅⁄ ; 8 < Ω� ≤ 12 �� 

(1)  

where ���  was the average of the VFBS. In EEG studies, 
definitions of the α band vary across publications, 
typically limited to 8–12 Hz, whereas this manuscript 
adopts a broader range of 8–16 Hz, overlapping with the 
μ band, also defined as 8–12 Hz. This overlap arises 
from the distinct scalp regions each band covers: the 
sensorimotor areas for μ and the occipital zone for α. To 
resolve ambiguity in voice-based EEG extraction, the μ 
band is defined as 8–12 Hz, while α spans 8–16 Hz, 
enabling a decoupling of high-α activity (12 < Ω�� ≤16 ��) from μ rhythms on time-averaged analysis: ��̅� = 2 ��̅ ��̅⁄ − ��̅ ��̅⁄  (2)  

The synchronization index (SI) was estimated from 
the average VFBS on the ϑ, μ, and high-α bands: �� = ���̅ − ���̅ + ��̅�� 2⁄ � ��̅⁄  (3)  

The expected behavior of the SI will show the 
following patterns 

DC1: ��̅ < ��̅;  ��̅ < ��̅�; DC2: ��̅ < ��̅;  ��̅ > ��̅�; SC1: ��̅ > ��̅;  ��̅ > ��̅�; SC2: ��̅ > ��̅;  ��̅ < ��̅�; 
(4)  

DC1 and DC2 representing desynchronization states, 
with mid μ band activity falling below the low-
frequency ϑ band; DC1 aligns with the U-shaped 
pattern. Conversely, SC1 and SC2 represent 
synchronization states, μ activity exceeding ϑ levels. 
 

III. RESULTS 
 

The longitudinal evolution of SI from the longitudinal 
sample collection described before on the male and 
female participants have been plotted in Figure 1.  

 

 
Figure 1 Values of SI from the evaluation process. The 
median (Q2) of the respective reference distributions is given 
by the dash-dot line (−·−). The upper and lower dash lines (− 
−) represent the respective first and third quartiles (Q1 and Q3) 
of the reference distributions.   

A central question is whether the Synchronization 
Index (SI) accurately reflects the degree of μ band 
desynchronization triggered by intense vocal attention, 
specifically, whether focusing on phonation can alter 
vocal quality beyond baseline levels. To explore this, 
correlations between the SI and key voice parameters 
were examined, including fundamental frequency (f₀) 
and cepstral peak prominence (CPP). This relationship 
examines correlations between the degree of conscious 
attention from phonation stability represented by 
fluctuations in f₀, and harmonic/inharmonic ratio 
stability represented by fluctuations in the CPP. 

  Pearson correlation between the SI and descriptive 
features of voice quality indices from f0 and cpp; mean: 
average; std: standard deviation; skw: skewness; kur: 
kurtosis; Q2: median; IQ: inter-quartile interval. Relevant 
values are given in bold. 

Correlation Male part. Female part. 
ρSI/f0mean -0.154 0.135 
ρSI/f0std -0.362 -0.361 
ρSI/f0skw 0.191 0.486 
ρSI/f0kur -0.314 -0.029 
ρSI/f0Q2 -0.174 0.064 
ρSI/f0IQ -0.204 -0.418 

ρSI/cppmean -0.259  0.051   
ρSI/cppstd 0.001  0.133   
ρSI/cppskw -0.061 -0.358   
ρSI/cppkur -0.375  0.260   
ρSI/cppQ2 -0.163  0.060   
ρSI/cppIQ 0.247  0.578   

 
IV. DISCUSSION 

 
The longitudinal evolution in Figure 1 reveals that SI 

in neurotypical samples shows negative values, linked 
to DC1 (U-shape), suggesting desynchronization during 
attentive phonation. Distributions are nearly 
symmetrical, with Q2 slightly lower in males than 
females. Most phonations cluster within the Q1–Q3 
range, except for a few outliers, four in males, three in 
females, indicating intensified attentive 
desynchronization. 

Regarding the results associating the synchronization 
index and the phonation quality in terms of f₀ stability 
and harmonic/inharmonic contents, the results reveal 
consistent patterns linking synchronization index (SI) 
and phonation quality: 
 f₀ stability: Both participants show moderate 

negative correlation between SI and f₀ standard 
deviation (ρ = –0.362 male, –0.361 female), 
indicating greater desynchronization relates to 
increased pitch variability. This trend is reinforced 
in the female's f₀ interquartile range (ρ = –0.418). 

 f₀ distribution dhape: Higher synchronization 
corresponds to greater skewness in pitch (ρ = 
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0.486), notably in the female, as well as increased 
desynchronization correlates with elevated kurtosis 
in males (ρ = –0.314). 

 CPP Measures: Female CPP skew grows with 
desynchronization (ρ = –0.358), and male CPP 
kurtosis rises similarly (ρ = –0.375). Both show 
positive correlation between lower 
desynchronization and larger CPP interquartile 
spread (ρ = 0.578), strongest in the female. 

These trends suggest that synchronization levels 
influence vocal signal regularity and distribution shape, 
with clearer effects in female participants.  

 
V. CONCLUSIONS 

 
The study concentrated on pointing out some possible 

behavioral indicators from the phonation of two cases of 
ASD affected people potential desynchronization 
hallmarks derived from the EEG-band description of 
phonation. In this sense, it must be concluded that 
longitudinal data revealed notable differences in the 
synchronization index (SI) during attentive phonation, 
with normotypical samples showing desynchronization, 
especially pronounced in males. Most phonations 
clustered within central quartiles, though a few outliers 
displayed intensified desynchronization. Correlational 
analysis showed that greater desynchronization was 
associated with increased pitch variability, kurtosis (in 
males), and skewness (in females), highlighting 
differences in phonation quality across participants. 
This variability, expressed by the contrast between the 
male’s imitative speech and the female’s spontaneous 
vocalizations, illustrates the challenges in applying 
uniform protocols and emphasizes the merit of careful, 
individualized sample collection in ASD research. 
These results highlight the potential of EEG-derived 
synchronization indices during phonation as objective 
biomarkers for ASD, revealing sex-specific differences 
in vocal and neural patterns that challenge uniform 
assessment protocols. The associations between 
desynchronization and acoustic features like pitch 
variability emphasize the need for individualized, 
longitudinal data to capture ASD’s heterogeneity. 
Clinically, this supports advancing tailored diagnostic 
and therapeutic strategies that integrate 
neurophysiological and acoustic measures, enhancing 
precision in assessment and intervention. However, 
caution is necessary given the complexity of the method 
and the statistically underpowered sample size. To take 
these preliminary findings into consideration, the 
approach should be validated on larger cohorts. 
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Pathological speech, caused by dysphonia or pro-
duced via electro-larynx devices, often suffers from poor
intelligibility and unnatural prosody. In this paper, we
investigate the potential of four state-of-the-art voice
conversion models: FreeVC, QuickVC, LLVC, and XVC
for restoring healthy-sounding speech. All models are fine-
tuned on Austrian-German datasets and evaluated using
objective and subjective metrics. Results show substantial
gains in intelligibility, naturalness, and perceived vocal
health. QuickVC, FreeVC, and XVC perform similarly
and achieve the highest preference scores, exceeding
unprocessed pathological speech by up to 200%. These
findings highlight the potential to improve communication
for individuals with voice disorders and motivate further
development of efficient, high-quality conversion systems.

Keywords: voice conversion, speech rehabilitation, patho-
logical speech, electro-larynx, machine learning

I. INTRODUCTION

Voice has an important role in human communica-

tion. Beside its functional use, it is connected with our

identity, shaping how we perceive ourselves and how

others perceive us [1]. Voice disorders, such as dyspho-

nia, significantly impact individuals’ ability to commu-

nicate, leading to reduced social relationships, feelings

of isolation, and psychological burdens [2]. In severe

cases, such as those caused by laryngeal cancer, pa-

tients may require a laryngectomy, after which electro-

larynx (EL) devices are commonly employed, produc-

ing speech that is characterized by limited prosodic

expressiveness, and degraded intelligibility [3].

With the rapid advancement of speech and machine

learning technologies, artificial intelligence is a promis-

ing approach for improving voice quality of impaired

speech [4]. Voice conversion (VC) refers to the process

of modifying a speaker’s voice to resemble that of

another target speaker while preserving the original

linguistic content [5].

In this paper, VC is investigated as a potential

method for enhancing speech quality of individuals

with voice disorders. The novelty lies in testing and

evaluating state-of-the-art VC models for converting

both dysphonic and electro-larynx generated speech

into healthy-sounding voices. The experiments focus

on fine-tuning the models on Austrian-German datasets

and assessing their performance through objective and

subjective evaluations.

II. RESOURCES

Four VC models were selected: FreeVC1 [5],

QuickVC2 [6], LLVC3 [7], and XVC4 [8]. All models

are built upon the Generative Adversarial Network

(GAN) framework [9], which enables direct waveform

synthesis. FreeVC is designed for high-quality VC,

while QuickVC emphasizes computational efficiency.

LLVC is further optimized for low-latency, real-time

conversion. XVC, on the other hand, focuses on cross-

lingual VC, enabling speech conversion across different

languages. FreeVC, QuickVC, and XVC are similar

in their architecture and were chosen because they

represent the state-of-the-art in general VC technology,

are publicly available, and strong results have been

reported. LLVC, on the other hand, was selected for its

unique ability to perform real-time voice conversion on

consumer-grade CPUs, enabling an assessment of low-

resource performance in comparison to larger models.

Unlike the other models, which rely on disentangling

speaker identity from linguistic content, LLVC applies

a conversion mask to the acoustic feature vectors ex-

tracted from the source speech, in order to simulate

target speaker characteristics.

A. Database

The database covers a wide range of Austrian-

German speech in different conditions, including

healthy voices [10], pathologies [11], [12], and speech

recorded with electro-larynx [13] devices. It also in-

cludes audio recordings provided by the Medical Uni-

versity of Vienna, where parts are non-public due to

data protection regulations.

The final database has a total duration of 10.5 hours.

Dysphonic speech accounts for 26.87%, electro-larynx

recordings for 47.6%, and healthy speech for 25.90%.

1https://github.com/OlaWod/FreeVC
2https://github.com/quickvc/QuickVC-VoiceConversion
3https://github.com/KoeAI/LLVC
4https://github.com/ConsistencyVC/ConsistencyVC-voive-

conversion
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Fig. 1: Mean inference (Inf.) time of the models vs.

input audio length (on NVIDIA Geforce RTX 3050

Laptop GPU). 99% confidence interval (CI) shown for

LLVC.

The use of the audio recordings for evaluation and

presentation purposes has been approved by the Insti-

tutional Review Board (IRB) of the Medical University

of Vienna (number 2005/2022).

B. Computational resources

The models differ significantly in their computational

requirements and sizes. LLVC has 3.3M parameters,

requiring 38 MB of storage. In contrast, FreeVC,

QuickVC, and XVC range from 39.3M to 41.3M pa-

rameters, requiring 450–473 MB of storage.

To evaluate computational performance, inference

times were measured for 6.520 VCs per model (Fig. 1).

LLVC is the only model supporting true streaming; the

others (FreeVC, QuickVC, and XVC) require complete

audio phrase inputs. For comparability, LLVC was also

evaluated using complete audio phrase inputs. It shows

the lowest inference time, i.e. under 30 ms even for

inputs exceeding 20 seconds. QuickVC and XVC stay

below 200 ms for shorter utterances but scale with audio

length. FreeVC exhibits the highest inference times.

III. TRAINING

All models were initially pre-trained on English data.

The pre-trained model-weights are fine-tuned on subsets

of the database.

Pathological-to-normal VC ideally requires parallel

data to align pathological content with healthy speaker

characteristics. However, FreeVC, QuickVC, and XVC

are designed for non-parallel tasks [5], [6], [8], and

incorporating pathological speech during training de-

grades their performance by encouraging the adoption

of pathological traits. To avoid this, they are fine-tuned

exclusively on healthy speech, while pathological data

is reserved for evaluation. This approach focuses fine-

tuning on an unseen language and promotes generation

of high-quality, healthy-sounding speech.

In contrast, LLVC requires parallel data for training

and is limited to converting source speech into a single

target voice [7]. To address this, FreeVC is used as

a teacher model to convert all input samples into a

consistent healthy-sounding voice, which is then used to

train LLVC. This teacher-student strategy allows LLVC

to approximate FreeVC’s output while using its own ar-

chitecture. Five separate fine-tuning runs are performed,

each producing a distinct LLVC model configured for

one male or female target voice.

The database is split 80/20 into training and testing

set. All models are trained using the original hy-

perparameters. FreeVC, QuickVC, and XVC requires

20k-30k steps (batch size 64). LLVC, is trained for

100k steps (batch size 9). Training is performed on an

NVIDIA A40 GPU.

IV. EVALUATION

An online survey was done to compare synthesized

speech with the dysphonic and electro-larynx speech.

Participants rated intelligibility, naturalness, perceived

healthiness, rhythm, intonation and preference.

Participants were required to be healthy, at least

18 years old, and free from significant voice or hear-

ing impairments. The survey was distributed among

students, colleagues in speech or audio fields, and the

international research community.

A. Test design

Ten random recordings from pathological datasets are

processed by each model, generating 170 samples (10

× 4 target voices × 4 models + 10 originals). Two

female and two male target voices are used (same- and

cross-gender); one reflects a pre-illness voice, the others

serve as representative healthy exemplars. Participants

rate a randomized subset to ensure broad coverage while

keeping the survey duration manageable. Tasks include:

• Demographic information: Participants provide

sociodemographic data and confirm eligibility.

• Intelligibility: Participants orthographically tran-

scribe unique audio samples. The Word Error Rate

(WER) is calculated to assess intelligibility. Lower

WER indicates better intelligibility.

• Quality rating: Using a 1–5 MOS scale, partici-

pants rate naturalness, healthiness, and rhythm &

intonation; 1 = worst, 5 = best.

• Preference rating: Participants rank pathological

and synthesized samples by preference using a

0–100 visual scale (equal ratings allowed); 0 =

very unpleasant, 100 = very pleasant.

Participants are randomly assigned to Group A or B.

Group A rates phrases 1–5 for intelligibility and 6–10

for quality; Group B does the opposite. This prevents

overlap of phrases across tasks.

V. RESULTS

93 participants (Mean age = 36.4 years, SD = 16.6)

take part; 52.4% are female, 47.8% male. Most (89.2%)

are native German speakers. Mild hearing problems are

reported for 9.7% (e.g., mild tinnitus, age-related loss).

TABLE I: MOS with (±) 95% CI for pathological (Path.) speech, including dysphonic (Dysph.) and electro-larynx

(E-Larynx), and for conversions considering three quality measures. Best scores are marked bold▲, worst with ▼.

Model
Naturalness (non-synthetic) Healthiness Rhythm & Intonation

Dysph. E-larynx Dysph. E-larynx Dysph. E-larynx

Path. 3.73 ± 0.29 1.00 ± 0.00▼ 1.95 ± 0.23▼ 1.49 ± 0.51▼ 3.62 ± 0.27 1.98 ± 0.53

FreeVC 3.80 ± 0.25 2.33 ± 0.77▲ 3.70 ± 0.27 2.33 ± 0.67 3.60 ± 0.25 2.46 ± 0.78▲

QuickVC 3.91 ± 0.27 2.16 ± 0.52 4.15 ± 0.24▲ 2.90 ± 0.54▲ 3.57 ± 0.28 1.89 ± 0.39

LLVC 2.35 ± 0.30▼ 1.50 ± 0.44 2.38 ± 0.29 1.90 ± 0.45 3.15 ± 0.28▼ 1.50 ± 0.28▼

XVC 3.99 ± 0.24▲ 2.36 ± 0.54▲ 3.83 ± 0.28 2.15 ± 0.53 3.77 ± 0.28▲ 2.06 ± 0.43

A. Intelligibility

Dysphonic and electro-larynx recordings achieve

mean WERs of 10% and 25%, respectivley (Fig. 2).

FreeVC slightly increases WER for dysphonic speech

(13%) but reduces it for electro-larynx (17%). QuickVC

increases WERs to 23% and 40%. LLVC performs

worst (34% and 40%), while XVC achieves the low-

est WERs: 9% (dysphonic) and 20% (electro-larynx),

indicating improvements.
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FreeVC

QuickVC
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FreeVC
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Fig. 2: WER distributions (mean = white dot) for

(a) dysphonic, (b) electro-larynx, and converted speech

B. Quality rating

TABLE I shows MOS ratings for naturalness, health-

iness and rhythm & intonation. Dysphonic speech has

moderate scores (naturalness: 3.73, healthiness: 1.95,

rhythm & intonation: 3.62), while electro-larynx sam-

ples score consistently low (naturalness: 1.00 healthi-

ness: 1.49, rhythm & intonation: 1.98). For dysphonic

input, XVC achieves the highest naturalness (3.99) and

rhythm & intonation (3.77), while QuickVC leads in

healthiness (4.15). LLVC performs worst across all

quality measures. For electro-larynx speech, QuickVC

leads in healthiness (2.90), FreeVC and XVC show

similar results, and LLVC scores lowest.

C. Preference rating

Preference ratings (Fig. 3) confirm a clear im-

provement of VC models over pathological speech.

All three top-performing models (FreeVC, QuickVC,

XVC) show preference gains across all severity classes

of dysphonic speech (mild: 61.3, moderate: 25.3,

severe: 22.7), with the largest improvement gains

observed in moderate cases (e.g., FreeVC: 74.5,

QuickVC: 71.94, XVC: 71.2). Mild cases yield

the smallest gain but highest score (FreeVC: 83.6,

QuickVC: 77.6, XVC: 77.7), reflecting their high base-

line ratings and limited room for improvement. For

severe cases, while improvements remain substantial

(FreeVC: 52.44, QuickVC: 61.8, XVC: 57.9), the

scores do not reach moderate or mild qualities, likely

due to heavily distorted inputs compromising the mod-

els’ conversion capabilities. For electro-larynx speech,

all models achieve high comparable gains with lower to-

tal scores (FreeVC: 36.7, QuickVC: 42.8, XVC: 42.3),

due to the low baseline.
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Fig. 3: Preference scores (mean ± 95% CI), dysphonic

speech grouped by hoarseness severity (severe, mod-

erate, mild) and electro-larynx speech. The heatmap

shows absolute gains over pathological speech.

VI. DISCUSSION

Across all metrics VC models consistently improve

speech quality of both dysphonic and electro-larynx in-

puts. However, the effectiveness is higher for dysphonic

speech. WER results (Fig. 2) show that selected models

preserve intelligibility for dysphonic speech and even

improve it for electro-larynx. Quality ratings (TABLE I)

show strong gains in healthiness without compromising

naturalness or prosody. Preference ratings (Fig. 3) con-

firm these trends by achieving consistent improvements

across all severity levels of dysphonic speech.

Spectral analyses further substantiate these findings.

Dysphonic input (Fig. 4, top), often characterized by

high noise levels, slow speaking rates and heavy breath-

ing, lacks clear formants and F0 contours. The con-

version restores both, resulting in spectra qualitatively

similar to healthy speech. However, speaking rate re-

mains unchanged, which may explain why severely
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Fig. 1: Mean inference (Inf.) time of the models vs.

input audio length (on NVIDIA Geforce RTX 3050

Laptop GPU). 99% confidence interval (CI) shown for

LLVC.

The use of the audio recordings for evaluation and

presentation purposes has been approved by the Insti-

tutional Review Board (IRB) of the Medical University

of Vienna (number 2005/2022).
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TABLE I: MOS with (±) 95% CI for pathological (Path.) speech, including dysphonic (Dysph.) and electro-larynx

(E-Larynx), and for conversions considering three quality measures. Best scores are marked bold▲, worst with ▼.

Model
Naturalness (non-synthetic) Healthiness Rhythm & Intonation

Dysph. E-larynx Dysph. E-larynx Dysph. E-larynx

Path. 3.73 ± 0.29 1.00 ± 0.00▼ 1.95 ± 0.23▼ 1.49 ± 0.51▼ 3.62 ± 0.27 1.98 ± 0.53

FreeVC 3.80 ± 0.25 2.33 ± 0.77▲ 3.70 ± 0.27 2.33 ± 0.67 3.60 ± 0.25 2.46 ± 0.78▲

QuickVC 3.91 ± 0.27 2.16 ± 0.52 4.15 ± 0.24▲ 2.90 ± 0.54▲ 3.57 ± 0.28 1.89 ± 0.39

LLVC 2.35 ± 0.30▼ 1.50 ± 0.44 2.38 ± 0.29 1.90 ± 0.45 3.15 ± 0.28▼ 1.50 ± 0.28▼

XVC 3.99 ± 0.24▲ 2.36 ± 0.54▲ 3.83 ± 0.28 2.15 ± 0.53 3.77 ± 0.28▲ 2.06 ± 0.43

A. Intelligibility

Dysphonic and electro-larynx recordings achieve

mean WERs of 10% and 25%, respectivley (Fig. 2).

FreeVC slightly increases WER for dysphonic speech

(13%) but reduces it for electro-larynx (17%). QuickVC

increases WERs to 23% and 40%. LLVC performs

worst (34% and 40%), while XVC achieves the low-

est WERs: 9% (dysphonic) and 20% (electro-larynx),

indicating improvements.
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Fig. 2: WER distributions (mean = white dot) for

(a) dysphonic, (b) electro-larynx, and converted speech

B. Quality rating

TABLE I shows MOS ratings for naturalness, health-

iness and rhythm & intonation. Dysphonic speech has

moderate scores (naturalness: 3.73, healthiness: 1.95,

rhythm & intonation: 3.62), while electro-larynx sam-

ples score consistently low (naturalness: 1.00 healthi-

ness: 1.49, rhythm & intonation: 1.98). For dysphonic

input, XVC achieves the highest naturalness (3.99) and

rhythm & intonation (3.77), while QuickVC leads in

healthiness (4.15). LLVC performs worst across all

quality measures. For electro-larynx speech, QuickVC

leads in healthiness (2.90), FreeVC and XVC show

similar results, and LLVC scores lowest.

C. Preference rating

Preference ratings (Fig. 3) confirm a clear im-

provement of VC models over pathological speech.

All three top-performing models (FreeVC, QuickVC,

XVC) show preference gains across all severity classes

of dysphonic speech (mild: 61.3, moderate: 25.3,

severe: 22.7), with the largest improvement gains

observed in moderate cases (e.g., FreeVC: 74.5,

QuickVC: 71.94, XVC: 71.2). Mild cases yield

the smallest gain but highest score (FreeVC: 83.6,

QuickVC: 77.6, XVC: 77.7), reflecting their high base-

line ratings and limited room for improvement. For

severe cases, while improvements remain substantial

(FreeVC: 52.44, QuickVC: 61.8, XVC: 57.9), the

scores do not reach moderate or mild qualities, likely

due to heavily distorted inputs compromising the mod-

els’ conversion capabilities. For electro-larynx speech,

all models achieve high comparable gains with lower to-

tal scores (FreeVC: 36.7, QuickVC: 42.8, XVC: 42.3),

due to the low baseline.
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Fig. 3: Preference scores (mean ± 95% CI), dysphonic

speech grouped by hoarseness severity (severe, mod-

erate, mild) and electro-larynx speech. The heatmap

shows absolute gains over pathological speech.

VI. DISCUSSION

Across all metrics VC models consistently improve

speech quality of both dysphonic and electro-larynx in-

puts. However, the effectiveness is higher for dysphonic

speech. WER results (Fig. 2) show that selected models

preserve intelligibility for dysphonic speech and even

improve it for electro-larynx. Quality ratings (TABLE I)

show strong gains in healthiness without compromising

naturalness or prosody. Preference ratings (Fig. 3) con-

firm these trends by achieving consistent improvements

across all severity levels of dysphonic speech.

Spectral analyses further substantiate these findings.

Dysphonic input (Fig. 4, top), often characterized by

high noise levels, slow speaking rates and heavy breath-

ing, lacks clear formants and F0 contours. The con-

version restores both, resulting in spectra qualitatively

similar to healthy speech. However, speaking rate re-

mains unchanged, which may explain why severely
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Fig. 4: Mel-spectrogram including F0 contour for un-

processed dysphonic speech (top), and converted speech

using FreeVC (bottom).

impaired samples yield lower scores compared to mod-

erate or mild ones, as they exhibit slower speaking rates

and heavier breathing. Similarly, original electro-larynx

speech (Fig. 5, top) shows strong excitation artifacts

and a flat F0 contour, which produces monotonous and

inexpressive speech. Although the conversion signifi-

cantly reduces these artifacts and reconstructs plausible

formant patterns, the F0 remains flat, suggesting that

monotonic excitation limits prosody recovery. Address-

ing this requires explicit modeling of prosody, through

other training strategies or F0 modulation.

LLVC performs worst across metrics due to its

lightweight architecture and use of a conversion mask

instead of content-speaker disentanglement. This limits

its ability to model fine-grained acoustics and suppress

artifacts, leading to low synthesis quality. This is evi-

dent from TABLE I, where LLVC got low naturalness

scores and Fig. 3, where LLVC is rated worst regardless

of the input severity. This shows the need for future

research into efficient yet high-quality VC models.

The present study is limited to German speakers.

XVC, being cross-lingual, is expected to generalize

well to other languages, whereas FreeVC and QuickVC

would likely benefit from language-specific fine-tuning.

VII. CONCLUSION

This paper explores the potential of VC technologies

(FreeVC, QuickVC, LLVC, XVC) to enhance dys-

phonic and electro-larynx generated speech. FreeVC,

QuickVC, and XVC improved preference and MOS

ratings, with FreeVC and XVC also enhancing intel-

ligibility. LLVC showed no meaningful improvements.

The effectiveness is notably higher for dysphonic in-

puts, especially at moderate and mild severity levels.

Electro-larynx speech presents greater challenges due

to its constant excitation signal. While models restore

formants and F0 contours, temporal characteristics like

speaking rate and prosodic expressiveness remain lim-

ited in severe cases. LLVC’s under-performance high-

lights the limitations of lightweight architectures but

also emphasize the need for future research into more

resource-efficient VC models.
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Fig. 5: Mel-spectrogram including F0 contour for un-

processed electro-larynx speech (top), and converted

speech using FreeVC (bottom).
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


 

     
     


      
    

     
    

     
     
     




     

    

   
       

    
    
harmonization and bias mitigation, such as AIRCARE’s 
     






–
    

    
      
–

     
    
    
    

   —  
     









–

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Fig. 4: Mel-spectrogram including F0 contour for un-

processed dysphonic speech (top), and converted speech

using FreeVC (bottom).

impaired samples yield lower scores compared to mod-

erate or mild ones, as they exhibit slower speaking rates

and heavier breathing. Similarly, original electro-larynx

speech (Fig. 5, top) shows strong excitation artifacts

and a flat F0 contour, which produces monotonous and

inexpressive speech. Although the conversion signifi-

cantly reduces these artifacts and reconstructs plausible

formant patterns, the F0 remains flat, suggesting that

monotonic excitation limits prosody recovery. Address-

ing this requires explicit modeling of prosody, through

other training strategies or F0 modulation.

LLVC performs worst across metrics due to its

lightweight architecture and use of a conversion mask

instead of content-speaker disentanglement. This limits

its ability to model fine-grained acoustics and suppress

artifacts, leading to low synthesis quality. This is evi-

dent from TABLE I, where LLVC got low naturalness

scores and Fig. 3, where LLVC is rated worst regardless

of the input severity. This shows the need for future

research into efficient yet high-quality VC models.

The present study is limited to German speakers.

XVC, being cross-lingual, is expected to generalize

well to other languages, whereas FreeVC and QuickVC

would likely benefit from language-specific fine-tuning.

VII. CONCLUSION

This paper explores the potential of VC technologies

(FreeVC, QuickVC, LLVC, XVC) to enhance dys-

phonic and electro-larynx generated speech. FreeVC,

QuickVC, and XVC improved preference and MOS

ratings, with FreeVC and XVC also enhancing intel-

ligibility. LLVC showed no meaningful improvements.

The effectiveness is notably higher for dysphonic in-

puts, especially at moderate and mild severity levels.

Electro-larynx speech presents greater challenges due

to its constant excitation signal. While models restore

formants and F0 contours, temporal characteristics like

speaking rate and prosodic expressiveness remain lim-

ited in severe cases. LLVC’s under-performance high-

lights the limitations of lightweight architectures but

also emphasize the need for future research into more

resource-efficient VC models.
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Fig. 5: Mel-spectrogram including F0 contour for un-

processed electro-larynx speech (top), and converted

speech using FreeVC (bottom).

VIII. ACKNOWLEDGMENTS

We thank our late colleague Matthias Metelka for his

key role in the survey design, and all participants. This

research was funded in part by the Austrian Science

Fund (FWF) [10.55776/PAT5948223] and utilized the

Austrian Scientific Computing (ASC) infrastructure.

ChatGPT (OpenAI) was used for proofreading.

REFERENCES

[1] M. Tiwari and M. Tiwari, “Voice - How humans com-
municate?” J. Nat. Sci. Biol. Med., vol. 3, no. 1, pp.
3–11, Jan. 2012.

[2] S. M. Cohen, W. D. Dupont et al., “Quality-of-Life
Impact of Non-Neoplastic Voice Disorders: A Meta-
Analysis,” Ann. Otol. Rhinol. Laryngol., vol. 115, no. 2,
pp. 128–134, Feb. 2006.

[3] A. K. Fuchs, M. Hagmüller et al., “The New Bionic
Electro-Larynx Speech System,” IEEE J. Sel. Top. Sig.
Process., vol. 10, no. 5, pp. 952–961, Aug. 2016.

[4] A. Bhardwaj et al., “Transforming pediatric speech and
language disorder diagnosis and therapy: The evolving
role of artificial intelligence,” Health Sci. Rev., vol. 12,
no. 100188, pp. 2772–6320, Sep. 2024.

[5] J. Li, W. Tu et al., “FreeVC: Towards High-Quality Text-
Free One-Shot Voice Conversion,” in Proc. ICASSP,
Rhodes Island, Greece, June 2023, pp. 1–5.

[6] H. Guo, C. Liu et al., “QUICKVC: A Lightweight VITS-
Based Any-to-Many Voice Conversion Model using
ISTFT for Faster Conversion,” in Proc. ASRU, Taipei,
Taiwan, Dec. 2023, pp. 1–7.

[7] K. Sadov, M. Hutter et al., “Low-latency Real-time
Voice Conversion on CPU,” arXiv, 2023.

[8] H. Guo, C. Liu et al., “Using Joint Training Speaker En-
coder With Consistency Loss to Achieve Cross-Lingual
Voice Conversion and Expressive Voice Conversion,” in
Proc. ASRU, Taipei, Taiwan, Dec. 2023, pp. 1–8.

[9] M. Krichen, “Generative Adversarial Networks,” in
Proc. ICCCNT, Delhi, India, July 2023, pp. 1–7.

[10] B. Schuppler, M. Hagmüller et al., “GRASS: the Graz
corpus of Read And Spontaneous Speech,” in Proc.
LREC, Reykjavik, Iceland, May 2014, pp. 1465–1470.

[11] T. Nawka and L. C. Anders, “Die auditive Bewertung
heiserer Stimmen nach dem RBH-System,” Thieme,
1996.

[12] W. J. Barry and M. Pützer, “Saarbruecken voice
database,” 2007, Institute of Phonetics, Saarland Uni-
versity.

[13] A. K. Fuchs, J. A. Morales-Cordovilla et al., “ASR for
Electro-Laryngeal Speech,” in Proc. ASRU, 2013, pp.
234–238.


     


    
     
    
    
   
    
    
     
      


      

   





     
     

    
      
    
  

      


     
  

       



 

     
     


      
    

     
    

     
     
     




     

    

   
       

    
    
harmonization and bias mitigation, such as AIRCARE’s 
     






–
    

    
      
–

     
    
    
    

   —  
     









–






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     





      

    


      
     
     
instance, AIRCARE’s approach demonstrates how 

       
—
    
     
    
  
       
    
 
      
     
   
—



     


    
      



    
       








      
       
      
     
      
     


        
     

      
         
  


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     
–

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     





      

    


      
     
     
instance, AIRCARE’s approach demonstrates how 

       
—
    
     
    
  
       
    
 
      
     
   
—



     


    
      



    
       








      
       
      
     
      
     


        
     

      
         
  


    

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–






     
     

     
     
     

      
     
 

    
      
    
not meet clinicians’ needs for detailed, 
    

      
     
     
s’

        
        
     
     
     

    





        
    
       
    
        
      
    
      
     
       
      

       

       
      
     
    
       
       
       
       
      
        
     
      
   
     signal’s logarithmic 
      

   
       

      
      
       
       
    
     
       


       
      

        
      


     
    
   


       

   



















     
     

     
     
     

      
     
 

    
      
    
not meet clinicians’ needs for detailed, 
    

      
     
     
s’

        
        
     
     
     

    





        
    
       
    
        
      
    
      
     
       
      

       

       
      
     
    
       
       
       
       
      
        
     
      
   
     signal’s logarithmic 
      

   
       

      
      
       
       
    
     
       


       
      

        
      


     
    
   


       

   














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      
      
   


    
  



      
       

     
      
      

     








      
     

     


      
      
continuous values, for example predicting a patient’s 
       
      
    
       


      
      
      


      
 
       

     
    
  

       








systems in healthcare are often described as “black 
boxes”   
      

     
      
        
    
       
     
    
      
      
       
      

       


        


     
      
      
      

      
     
      
     
     

     
      
       
      
     
      


      
     
      

      
      
     
     
      
       
      
      
   
      


         


      

      
      


 
      
     
     
Alzheimer’s disease [1Parkison’s disease  

       

    
       
       

      
    
     
      
       
       
  
      
    
     



         
       
     
  
         
      
       

 
     

   
      
      










        
       
     
    
        

      
 
      
      



     

      
       
   
       
       
controls, mild and severe Parkinson’s  







     
     
    
      
  
      
    


     
     
      


       
      






   …    

        
      


      
       
      

      


…  
     


   …      
    
      
      

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      
      
   


    
  



      
       

     
      
      

     








      
     

     


      
      
continuous values, for example predicting a patient’s 
       
      
    
       


      
      
      


      
 
       

     
    
  

       








systems in healthcare are often described as “black 
boxes”   
      

     
      
        
    
       
     
    
      
      
       
      

       


        


     
      
      
      

      
     
      
     
     

     
      
       
      
     
      


      
     
      

      
      
     
     
      
       
      
      
   
      


         


      

      
      


 
      
     
     
Alzheimer’s disease [1Parkison’s disease  

       

    
       
       

      
    
     
      
       
       
  
      
    
     



         
       
     
  
         
      
       

 
     

   
      
      










        
       
     
    
        

      
 
      
      



     

      
       
   
       
       
controls, mild and severe Parkinson’s  







     
     
    
      
  
      
    


     
     
      


       
      






   …    

        
      


      
       
      

      


…  
     


   …      
    
      
      

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   …     
      


…
      
        
       


   …     
     
     


       

     
     


          
     



        
     



        
      
problem: a view based on the ethical principle of “do 
no harm”. 

      
      


        
      



       
       —



  …     
     
   



         
      
    



Alzheimer’s Disease Detection from Speech Using 
     
    



      

      


 … 
 
Disorder: A Proof‐of‐Concept Pilot Study. 

        
 
     


…
     



       
     



        

   


        
      



  
      
      


 … 
        



…
     


   …     
      
     
     
 


… 
      
      

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Abstract: Voice production can be shaped 
deliberately by the Estill Voice Model’s Figures. We 
examined how four of them—Thyroid Tilt, 
Laryngeal Vertical Position, Aryepiglottic 
Sphincter, and Body–Cover—affect the sound and 
vocal‑fold contact across one-octave pitch range. 
Seven female singers sustained vowels at five notes 
while we simultaneously recorded acoustics and 
electroglottography (EGG). From each token we 
derived fundamental frequency (fo), SPL, spectral 
slope, SPR, formants, spectral centroids, 
jitter/shimmer, CPPS/HNR, and time‑resolved EGG 
descriptors and cycle-averaged waveforms. Body–
Cover most strongly altered EGG shape and noise; a 
higher larynx shifted F1, F2, spectral centroids, and 
a narrowed aryepiglottic region boosted 1.5–7 kHz 
energy with de‑contact changes in EGG. These 
Figures yielded distinct, reproducible signatures that 
support objective differentiation and 
biofeedback‑guided training; larger datasets with 
aerodynamics/imaging will refine predictive models. 
Keywords:  Estill Voice Model, Estill figures, 
electroglottography, acoustical parametrisation, 
EGG waveform 

 
I. INTRODUCTION 

 
The Estill Voice Model (EVM) frames voice 

production as the trainable sequence of the positions of 
thirteen anatomical structures. These separate positions 
of the anatomical structures can be intentionally 
combined to create basic qualities making EVM a 
practical bridge between physiology and pedagogy [1]. 
In the EVM, a term 'Figure' denotes a specific, isolatable 
laryngeal or vocal tract configuration, such as the 
Thyroid Cartilage Figure (with its vertical and tilt 
conditions) or the Aryepiglottic Sphincter Figure (with 
its wide/narrow options). Figures are the building blocks 
of the model, i.e., structural manoeuvres that can be 
practiced individually and then combined to shape 
different vocal qualities. Empirical work on EVM has 
expanded rapidly across methods. Aerodynamic–
acoustic studies show that body–cover qualities differ in 
subglottal pressure, airflow, SPL, and perturbation 

measures, though simple EGG closed‑phase indices 
have been less sensitive [2]. Spectral studies in trained 
commercial singers demonstrate that performers can 
keep fo stable while volitionally redistributing spectral 
energy captured by SPR/LTAS [3]. Imaging adds 
mechanistic context: MRI identifies consistent 
aryepiglottic and often oropharyngeal narrowing during 
twang with a frequently higher larynx [4,5], while 
synchronous videoendoscopy links pitch raising to 
laryngeal elevation, pharyngeal narrowing, and velar 
elevation [6]. High‑speed laryngoscopy has further 
differentiated vibratory regimes associated with stylistic 
settings [7]. EVT has emerged as a particularly useful 
method for voice therapy and rehabilitation [8,9]. 

Despite this progress, systematic, Figure‑specific 
mapping of both acoustic and detailed EGG signatures 
across pitch remains limited. Prior studies often 
examined either global qualities or isolated gestures, 
and EGG was typically summarized by a single ratio. 
The present study addresses these gaps by quantifying 
how four Figures—Thyroid Tilt (THY), Laryngeal 
Vertical Position (LVP), Aryepiglottic Sphincter (AES), 
and Body–Cover (BC)—shape acoustic and EGG 
derived metrics at five controlled pitches. 
 

II. METHODS 
 

Participants and tasks: Seven female participants 
(completed a regular, structured 6‑month training 
program targeting the EVM Figures) were included in 
the study. Each participant produced different settings 
of the EVM Figures: THY (vertical, tilted), LVP (low, 
mid, high), AES (wide, narrow), and BC (thick, thin, 
stiff). For Thyroid Tilt (THY) and Aryepiglottic 
Sphincter (AES), an additional ‘mid’ category was 
occasionally assigned, reflecting that these 
configurations can be controlled in a continuous manner 
and some productions were perceptually judged as 
intermediate. Tasks were performed at five target 
pitches within one octave (A3, C4, D#4, F#4, A4) on the 
vowel /a/ at a comfortable medium dynamic. In total, 
1,108 tokens were collected across the four Figures (247 
for THY, 352 for LVP, 171 for AES, and 338 for BC). 

Procedure: Synchronous recordings of the acoustic 
signal (at 30 cm) and electroglottographic (EGG) signal 
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(Laryngograph D‑200, AGC disabled) were obtained in 
a sound‑treated room. For each token, a 500‑ms segment 
from the most stable portion of the sustained phonation 
was extracted. Perceptual validation was carried out by 
the first author. 

Signal analysis: Acoustic signals were analyzed in 
Praat (version 6.3.16). Extracted parameters included 
fo, sound pressure level (SPL), formant frequencies (F1, 
F2), spectral slope, Singing Power Ratio (SPR), spectral 
centroids SC(0–2.5 kHz), SC(2–5 kHz), Jitter, 
Shimmer, CPPS, noise‑to‑harmonic ratio (NHR), and 
harmonic level relations (L1, L1–L2). 

Electroglottographic signals were analyzed for both 
averaged amplitude and temporal patterns of vocal fold 
contact. Parameters such as Qx, Qci, SQx, and Ap–p 
were calculated following [10].   Cycle boundaries were 
detected with a wavegram‑based alignment approach 
[11]; cycles were time‑normalized to 0–100% of period 
length. The EGG was processed using two cycle-
averaged EGG waveform (CAEW) methods [12]: (i) 
shape-normalized (SH-CAEWs, per-cycle min–max 
scaled between 0 and 1), and (ii) speech-baseline-
referenced (SBR-CAEWs, amplitude scaled to a 
per‑subject reference from the ‘speech‑like’ baseline: 
LAR mid, BC thick, AES wide, THY vertical). 

The cycle‑synchronous EGG pulses were averaged 
within each token (500 ms), then averaged across tokens 
within each Figure setting before group averaging. 

Statistical analysis: All acoustic and EGG 
parameters, including cycle‑averaged EGG waveforms 
and spectra, were submitted to ANOVA to evaluate the 
effect of Figure settings. For CAEWs, values within 1% 
of the glottal cycle were compared, while spectral levels 
were assessed in 100‑Hz bands. Bonferroni‑corrected 
post hoc tests were applied where appropriate. 

III. RESULTS

A. Spectral and EGG waveforms analysis
Fig. 1 presents comparative graphs of shape-

normalized and speech-baseline-referenced CAEWs as 
well as acoustic spectra for different settings of EVM 
Figures: BC, AES, LVP, and THY. THY exerted only 
minimal influence on the shape of the EGG cycles. 
SBR-CAEWs showed only minor statistical differences 
in the maximum EGG amplitude. By contrast, the 
spectra revealed substantial differences at lower 
frequencies, close to the fundamental frequency, as well 
as in the amplitude of the first and second formant 
regions. 

LVP proved a major factor influencing the EGG 
shape in the pre-contact phase of the vocal folds (0–20% 
of cycle length). Only minimal changes were observed 
in the cycle intervals 50–75% and 90–100%. SBR-
CAEWs revealed highly significant effects across the 

entire vocal fold contact interval (20–55%). Spectral 
analysis showed pronounced changes in the second 
formant region (1.1–2.6 kHz) and in the higher range 
between 4.9–5.5 kHz. 

Adjustments of the AES were mainly reflected in the 
EGG shape during the de-contact phase (55–74%). 
SBR-CAEWs revealed only minor statistical differences 
from maximum contact to maximum de-contact (35–
75%). Spectrally, however, narrowing of the AES 
produced a broadband increase in the frequency range 
1.5–7.2 kHz, with the most pronounced differences 
between 1.5–3 kHz. 

The BC configurations exerted the strongest 
influence on the SH-CAEWs across most of the cycle, 
with the smallest effect between 65–90%. On SBR-
CAEW, the most significant differences were observed 
in the ranges 0–50% and 85–100% of the period length. 
Spectrally, the entire frequency spectrum was affected. 

Fig. 1 Top panels show condition-wise grand means of shape-
normalized (SH-CAEW) and speech-baseline-referenced 
(SBR-CAEW)(per-subject) cycle-averaged EGG waveforms 
and averaged spectra (left y-axis); bottom panels display 
log10(p) from ANOVA (right y-axis) for Figure settings—
THY, LVP, AES, and BC. 

B. Acoustic and electroglottographic parameters
In the upper parts of the graphs in Fig. 2, p-values

from ANOVA are shown for different settings of the 
studied EVM Figures of the measured parameter. SPL-
dependent metrics are interpreted with caution and as 
part of the observed Figure effects. THY exerted a 
moderate influence on spectral slope, CPPS, SPR, F1, 
and HNR. LVP had highly significant effects on 
spectral slope and the formant positions (F1 and F2). 
These changes also influenced spectral centroids and 
HNR. Smaller but significant effects were observed on 
Shimmer, Qx, and EGG amplitude, with a moderate 
effect on Jitter. Adjustments of the AES produced very 
significant effects on spectral slope, SPR, F1, F2, and 
spectral centroids, a moderate effect on HNR and SPL, 
and a minor effect on Shimmer, Qx, and Qci.  
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Fig. 2 Comparison of measured parameter values across different settings of EVM Figures—THY (Tv - vertical, Tm - middle, Tt - 
tilt), LVP (Ll - low, Lm - middle, Lh - high), AES (An - narrow, Am - middle, Aw - wide), and BC (thick, thin, stiff)—together with 
p-values from the analysis of variance (ANOVA). 

BC adjustments exerted the most extensive 
influence on the measured parameters. They affected 
SPL and noise-related measures and produced the 
strongest impact on EGG-based parameters among all 
studied Figures. BC substantially influenced the 
position of the first formant and, consequently, the 
spectral centroid between 0–2.5 kHz 

The boxplot graphs in Fig. 2 show the distributions of 
measured parameters for different Figure settings, 
enabling pairwise comparisons. The results provide a 
more detailed view of specific pairwise contrasts. 
Horizontal lines between conditions denote statistically 
significant differences, with line thickness proportional 
to the level of significance.  

Slope and SC(0–2.5 kHz) were extremely sensitive 
to LVP, AES, and BC, whereas in THY the effects were 
only of moderate strength. SPR effectively 
distinguished BC and AES conditions and moderately 
separated THY. SC(2–5 kHz) strongly distinguished 
LVP and AES. Jitter, EGG amplitude, and HNR were 
highly sensitive to BC and LVP. Qx only moderately 
distinguished thin versus stiff conditions. F1 and F2 were 
sensitive to LVP and AES width, with F1 also affected 

by BC. Shimmer, SQ, L1–L2, and L1 were particularly 
sensitive to BC. 

Systematic trends were evident across varying 
degrees of THY. With increasing tilt, CPPS, spectral 
slope, SPR, F2, and SC(0–2.5 kHz) consistently 
declined, whereas HNR showed systematic increases. 
Increasing LVP led to systematic increases in spectral 
slope, SPR, Jitter, F1, F2, Shimmer, L1–L2, and SC(0–
2.5 kHz). At the same time, parameters such as SC(2–5 
kHz), EGG amplitude, HNR, SQ, and L1 decreased. 
Narrowing of the AES systematically increased spectral 
slope, SPR, F1, F2, and SC(0–2.5 kHz), while HNR 
decreased. Adjustments of BC along the thick–thin–stiff 
continuum led to systematic decreases in CPPS, HNR, 
and SC(0–2.5 kHz). In contrast, Jitter, EGG amplitude, 
Shimmer, and L1–L2 showed systematic increases. 

 
IV. DISCUSSION AND CONCLUSION 

 
We observed strong BC effects on SPL and 

noise/perturbation (↑jitter, ↑shimmer; ↓HNR, ↓CPPS 
from thick→thin→stiff) and robust, phase‑specific 
changes in EGG (Qx, SQx, amplitude; waveform across 
most of the cycle). This converges with [2], who 
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discriminated Thick/Thin/Stiff via Psg, airflow, SPL, 
and perturbations, but found limited sensitivity of a 
single EGG closed‑phase metric. Our multi‑parameter 
EGG analysis shows that time‑resolved descriptors 
capture BC‑dependent contact dynamics that 
closed‑phase alone may miss. 

Higher LVP produced steeper spectral slope, 
increased SPR and SC(0–2.5 kHz), and raised F1, F2, 
with decreases in SC(2–5 kHz), EGG amplitude, and 
HNR. These filter‑side shifts mirror supraglottic 
adjustments reported during pitch elevation (laryngeal 
elevation, pharyngeal narrowing, velar elevation) [6]. 
Narrowing AES yielded broadband energy increases 
from ~1.5–7 kHz with clear rises in SPR and SC(0–
2.5 kHz), modest HNR reductions, and EGG changes 
during de‑contact. These spectral fingerprints match 
evidence of epilaryngeal narrowing in twang [4,5] and 
provide frequency‑localized acoustic markers that 
correspond to the morphologic constriction. Thyroid tilt 
showed minimal effects on EGG cycle shape and 
moderate narrow‑band spectral changes. 

Novelty and implications: This study offers a parallel, 
pitch‑controlled comparison of four Estill Figures 
within a single protocol, enabling direct contrasts of 
effect sizes and parameter specificity. Beyond prior 
acoustic work on body–cover [2,3], we add 
comprehensive cycle-averaged EGG waveforms to 
localize where in the cycle differences arise (pre‑contact 
for LVP, de‑contact for AES, and broad effects for BC). 
Frequency‑resolved outcomes reveal LVP/AES 
influences that coarse metrics such as SPR alone may 
miss. Together with imaging and endoscopy showing 
aryepiglottic narrowing and laryngeal elevation [4–6], 
our results place the Figures within a coherent source–
filter–impedance account. 

Limitations and use: A small cohort (7 female 
singers). The study did not include independent visual 
verification of vocal tract configurations (e.g., 
endoscopy or MRI); thus, the precise physiological 
gestures cannot be fully guaranteed. Instead, our design 
followed established EVT pedagogy, grounded in prior 
experimental work showing reliable associations 
between Figures and laryngeal or articulatory 
configurations. Further multimodal studies are needed 
to establish direct physiological ground truth. While the 
primary aim was pedagogical, the observed patterns 
may also serve as baseline data for clinical research, 
especially in the treatment of functional (non‑organic) 
voice disorders. 
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discriminated Thick/Thin/Stiff via Psg, airflow, SPL, 
and perturbations, but found limited sensitivity of a 
single EGG closed‑phase metric. Our multi‑parameter 
EGG analysis shows that time‑resolved descriptors 
capture BC‑dependent contact dynamics that 
closed‑phase alone may miss. 

Higher LVP produced steeper spectral slope, 
increased SPR and SC(0–2.5 kHz), and raised F1, F2, 
with decreases in SC(2–5 kHz), EGG amplitude, and 
HNR. These filter‑side shifts mirror supraglottic 
adjustments reported during pitch elevation (laryngeal 
elevation, pharyngeal narrowing, velar elevation) [6]. 
Narrowing AES yielded broadband energy increases 
from ~1.5–7 kHz with clear rises in SPR and SC(0–
2.5 kHz), modest HNR reductions, and EGG changes 
during de‑contact. These spectral fingerprints match 
evidence of epilaryngeal narrowing in twang [4,5] and 
provide frequency‑localized acoustic markers that 
correspond to the morphologic constriction. Thyroid tilt 
showed minimal effects on EGG cycle shape and 
moderate narrow‑band spectral changes. 

Novelty and implications: This study offers a parallel, 
pitch‑controlled comparison of four Estill Figures 
within a single protocol, enabling direct contrasts of 
effect sizes and parameter specificity. Beyond prior 
acoustic work on body–cover [2,3], we add 
comprehensive cycle-averaged EGG waveforms to 
localize where in the cycle differences arise (pre‑contact 
for LVP, de‑contact for AES, and broad effects for BC). 
Frequency‑resolved outcomes reveal LVP/AES 
influences that coarse metrics such as SPR alone may 
miss. Together with imaging and endoscopy showing 
aryepiglottic narrowing and laryngeal elevation [4–6], 
our results place the Figures within a coherent source–
filter–impedance account. 

Limitations and use: A small cohort (7 female 
singers). The study did not include independent visual 
verification of vocal tract configurations (e.g., 
endoscopy or MRI); thus, the precise physiological 
gestures cannot be fully guaranteed. Instead, our design 
followed established EVT pedagogy, grounded in prior 
experimental work showing reliable associations 
between Figures and laryngeal or articulatory 
configurations. Further multimodal studies are needed 
to establish direct physiological ground truth. While the 
primary aim was pedagogical, the observed patterns 
may also serve as baseline data for clinical research, 
especially in the treatment of functional (non‑organic) 
voice disorders. 
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



       
        
        
5
       
    

      
         
     
       




 


       
       
singers and 10 pop singers. Singers’ ages were between 
         
     

        

      

    



 



      


        



      
       
       
  

       




  
        


 

       

     
       
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       







 

        

        
     







 

–––





   



         
  
        
–    
     
       




      
      
      


       

   


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      
    
     
     




       
        
        
5
       
    

      
         
     
       




 


       
       
singers and 10 pop singers. Singers’ ages were between 
         
     

        

      

    



 



      


        



      
       
       
  

       




  
        


 

       

     
       

     
6



        
       
      
       


 

 




       

       
     
      
      





 
      


 


 
      




         





















       

       


      

       
    
     


       







 

        

        
     







 

–––





   



         
  
        
–    
     
       




      
      
      


       

   


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

        




     



      


 
       

      




 
      

 

       



     

       

        

as containing vibrato and those rated as “straight tones”. 
       
      
     







“

”–


“”



“
”
–




“
,”
–
“
,”–
“
,”
–
“

,”
–

“

,”
–


“

,”

“
,”

–

“
,”
–
“

”

“
,”










        




     



      


 
       

      




 
      

 

       



     

       

        

as containing vibrato and those rated as “straight tones”. 
       
      
     







“

”–


“”



“
”
–




“
,”
–
“
,”–
“
,”
–
“

,”
–

“

,”
–


“

,”

“
,”

–

“
,”
–
“

”

“
,”


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Abstract: This study investigated the impact of 

overtone flute training on female voice production. 

Ten vocally untrained women completed a five-week 

intervention with the shepherd’s overtone flute, 

which requires airflow control without phonation. 

The aim was to test whether improved breath 

management influences vocal outcomes influence 

vocal outcomes. 

Voice recordings were collected before and after 

training. Tasks included habitual and stage reading, 

gradual call, glissando, and full singing voice range 

profiles (VRPs) at three dynamic levels. Long-term 

average spectrum (LTAS) was calculated from 

voiced segments. Comparisons were made using non-

parametric tests. 

Results showed significant increases in maximum 

phonation time, mean and maximum SPL in stage 

reading, and maximum f₀ in gradual call. Glissando 

and singing tasks revealed wider dynamic ranges, 

caused by higher SPL maxima and lower minima. 

LTAS analysis confirmed spectral strengthening 

above 2 kHz, most evident in stage speech, glissando, 

and medium-dynamic singing. These changes align 

with earlier findings linking high-frequency energy 

to epilaryngeal tube adjustments. 

In conclusion, overtone flute training, despite being 

voiceless, produced measurable vocal improvements. 

The intervention enhanced breath control, and 

reinforced resonance in spectral regions important 

for projection. These outcomes suggest that overtone 

flute exercises could be valuable in voice education 

and rehabilitation. 

Keywords:  Overtone flute, breath management, 

voice range profile (VRP), long-term average 

spectrum (LTAS), voice training  

 

I. INTRODUCTION 
 

Breath management is regarded as a fundamental 
element of voice production and is often referred to as 

voice support [1]. Breathing exercises are widely 
applied in singing pedagogy and voice therapy. 
However, according to Herbst, support extends beyond  
breathing and encompasses  a complex interaction of 
respiration, phonation, and resonance subsystems [2]. 
Within the respiratory system, lung volume and 
expiratory pressure provide the driving forces [3,4]; at 
the phonatory level, glottal resistance and adduction 
control airflow; and at the resonator level, vocal tract 
shape and length influence voice support [5]. 

Previous studies demonstrated that breathing 
exercises can increase sound pressure level (SPL) [6], 
extend maximum phonation time (MPT) [7], and 
enhance respiratory parameters [8]. They also affect 
phonatory outcomes such as pitch range and voice 
quality [6,8,9]. These improvements were noted in both 
singers and non-singers, and targeted interventions were 
also effective in clinical populations [10]. Despite these 
effects, consensus is lacking on the optimal strategy for 
training voice support, since professional singers 
employ variable breathing patterns [11,12].  

The shepherd’s overtone flute (koncovka in Czech) 
serves as a unique means of training breath management 
in isolation [13]. It is an intuitive instrument without 
finger holes; melodies are produced solely by 
modulating the exhalation, where changes in airflow 
intensity directly affect both pitch and loudness. The 
flute generates 7–8 overtone tones, and its exhalation 
pattern requires coordinated breathing cycles. Playing 
therefore demands precise expiratory control 
independent of phonation. Previous observations 
indicated systematic breathing patterns while playing 
the flute [14]. Clinicians have reported benefits for 
posture, respiration, and sensorimotor integration when 
using the instrument in therapy [13]. 

Based on earlier findings, the present study was 
designed to investigate whether overtone flute training 
without phonation can produce measurable changes in 
vocal outcomes among vocally untrained women. The 
aim was to evaluate changes in voice range profiles 
(VRPs) and long-term average spectrum (LTAS) after a 
five-week intervention. 
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II. METHODS 
 

Ten vocally untrained normophonic women (aged 
28–49 years, mean 39.1 ± 5.6) participated in this pre–
post study. None of the participants had formal voice or 
music training, and all were free from vocal pathology 
at the time of testing. The study design deliberately 
avoided direct vocal training in order to isolate the 
effects of overtone flute breath practice on vocal output. 

Breathing intervention: Participants engaged in a 
five-week training program using the shepherd’s 
overtone flute. The instrument requires precise 
modulation of air pressure and flow but does not involve 
phonation. Training consisted of daily 10–15 min video-
guided sessions focusing on airflow coordination, 
pressure control, and sustaining overtone series. 

Voice range profiles (VRPs): VRPs were recorded in 
a treated studio using a calibrated Sennheiser MKE2 at 
30 cm. The protocol comprised: habitual reading, stage 
reading simulating classroom projection, gradual call 
task, in which participants repeatedly called the word 
/ma:ma/ while progressively increasing loudness, 
mimicking a natural calling gesture, full singing VRPall 

dynamics on the syllable /va:/ across the physiological pitch 
range in three dynamics (softest,medium, loudest), and 
glissando at medium dynamics. Minimum, maximum, 
and mean values of fundamental frequency (fo) and SPL 
were extracted, and VRP contours were constructed for 
each task. 

LTAS was calculated from voiced portions of the 
reading and singing recordings for each task to assess 
global changes in energy distribution. 

Statistics: Pairwise pre–post comparisons of VRP and 
LTAS parameters were conducted using non-parametric 
Mann-Whitney U-tests. Effect sizes (Cohen’s d) were 
also calculated.  

 
III. RESULTS 

 

Pairwise comparisons of VRP parameters before and 
after training are presented in Tab. 1. MPT showed a 
statistically significant increase of 3.4 seconds. For 
habitual reading, no significant changes were found. In 
the stage condition, mean and maximum SPL increased 
significantly. Maximum fo also increased significantly 
during gradual call. In the glissando task, minimum SPL 
decreased, while maximum SPL and dynamic range 
increased.  

In VRPall dynamics, minimum SPL decreased, and 
training improved medium and softest dynamics by 
enhancing maximum fo, fo range, maximum SPL, 
dynamic range, and VRP area. VRP contours are 
illustrated in Fig. 1 (first and third columns). In the stage 
condition, SPL maxima in the A3–B3# fo range 
increased significantly. Maximum f₀ and tone range 

increased during gradual call. In glissando, SPL values 
increased across nearly the entire C5–C6 octave. 
Minimum SPL between F3 and A4 decreased for the 
softest dynamic. For medium dynamics, both SPL 
minima and maxima increased across the upper portion 
of the fo range. In the loudest dynamic, SPL maxima 
increased above F5 and SPL minima decreased between 
F3 and F4. In VRPall dynamics, significant SPL maxima 
increases were observed in the E5–A5 region, while 
SPL minima decreased between C3 and C5. 

LTAS analysis is shown in Fig. 1 (second and fourth 
columns). Spectrally, the habitual voice, gradual calling, 
and loudest dynamics exhibited no significant changes. 
Other tasks revealed a general increase in SPL levels 
across the entire frequency range for the post-training 
condition. Overall VRPall dynamics showed a systematic 
rise in the 2–6.5 kHz spectral band. 

  
IV. DISCUSSION AND CONCLUSION 

 
The average increase in MPT of 3.4 s supports the 

efficacy of breathing exercises in improving 
coordination between respiratory and phonatory 
systems. As phonation was not directly involved in the 
intervention, these changes are more plausibly linked to 
respiratory function rather than glottal adjustments. This 
aligns with findings from incentive spirometer training 
in children [7]. 

Although no changes occurred in habitual speech, 
significant increases in mean and maximum SPL were 
found in the stage task, with further gains in glissando 
and gradual call. Singing tasks showed extended 
dynamic ranges, explained by both increases in 
maximum SPL and decreases in minimum SPL. 
Similarly, maximum fo and fo range increased during 
gradual call and singing. These results suggest that 
overtone flute training benefits tasks requiring greater 
coordination and energy. 

VRP contours resembled those in earlier study [15]. 
After training, peak SPL increased within VRPall dynamics 
(E5–A5 range), in the upper half of medium dynamics, 
and above C5 in glissando, while SPL minima decreased 
in C3–C5. These findings confirm an expanded vocal 
dynamic range.  Pre-training VRPs resembled those of 
novices, while post-training contours shifted toward 
trained singers, especially in SPL maxima above C5 
[16]. LTAS analysis revealed spectral increases above 2 
kHz, particularly during glissando and softest-dynamic 
singing. Such changes may result from higher SPL, 
since louder phonation strengthens high-frequency 
harmonics. At the same time, the results are consistent 
with earlier reports linking strengthened high-frequency 
energy to epilaryngeal tube narrowing in classical 
resonance strategies, resonance tube and straw 
phonation [17], and loud twang-like voice [18]. 
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Fig. 1 Comparison of the VRP contours and LTAS for the measured tasks. The pre-training condition is depicted by the thick black 

line, and the post-training condition is depicted by the gray dashed line. Gray triangles in the LTAS graphs and black stars in the 

VRP graphs indicate statistically significant differences determined by paired sample t-tests. 

Tab. 1 Results of pairwise comparisons of VRP parameters for measured tasks using Mann–Whitney U-tests, showing only 

statistically significant differences before and after training. 

  
Task  Habitual  Stage  Calling  Glissando  

VRP all 

dynamics  
Softest dynamics  

Par. Stat. MPT (s)  
SPL 

mean 

(dB)  

SPL 

max. 

(dB)  

fo max. 

(Hz)  
SPL min. 

(dB)  

SPL 

max. 

(dB)  

dynamic 

range 

(dB)  

SPL 

min. 

(dB)  

fo max. 

(Hz)  
fo range 

(Hz)  

before  
median  23.3  71  81  542  64  101  40  53  929  781  

25, 75pct.   
15.3, 
27.4  

69, 72  79, 81  
513, 
596  

58, 68  96, 103  26, 45  50, 57  
747, 
1103  

612, 954  

after  
median  23.8  73  84  613  59  110  51  50  1026  885  

25, 75pct.   
22.6, 
33.2  

71, 74  80, 86  
565, 
700  

55, 65  105, 111  44, 53  49, 53  
980, 
1225  

858, 1070  

MWU p-val. 0.03  0.002  0.01  0.002  0.027  0.013  0.0098  0.042  0.0371  0.0195  

Effect 

size 
Cohen’s d 0.45 1.52 1.01 1.56 0.71 0.99 0.94 0.68 0.80 0.84 

 

  
Task  Softest dynamics  Medium dynamics  

Loudest 

dyn. 

Par. Stat. 

SPL 

max. 

(dB)  

dyn. 

range 

(dB)  

VRP 

area 

(ST * 

dB)  

fo max. 

(Hz)  
fo range 

(Hz)  
SPL min. 

(dB)  

SPL 

max. 

(dB)  

dyn. 

range 

(dB)  

VRP 

area (ST 

x dB)  

VRP area 

(ST x dB)  

before  
median  85  32  304  992  851  62  97  38  270  376  

25, 75pct.   80, 90  26, 39  
263, 
362  

832, 
1260  

694, 1130  60, 63  93, 102  31, 43  231, 316  272, 409  

after  
median  91  39  390  1117  977 60  104  45  359  462  

25, 75pct.   89, 98  35, 48  
361, 
419  

980, 
1297  

821, 1200  57, 61  
101, 
108  

42, 50  311, 374  395, 513  

MWU p-val. 0.0273  0.0059  0.0488  0.0098  0.0059  0.0098  0.002  0.002  0.002  0.0137  

Effect 

size 
Cohen’s d 0.80 1.16 0.87 1.18 1.15 0.81 1.30 1.45 1.06 0.91 
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The overtone flute may therefore function similarly to 
semi-occluded vocal tract exercises, indirectly eliciting 
increased epilaryngeal impedance and resonance. To 
disentangle these mechanisms, future work will include 
a more detailed analysis integrating electroglottographic 
signals and separating the effects of SPL changes from 
potential resonance adjustments. 

Limitations: This study should be regarded as 
preliminary due to the small number of participants. 
Although potential effects of shyness or task repetition 
cannot be fully excluded, these were minimized by 
providing all subjects with repeated VRP trials prior to 
the intervention. Nevertheless, the absence of a control 
group does not allow a definitive attribution of the 
observed improvements solely to overtone flute 
training, and future studies should address this 
limitation. 

In summary, overtone flute training led to measurable 
improvements in vocal performance, including longer 
phonation times, greater loudness in stage speech, and 
expanded pitch and dynamic ranges, particularly in the 
upper register. The consistent spectral strengthening 
above 2 kHz further suggests improved resonance 
characteristics associated with epilaryngeal tube 
adjustments. These results indicate that overtone flute 
exercises may support respiro-phonatory coordination 
and have potential in voice education and rehabilitation. 
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Abstract: Oboists form vowels in their mouths while
playing to improve the response of certain notes or
to change the timbre. We developed an impedance
measurement device that allows the measurement of
the intraoral impedance while playing the oboe.
Several students were measured while playing
different pitches and articulating the vowels /e:/, /i:/
and /o:/. For some notes, the signal spectra show a
strong influence on the strength of the partial tones
under different articulation conditions, while some
notes are not affected by this.
Keywords: vocal tract impedance, player-instrument
interaction, reed instrument

I. INTRODUCTION

The pitch and timbre of the oboe are largely
determined by the instrument (resonator) and the reed
(sound generator) [1]. If the player is dissatisfied with
the timbre, they will make a new mouthpiece, which is
a time-intensive process. However, when comparing
beginners and teachers, it is noticeable that the teacher
can produce a much more pleasant sound than the
student with the same reed and the same instrument. So
what do professional oboists do differently from
beginners? Possible factors are air flow, mouth
resonance or even the position of the lips holding the
reed. In order to explain these factors more clearly,
pupils should form the vowels /e:/ and /o:/ with their
mouths while playing [2]. Some teachers use this
technique not only to improve the response of the notes,
but also to change the timbre, and so vowel formation
has also found its way into contemporary playing
techniques [3].
The influence of the vocal tract on wind instruments

has been investigated several times using various
methods. The results range from ‘no influence’ to
‘influence under certain conditions’ [1]. These studies
were primarily conducted on single-reed instruments
and recorders and suggest that the results also apply to
double-reed instruments.

Different vowels are used depending on the note.
Long-fingered notes produce a stable, long-standing
wave throughout the instrument and are played with an
/o:/ formed in the mouth. Short-fingered notes have
keys that are already open after a few centimeters,
which is why the wave produced in the instrument is
very short. Such notes are played with /e:/ and
sometimes also /i:/. It should be checked whether
resonances occur in the oral cavity at all, or whether the
embouchure when playing the oboe is a fixed position.
Are the vowels imagined for psychological reasons and
are they not actually there?
This investigation should help students understand

what is happening in their mouths and how they can
achieve a better sound. On the other hand, this
understanding can help to develop new contemporary
playing techniques.

II. METHODS

A. Study design
In a pre-test of the new measurement device,

impedance measurements of the open mouth were
conducted to test the reliability of the new set-up.
Four music students majoring in oboe were selected

for the study, representing different semesters. Three of
them were female, one participant was male, and all
were between 20 and 27 years old. The most
experienced player is studying oboe at the master's
level, while the three education students are in their
fourth master's semester, eighth bachelor's semester,
and second bachelor's semester.
We conducted a series of measurements with each

test subject with the oboe in place and a sustained note.
The notes e4, c5 and c6 were selected for further

analysis in order to cover all three octaves on the oboe.
The note e4 is considered stable, and it is assumed that
the oboist can only exert minimal influence on it.
Usually, the vowel /o:/ is formed when playing. For
comparison, we also added the vowel /e:/, which is
otherwise more commonly used in higher octaves.
Conversely, the note c5 is classified as a short-fingered
note. This indicates that the resonator is considerably
shorter. There is no universal vowel here, which is why
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pupils should form the vowels /e:/ and /o:/ with their
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technique not only to improve the response of the notes,
but also to change the timbre, and so vowel formation
has also found its way into contemporary playing
techniques [3].
The influence of the vocal tract on wind instruments

has been investigated several times using various
methods. The results range from ‘no influence’ to
‘influence under certain conditions’ [1]. These studies
were primarily conducted on single-reed instruments
and recorders and suggest that the results also apply to
double-reed instruments.

Different vowels are used depending on the note.
Long-fingered notes produce a stable, long-standing
wave throughout the instrument and are played with an
/o:/ formed in the mouth. Short-fingered notes have
keys that are already open after a few centimeters,
which is why the wave produced in the instrument is
very short. Such notes are played with /e:/ and
sometimes also /i:/. It should be checked whether
resonances occur in the oral cavity at all, or whether the
embouchure when playing the oboe is a fixed position.
Are the vowels imagined for psychological reasons and
are they not actually there?
This investigation should help students understand

what is happening in their mouths and how they can
achieve a better sound. On the other hand, this
understanding can help to develop new contemporary
playing techniques.

II. METHODS

A. Study design
In a pre-test of the new measurement device,

impedance measurements of the open mouth were
conducted to test the reliability of the new set-up.
Four music students majoring in oboe were selected

for the study, representing different semesters. Three of
them were female, one participant was male, and all
were between 20 and 27 years old. The most
experienced player is studying oboe at the master's
level, while the three education students are in their
fourth master's semester, eighth bachelor's semester,
and second bachelor's semester.
We conducted a series of measurements with each

test subject with the oboe in place and a sustained note.
The notes e4, c5 and c6 were selected for further

analysis in order to cover all three octaves on the oboe.
The note e4 is considered stable, and it is assumed that
the oboist can only exert minimal influence on it.
Usually, the vowel /o:/ is formed when playing. For
comparison, we also added the vowel /e:/, which is
otherwise more commonly used in higher octaves.
Conversely, the note c5 is classified as a short-fingered
note. This indicates that the resonator is considerably
shorter. There is no universal vowel here, which is why
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we tried all three vowels. In the third octave, c6 was
selected as the representative note, for which the vowel
/i:/ is often used to enhance its resonance.

B. Impedance measurements
We used the BIAS system (Artim) to measure the

impedance at the reed of the oboe for various fingerings
using an adapter to allow an air-tight connection
between the staple of the oboe and the BIAS
measurement head [4]. The results were then exported
and processed using a Python script.

Fig. 1: Photo of the impedance measurement device

For the measurement of the intraoral impedance a
new device was developed using a 3D printer, a small
loudspeaker (Visaton BF 45), a microphone capsule
(Sennheiser KE 4-211-2) and a few screws.
The design is inspired by research of Chen et al. [5],

in which a device was used with the microphone and
speaker ducts built directly into the saxophone
mouthpiece. In our approach, due to the small
mouthpiece of the oboe, the measurement device was
separated from the instrument, as shown in Fig. 1.
The schematic set-up is shown in Fig. 2. A swept sine

is generated by the software WinMF [6] (Fouraudio)
with Babyface (RME) audio interface, amplified, and
fed to the loudspeaker which is mounted inside an air-
tight housing with conical outlet. Absorbing foam is
installed inside the conical duct to reduce internal
standing waves. Another duct is constructed such that
the microphone captures the sound very close to the
loudspeaker outlet.

The size of the capillaries is based on the mouthpiece
of the oboe to disturb the player as little as possible. The
oval opening is the same size for the sound transmission
of the microphone and the loudspeaker and is
approximately 5 mm in length and 1 mm in width. The
edge is approximately 1 mm thick. The capillary for the
loudspeaker is 120 mm long, and the microphone is
inserted into the 70 mm long capillary.

Fig. 2: Schematic structure of the experiment

Before measurement of the mouth cavity, a
reference measurement is performed and stored without
any structure attached. Subsequent measurements are
divided by this reference measurement to obtain the
normalized acoustic impedance (see [7] for details).

III. RESULTS

The results of the pre-test show that the impedance
curves from measurements of oral resonances without
sounding oboe vary significantly among all subjects..
However, it can be observed that the ability to keep the
vowels constant is more pronounced in the two test
subjects from the master's programme, while the other
two show significant deviations.
All participants were able to significantly modify the

partials of the note c5 due to the shaped vowel. As can
be seen in Fig. 3, the levels of the overtones for the
vowel shape /e:/ are increased with reference to the
fundamental frequency, while for the vowel /o:/ they
are reduced. Participants can therefore make the oboe
sound brighter [8] by forming an /e:/. It is also
noticeable that the fundamental is approximately 110
Hz above the first impedance peak of the oboe. This
suggests that the player can influence not only the
timbre but also the intonation on the c5.

Fig. 3: This figure shows the mean values of the
maxima from the impedance curves recorded in the
oral cavity when playing the note c5. The values were
normalized by setting fo (the first partial) to 0 dB. The
deviation in dB from fo was plotted over the frequency.
The size of the error bars corresponds to the standard
deviations for all subjects. The impedance peaks of the
oboe without a player are shown as a reference.

When evaluating the data, it is noticeable that some
participants were able to achieve a significantly greater
deviation in the level of the partials by changing the
vowel than others. The standard deviation also given in
Fig. 3 suggests that the aptitude to change the timbre is
much more pronounced in some of the study
participants than in others.

Fig 4: The figure shows the mean values of the
maxima from the impedance curves recorded in the oral
cavity when playing the note e4. The values were
normalized by setting fo (the first partial) to 0 dB. The
deviation in dB from fo was plotted over the frequency.
The size of the error bars corresponds to the standard
deviations for all subjects. Again, the impedance peaks
of the oboe without a player are shown as a reference.

The evaluation for the long-fingered note e4 shows
hardly any difference between the formed vowels /e:/
and /o:/ as displayed in Fig. 4. All partial tones are

below the impedance of the oboe and show a
significantly higher deviation from the fundamental
tone than in the case of c5.

Fig. 5: This figure shows the mean values of the
maxima from the impedance curves recorded in the
oral cavity when playing the note c6. The values were
normalized by setting fo (the first partial) to 0 dB. The
deviation in dB from fo was plotted over the frequency.
The size of the error bars corresponds to the standard
deviations for all subjects. The impedance peaks of the
oboe without a player are shown as a reference.

During the recordings for the note c6, there were
increased levels of multiphonics, particularly with the
vowel /o:/, which is why only a few recordings were
available for evaluation. In Figure 5 it can be seen that
the brightest sound is produced with the vowel /o:/ and
that /i:/ causes the greatest deviation in the volume of
the overtones. That is an interesting observation, as the
fingering for c5 only differs from that for c6 in the
octave key. There is therefore a connection between the
shaping of the vocal tract, the fingering for the notes
and the octave.

IV. DISCUSSION

Due to the compact construction, unwanted
resonances occurred in the range of 3500 Hz to 4000
Hz, which could not be completely eliminated using the
absorbent filling and the reference measurement. More
artefacts occurred at low frequencies below 400 Hz.
Therefore, an improved setup would be desired to
evaluate these ranges. Furthermore, in a coupled system
consisting of the oboe, the double reed, and the player,
it is challenging to evaluate the impact of just one
modification such as the change of the vocal tract
resonances. Any change in articulation also changes the
position of the lips and the lip pressure on the double
reed. Also, the variation of reed pressure would change
the input impedance of the instrument as well as the
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we tried all three vowels. In the third octave, c6 was
selected as the representative note, for which the vowel
/i:/ is often used to enhance its resonance.

B. Impedance measurements
We used the BIAS system (Artim) to measure the

impedance at the reed of the oboe for various fingerings
using an adapter to allow an air-tight connection
between the staple of the oboe and the BIAS
measurement head [4]. The results were then exported
and processed using a Python script.

Fig. 1: Photo of the impedance measurement device

For the measurement of the intraoral impedance a
new device was developed using a 3D printer, a small
loudspeaker (Visaton BF 45), a microphone capsule
(Sennheiser KE 4-211-2) and a few screws.
The design is inspired by research of Chen et al. [5],

in which a device was used with the microphone and
speaker ducts built directly into the saxophone
mouthpiece. In our approach, due to the small
mouthpiece of the oboe, the measurement device was
separated from the instrument, as shown in Fig. 1.
The schematic set-up is shown in Fig. 2. A swept sine

is generated by the software WinMF [6] (Fouraudio)
with Babyface (RME) audio interface, amplified, and
fed to the loudspeaker which is mounted inside an air-
tight housing with conical outlet. Absorbing foam is
installed inside the conical duct to reduce internal
standing waves. Another duct is constructed such that
the microphone captures the sound very close to the
loudspeaker outlet.

The size of the capillaries is based on the mouthpiece
of the oboe to disturb the player as little as possible. The
oval opening is the same size for the sound transmission
of the microphone and the loudspeaker and is
approximately 5 mm in length and 1 mm in width. The
edge is approximately 1 mm thick. The capillary for the
loudspeaker is 120 mm long, and the microphone is
inserted into the 70 mm long capillary.

Fig. 2: Schematic structure of the experiment

Before measurement of the mouth cavity, a
reference measurement is performed and stored without
any structure attached. Subsequent measurements are
divided by this reference measurement to obtain the
normalized acoustic impedance (see [7] for details).

III. RESULTS

The results of the pre-test show that the impedance
curves from measurements of oral resonances without
sounding oboe vary significantly among all subjects..
However, it can be observed that the ability to keep the
vowels constant is more pronounced in the two test
subjects from the master's programme, while the other
two show significant deviations.
All participants were able to significantly modify the

partials of the note c5 due to the shaped vowel. As can
be seen in Fig. 3, the levels of the overtones for the
vowel shape /e:/ are increased with reference to the
fundamental frequency, while for the vowel /o:/ they
are reduced. Participants can therefore make the oboe
sound brighter [8] by forming an /e:/. It is also
noticeable that the fundamental is approximately 110
Hz above the first impedance peak of the oboe. This
suggests that the player can influence not only the
timbre but also the intonation on the c5.

Fig. 3: This figure shows the mean values of the
maxima from the impedance curves recorded in the
oral cavity when playing the note c5. The values were
normalized by setting fo (the first partial) to 0 dB. The
deviation in dB from fo was plotted over the frequency.
The size of the error bars corresponds to the standard
deviations for all subjects. The impedance peaks of the
oboe without a player are shown as a reference.

When evaluating the data, it is noticeable that some
participants were able to achieve a significantly greater
deviation in the level of the partials by changing the
vowel than others. The standard deviation also given in
Fig. 3 suggests that the aptitude to change the timbre is
much more pronounced in some of the study
participants than in others.

Fig 4: The figure shows the mean values of the
maxima from the impedance curves recorded in the oral
cavity when playing the note e4. The values were
normalized by setting fo (the first partial) to 0 dB. The
deviation in dB from fo was plotted over the frequency.
The size of the error bars corresponds to the standard
deviations for all subjects. Again, the impedance peaks
of the oboe without a player are shown as a reference.

The evaluation for the long-fingered note e4 shows
hardly any difference between the formed vowels /e:/
and /o:/ as displayed in Fig. 4. All partial tones are

below the impedance of the oboe and show a
significantly higher deviation from the fundamental
tone than in the case of c5.

Fig. 5: This figure shows the mean values of the
maxima from the impedance curves recorded in the
oral cavity when playing the note c6. The values were
normalized by setting fo (the first partial) to 0 dB. The
deviation in dB from fo was plotted over the frequency.
The size of the error bars corresponds to the standard
deviations for all subjects. The impedance peaks of the
oboe without a player are shown as a reference.

During the recordings for the note c6, there were
increased levels of multiphonics, particularly with the
vowel /o:/, which is why only a few recordings were
available for evaluation. In Figure 5 it can be seen that
the brightest sound is produced with the vowel /o:/ and
that /i:/ causes the greatest deviation in the volume of
the overtones. That is an interesting observation, as the
fingering for c5 only differs from that for c6 in the
octave key. There is therefore a connection between the
shaping of the vocal tract, the fingering for the notes
and the octave.

IV. DISCUSSION

Due to the compact construction, unwanted
resonances occurred in the range of 3500 Hz to 4000
Hz, which could not be completely eliminated using the
absorbent filling and the reference measurement. More
artefacts occurred at low frequencies below 400 Hz.
Therefore, an improved setup would be desired to
evaluate these ranges. Furthermore, in a coupled system
consisting of the oboe, the double reed, and the player,
it is challenging to evaluate the impact of just one
modification such as the change of the vocal tract
resonances. Any change in articulation also changes the
position of the lips and the lip pressure on the double
reed. Also, the variation of reed pressure would change
the input impedance of the instrument as well as the
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resonance structure in the mouth cavity. These
variations are difficult to control.
In order to make a valid statement about the actual

influence of the vocal tract on the sound of the oboe,
further data from more test participants would be
required. This would also enable us to investigate
whether and to what extent the results deviate between
professional players and amateurs, and whether the
results are related to the players' performance level. The
extended study should be accompanied by a
psychological questionnaire to obtain subjective
feedback from the players. This would allow us to find
out whether each player develops their own technique
or whether certain notes respond best to certain vowels.
In this paper, we examined whether the parallel

measurement of impedance and sound spectra in the
oral cavity works. In further experiments, we will also
record the external sound under controlled conditions
and compare its analysis to the oral sound. This also
includes whether the players feel that they can influence
their sound.
Furthermore, this experiment deals with the

maximum change in the strength of the partial tones.
This also leads to changes in the pitch of the
fundamental tone and the partial tones, which has been
omitted from this evaluation in order to focus on the
timbre.

V. CONCLUSION

The new measurement method showed that forming
the vowels /e:/, /i:/ and /o:/ while playing the oboe
causes a change in the proportions of partial tones in the
oral cavity. The vowel /e:/ produces the brightest sound
on the note c5 while the partials of the e4 are rather
stable which suggests that for the low register of oboe
the timbre is not much influenced by the players’
articulation. For short-fingured notes such as c5 and c6,
the vocal tract has a greater influence on the partials
than for long notes such as e4, as the vocal tract is small
in relation to the resonating body, the oboe.
In addition, some players were able to keep their

mouth shape more consistent than others, which is
probably related to their experience.
By forming the vowel /o:/ on the c6, participants

found it easy to produce multiphonics. This could
simplify the learning of contemporary playing
techniques.
To be able to use the results for teaching purposes,

further research is needed to find out which notes sound
best with which vowels.
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Abstract—In this study, five singers performed under
expressive and neutral conditions in front of a listener,
while biometric signals including electroencephalography
(EEG), galvanic skin response (GSR), and electrocardio-
graphy (ECG) were recorded from both performers and
audience, alongside high-quality audio recordings of the
singers, and emotion annotations. Audio features were ex-
tracted and analyzed. Physiological signals were processed
to derive markers of relaxation, heart rate variability, and
arousal. Four machine learning models were trained to
classify expressive versus neutral performances, achieving
up to 82% cross-validated accuracy, with pitch, loudness,
and spectral features emerging as the most informa-
tive predictors. Multimodal analysis revealed additional
discriminative patterns, as performers exhibited higher
EEG-based relaxation during expressive performances,
while audience heart rates reflected heightened arousal.
Furthermore, emotional alignment between performers
and listeners was observed predominantly in the expres-
sive condition. Audio and behavioral features obtained
from the multimodal analysis were consistent with the
broader dataset collected within the witheFlow project,
which included 16 instrumentalists, allowing for direct
comparison with the current study. These findings indicate
that vocal expressivity can be reliably quantified using
combined audio and physiological analyses, providing a
foundation for future studies on emotional communication
in music performance.

Keywords:—Expressive Singing, Audio Signal Process-
ing, Physiological Signals, Machine Learning

I. INTRODUCTION

According to Sundberg et al. [1] ”expressiveness is

generally regarded as a most important, though sub-

jective, quality of performed music”. Numerous studies

have examined the audio features that shape singers’

expressivity and allow them to communicate emotional

coloring effectively to listeners. In Kotyar and Mo-

rosov’s acoustic experiments [2], listeners identified

intended emotions of eleven professional singers in

about 80% of the cases on average, though only 56%

for joy. Sundberg et al. [3], studying the prevailing emo-

tional colors of performed excerpts, revealed differences

in loudness, tempo, phonation type, and the rate of

change of sound level. Siegwart and Scherer [4] using

recordings from opera excerpts and eleven experienced

listeners identified two component scores explaining

84% of variance in preference ratings. Sundberg et al.

[1] focusing on F0 extraction, concluded that the singer

sharpened tones more when he sang the examples as

expressive as in a concert than when he sang them as

void of expressivity as he could, and in their recent

work on emotional coloring in professional singers

performing scales with vowels in ten emotional cate-

gories [5], reported that LTAS parameters affect listener

judgment of the enacted emotions and the accuracy of

the intended emotional coloring.

In this study, five singers performed songs under

expressive and neutral conditions while physiologi-

cal signals (EEG, GSR, ECG) were recorded from

both performers and listeners. Audio features including

pitch, loudness, dynamics, and spectral measures were

extracted, and the physiological data were subsequently

analyzed.

II. METHODOLOGY

A. Participants and Dataset Creation

Five singers (two female, three male), with a mean

age of 39.6 ± 3 years and varying levels of professional

experience each, chose two public-domain songs. Five

audience members (two female, three male) with a

mean age of 35.2 ± 4.8 years listened without selecting

which singer to attend. On arrival, all participants com-

pleted a demographic questionnaire and signed consent

forms allowing the use of their recordings and biometric

data for research. Each participant, both performers and

audience members, wore three sensors: a four-electrode

commercial electroencephalogram (EEG) headband, an

electrocardiogram (ECG) sensor and a galvanic skin

response (GSR) sensor attached to the index and middle

fingers.
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variations are difficult to control.
In order to make a valid statement about the actual

influence of the vocal tract on the sound of the oboe,
further data from more test participants would be
required. This would also enable us to investigate
whether and to what extent the results deviate between
professional players and amateurs, and whether the
results are related to the players' performance level. The
extended study should be accompanied by a
psychological questionnaire to obtain subjective
feedback from the players. This would allow us to find
out whether each player develops their own technique
or whether certain notes respond best to certain vowels.
In this paper, we examined whether the parallel

measurement of impedance and sound spectra in the
oral cavity works. In further experiments, we will also
record the external sound under controlled conditions
and compare its analysis to the oral sound. This also
includes whether the players feel that they can influence
their sound.
Furthermore, this experiment deals with the

maximum change in the strength of the partial tones.
This also leads to changes in the pitch of the
fundamental tone and the partial tones, which has been
omitted from this evaluation in order to focus on the
timbre.

V. CONCLUSION

The new measurement method showed that forming
the vowels /e:/, /i:/ and /o:/ while playing the oboe
causes a change in the proportions of partial tones in the
oral cavity. The vowel /e:/ produces the brightest sound
on the note c5 while the partials of the e4 are rather
stable which suggests that for the low register of oboe
the timbre is not much influenced by the players’
articulation. For short-fingured notes such as c5 and c6,
the vocal tract has a greater influence on the partials
than for long notes such as e4, as the vocal tract is small
in relation to the resonating body, the oboe.
In addition, some players were able to keep their

mouth shape more consistent than others, which is
probably related to their experience.
By forming the vowel /o:/ on the c6, participants

found it easy to produce multiphonics. This could
simplify the learning of contemporary playing
techniques.
To be able to use the results for teaching purposes,

further research is needed to find out which notes sound
best with which vowels.
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Abstract—In this study, five singers performed under
expressive and neutral conditions in front of a listener,
while biometric signals including electroencephalography
(EEG), galvanic skin response (GSR), and electrocardio-
graphy (ECG) were recorded from both performers and
audience, alongside high-quality audio recordings of the
singers, and emotion annotations. Audio features were ex-
tracted and analyzed. Physiological signals were processed
to derive markers of relaxation, heart rate variability, and
arousal. Four machine learning models were trained to
classify expressive versus neutral performances, achieving
up to 82% cross-validated accuracy, with pitch, loudness,
and spectral features emerging as the most informa-
tive predictors. Multimodal analysis revealed additional
discriminative patterns, as performers exhibited higher
EEG-based relaxation during expressive performances,
while audience heart rates reflected heightened arousal.
Furthermore, emotional alignment between performers
and listeners was observed predominantly in the expres-
sive condition. Audio and behavioral features obtained
from the multimodal analysis were consistent with the
broader dataset collected within the witheFlow project,
which included 16 instrumentalists, allowing for direct
comparison with the current study. These findings indicate
that vocal expressivity can be reliably quantified using
combined audio and physiological analyses, providing a
foundation for future studies on emotional communication
in music performance.

Keywords:—Expressive Singing, Audio Signal Process-
ing, Physiological Signals, Machine Learning

I. INTRODUCTION

According to Sundberg et al. [1] ”expressiveness is

generally regarded as a most important, though sub-

jective, quality of performed music”. Numerous studies

have examined the audio features that shape singers’

expressivity and allow them to communicate emotional

coloring effectively to listeners. In Kotyar and Mo-

rosov’s acoustic experiments [2], listeners identified

intended emotions of eleven professional singers in

about 80% of the cases on average, though only 56%

for joy. Sundberg et al. [3], studying the prevailing emo-

tional colors of performed excerpts, revealed differences

in loudness, tempo, phonation type, and the rate of

change of sound level. Siegwart and Scherer [4] using

recordings from opera excerpts and eleven experienced

listeners identified two component scores explaining

84% of variance in preference ratings. Sundberg et al.

[1] focusing on F0 extraction, concluded that the singer

sharpened tones more when he sang the examples as

expressive as in a concert than when he sang them as

void of expressivity as he could, and in their recent

work on emotional coloring in professional singers

performing scales with vowels in ten emotional cate-

gories [5], reported that LTAS parameters affect listener

judgment of the enacted emotions and the accuracy of

the intended emotional coloring.

In this study, five singers performed songs under

expressive and neutral conditions while physiologi-

cal signals (EEG, GSR, ECG) were recorded from

both performers and listeners. Audio features including

pitch, loudness, dynamics, and spectral measures were

extracted, and the physiological data were subsequently

analyzed.

II. METHODOLOGY

A. Participants and Dataset Creation

Five singers (two female, three male), with a mean

age of 39.6 ± 3 years and varying levels of professional

experience each, chose two public-domain songs. Five

audience members (two female, three male) with a

mean age of 35.2 ± 4.8 years listened without selecting

which singer to attend. On arrival, all participants com-

pleted a demographic questionnaire and signed consent

forms allowing the use of their recordings and biometric

data for research. Each participant, both performers and

audience members, wore three sensors: a four-electrode

commercial electroencephalogram (EEG) headband, an

electrocardiogram (ECG) sensor and a galvanic skin

response (GSR) sensor attached to the index and middle

fingers.
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B. Experimental Protocol

Audio recordings were obtained in a sound-isolated

room using a two-channel USB audio interface and

an industry-standard dynamic vocal performance micro-

phone, recorded in mono. Each session was conducted

in the presence of the performer, one audience mem-

ber, and two researchers. Biosignals were captured on

separate computers for the performer and the audience

member, with synchronized timestamps applied to en-

sure precise dataset alignment.

The performers completed a brief warm-up and a

two-minute rest (with dimmed lights, during which

participants were asked not to keep their eyes closed) to

ensure proper device calibration. Each then performed

their two self-selected public domain songs under neu-

tral (as unexpressive as possible) and expressive condi-

tions across five sessions, each lasting about one hour.

At the end of each recording, both the listener and

the performer assigned at least one categorical emotion

tag proposed by the GEMS-9 emotion framework [6]

plus the ”neutral” tag. Selections were made without

knowledge of the other party’s choices, allowing the

procedure to serve as a blind assessment of emotional

alignment between performers and listeners. This pro-

cedure was used to estimate the degree of emotional

alignment between performers and listeners. After each

session, participants rated their stress (1–5) and any

discomfort from the sensors to control for possible

psychological or physical confounds.

C. Data pre-processing and curation

The total duration of all mono recordings was ap-

proximately 2,607 seconds (∼43 minutes), with a me-

dian of 115.5 seconds per track. Expressive and neutral

recordings were balanced (1,327 vs. 1,280 seconds).

Audio was captured at 48 kHz, 24-bit, and trimmed

to remove leading and trailing pauses. All signals

were time-aligned, producing a synchronized dataset of

audio, ECG, GSR, and EEG for multimodal analysis.

D. Feature Extraction

Audio recordings were segmented into 10-second

excerpts labeled as “neutral” or “expressive”. Acoustic

features captured both spectral and prosodic aspects,

including pitch (mean, SD, range), loudness and dynam-

ics (mean, SD, range), spectral centroid and flux, and

voice quality measures (jitter, shimmer, HNR, CPP).

Formant frequencies (F1–F3) and LTAS metrics sum-

marized vowel resonances and overall spectral content.

MFCCs (1–13) with delta coefficients captured fine-

grained spectral patterns for timbre and phonetic char-

acterization, while amplitude-in features provided an

additional measure of signal energy dynamics.

Physiological signals (EEG, ECG, GSR) were incor-

porated into the multimodal analysis to complement

Fig. 1: Audio features extraction: Dynamic, Pitch,

Loudness and Centroid

the audio data. EEG was recorded at 250 Hz from

four electrodes (O1, O2, T3, T4), band-pass filtered,

and analyzed in the alpha (8–13 Hz) and beta (13–30

Hz) ranges. Relaxation indices were derived by com-

puting the proportion of alpha power relative to the

combined alpha and beta power [7]. ECG was acquired

at 1000 Hz, filtered, and artifact-corrected to extract

RR intervals and compute heart-rate variability features

using the scipy Python library, including the Baevsky

Stress Index [8] as a marker of autonomic regulation.

GSR was denoised using median and low-pass filtering

(1 Hz) to capture tonic skin conductance fluctuations

associated with arousal. Extracted features included

heart rate, RR interval statistics, relaxation indices, and

mean skin conductance level. To ensure cross-subject

comparability, all features were z-normalized at the

participant level.

E. Models

We combined statistical analyses with machine learn-

ing to compare expressive and neutral performances.

Statistical tests revealed significant patterns in audio

and physiological features, while supervised models

(Random Forests, XGBoost, SVM, Logistic Regres-

sion) evaluated their predictive value. This approach

balanced interpretability with predictive accuracy.

III. RESULTS

A. Audio Analysis

A comparative analysis of four supervised learning

models was conducted (Random Forests, XGBoost,

Support Vector Machines and Logistic Regression) to

evaluate their performance in classifying expressive

versus neutral speech. Features extracted from each

recording were preprocessed with mean imputation for

missing values and then split into training and test sets

with an 80/20 ratio, maintaining class balance. Each

model was trained on the training data and evaluated

on the test set, with accuracy, confusion matrices,

and classification reports computed. The results were

then visually compared (Fig. 2), illustrating the relative

performance of the models, where Random Forest and

XGBoost demonstrated the highest classification accu-

racies, followed by Logistic Regression and SVM.

A feature importance analysis was conducted for all

classifiers to identify the acoustic features most relevant

for distinguishing neutral from expressive singing (Fig.

3). For Random Forest and XGBoost, the built-in fea-

ture importance measures were directly used, reflecting

how much each feature contributed to the model’s

predictive power. For SVM and Logistic Regression,

permutation importance was employed, assessing the

impact of randomly shuffling each feature on model

accuracy. A Random Forest classifier was trained with

5-fold cross-validation on the full dataset. List-like fea-

tures were averaged, and missing values were imputed

with column-wise means. Cross-validated predictions

yielded an overall accuracy of 82.1% as shown in Table

I, with detailed metrics and a confusion matrix showing

the model’s ability to distinguish neutral from expres-

sive singing. After cross-validation, the model was

trained on the full dataset to extract feature importance

scores, revealing which acoustic characteristics—such

as pitch, loudness, MFCCs, and spectral features—most

strongly influenced model predictions.

B. Multimodal analysis

Since the vocal recordings were collected as part

of the witheFlow project, which included both singers

and instrumentalists, we adopted a multimodal analysis

approach to ensure consistency and enable direct com-

parison across the dataset. For the physiological signals,

Fig. 2: Comparison of classification performance of four

supervised learning models: Random Forest, XGBoost,

Support Vector Machine (RBF kernel), and Logistic

Regression.

Fig. 3: Feature importance scores for all the classifiers.

features such as mean skin conductance level and heart

rate variability were computed over the entire song

duration. To identify the most informative features, we

combined statistical tests (paired t-tests for audio and

physiological modalities, chi-square tests for categorical

emotion labels) with machine learning analysis.

The results revealed clear differences between ex-

pressive and non-expressive performances. In the au-

dio domain, onset values were higher in expressive

performances, whereas pulse clarity was higher in

non-expressive ones. Physiological measures indicated

greater EEG-based relaxation in performers during

expressive performances, and lower heart rates in

audience members during non-expressive ones (see

Fig. 4). Self-reported emotions further showed that

performer–audience alignment emerged only under ex-

pressive conditions, consistent with prior research on

musical expressivity [9].

For multimodal analysis, we used XGBoost [10],

imputing missing values with condition-wise means.

Separate models for performers and audience predicted

expressive vs. neutral conditions, reaching accuracies

with 5-fold cross validation of 85% and 65%, respec-

tively. As shown in Fig. 5, onset-related and biosignal

features were most informative, consistent with statis-

tical results.

TABLE I: Random Forest Classification Results (5-Fold

Cross-Validation)

Class Precision Recall F1-Score Support

Neutral 0.83 0.80 0.81 131
Expressive 0.82 0.84 0.83 137

Accuracy 0.82 268
Macro Avg 0.82 0.82 0.82 268
Weighted Avg 0.82 0.82 0.82 268
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Audio was captured at 48 kHz, 24-bit, and trimmed
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grained spectral patterns for timbre and phonetic char-

acterization, while amplitude-in features provided an
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four electrodes (O1, O2, T3, T4), band-pass filtered,

and analyzed in the alpha (8–13 Hz) and beta (13–30

Hz) ranges. Relaxation indices were derived by com-

puting the proportion of alpha power relative to the

combined alpha and beta power [7]. ECG was acquired

at 1000 Hz, filtered, and artifact-corrected to extract

RR intervals and compute heart-rate variability features

using the scipy Python library, including the Baevsky

Stress Index [8] as a marker of autonomic regulation.

GSR was denoised using median and low-pass filtering

(1 Hz) to capture tonic skin conductance fluctuations

associated with arousal. Extracted features included

heart rate, RR interval statistics, relaxation indices, and

mean skin conductance level. To ensure cross-subject

comparability, all features were z-normalized at the

participant level.

E. Models

We combined statistical analyses with machine learn-

ing to compare expressive and neutral performances.

Statistical tests revealed significant patterns in audio

and physiological features, while supervised models

(Random Forests, XGBoost, SVM, Logistic Regres-

sion) evaluated their predictive value. This approach

balanced interpretability with predictive accuracy.
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A. Audio Analysis

A comparative analysis of four supervised learning

models was conducted (Random Forests, XGBoost,

Support Vector Machines and Logistic Regression) to

evaluate their performance in classifying expressive

versus neutral speech. Features extracted from each

recording were preprocessed with mean imputation for

missing values and then split into training and test sets

with an 80/20 ratio, maintaining class balance. Each

model was trained on the training data and evaluated

on the test set, with accuracy, confusion matrices,

and classification reports computed. The results were

then visually compared (Fig. 2), illustrating the relative

performance of the models, where Random Forest and

XGBoost demonstrated the highest classification accu-

racies, followed by Logistic Regression and SVM.

A feature importance analysis was conducted for all

classifiers to identify the acoustic features most relevant

for distinguishing neutral from expressive singing (Fig.

3). For Random Forest and XGBoost, the built-in fea-

ture importance measures were directly used, reflecting

how much each feature contributed to the model’s

predictive power. For SVM and Logistic Regression,

permutation importance was employed, assessing the

impact of randomly shuffling each feature on model

accuracy. A Random Forest classifier was trained with

5-fold cross-validation on the full dataset. List-like fea-

tures were averaged, and missing values were imputed

with column-wise means. Cross-validated predictions

yielded an overall accuracy of 82.1% as shown in Table

I, with detailed metrics and a confusion matrix showing

the model’s ability to distinguish neutral from expres-

sive singing. After cross-validation, the model was

trained on the full dataset to extract feature importance

scores, revealing which acoustic characteristics—such

as pitch, loudness, MFCCs, and spectral features—most

strongly influenced model predictions.
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Since the vocal recordings were collected as part

of the witheFlow project, which included both singers

and instrumentalists, we adopted a multimodal analysis

approach to ensure consistency and enable direct com-

parison across the dataset. For the physiological signals,
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features such as mean skin conductance level and heart

rate variability were computed over the entire song

duration. To identify the most informative features, we

combined statistical tests (paired t-tests for audio and

physiological modalities, chi-square tests for categorical

emotion labels) with machine learning analysis.

The results revealed clear differences between ex-

pressive and non-expressive performances. In the au-

dio domain, onset values were higher in expressive

performances, whereas pulse clarity was higher in

non-expressive ones. Physiological measures indicated

greater EEG-based relaxation in performers during

expressive performances, and lower heart rates in

audience members during non-expressive ones (see

Fig. 4). Self-reported emotions further showed that

performer–audience alignment emerged only under ex-

pressive conditions, consistent with prior research on

musical expressivity [9].

For multimodal analysis, we used XGBoost [10],

imputing missing values with condition-wise means.

Separate models for performers and audience predicted

expressive vs. neutral conditions, reaching accuracies

with 5-fold cross validation of 85% and 65%, respec-

tively. As shown in Fig. 5, onset-related and biosignal

features were most informative, consistent with statis-

tical results.
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IV. DISCUSSION

Across models, audio features such as MFCCs, spec-

tral centroid, pitch, and loudness consistently emerged

as informative predictors of expressive performance.

Random Forest and XGBoost highlighted a broader

range of features, with MFCCs and pitch among the

most relevant and Logistic Regression emphasized

MFCCs and formants, supporting their role in char-

acterizing expressive nuances. Acoustic and behavioral

features obtained from the multimodal analysis were

consistent with the broader dataset collected within the

witheFlow project [9], which included 16 additional

instrumentalists recorded under an extended protocol,

allowing for direct comparison with the current study.

In the expressive condition, both instrumentalists and

vocalists tended to use a greater number of notes in their

performances. Performers appeared more relaxed under

expressive conditions, whereas the audience exhibited

higher arousal, reflected in elevated heart rates. More-

over, an alignment of emotional responses between

performers and audience was observed only in the

expressive condition.

While these findings offer valuable insights, they

should be interpreted with caution due to the relatively

small sample size, which may limit the generalizability

of the results. Moreover, proper stratification is essen-

tial to prevent models from learning speaker-specific

characteristics rather than the intended patterns. Future

studies with larger and more diverse samples are needed

to validate and extend these observations.
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       


       


       

    
      
      
      
     

    






  

        


         

    


       
        
      

    
   
      

       







       








      

    




    

      
      
     
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IV. DISCUSSION

Across models, audio features such as MFCCs, spec-

tral centroid, pitch, and loudness consistently emerged

as informative predictors of expressive performance.

Random Forest and XGBoost highlighted a broader

range of features, with MFCCs and pitch among the

most relevant and Logistic Regression emphasized

MFCCs and formants, supporting their role in char-

acterizing expressive nuances. Acoustic and behavioral

features obtained from the multimodal analysis were

consistent with the broader dataset collected within the

witheFlow project [9], which included 16 additional

instrumentalists recorded under an extended protocol,

allowing for direct comparison with the current study.

In the expressive condition, both instrumentalists and

vocalists tended to use a greater number of notes in their

performances. Performers appeared more relaxed under

expressive conditions, whereas the audience exhibited

higher arousal, reflected in elevated heart rates. More-

over, an alignment of emotional responses between

performers and audience was observed only in the

expressive condition.

While these findings offer valuable insights, they

should be interpreted with caution due to the relatively

small sample size, which may limit the generalizability

of the results. Moreover, proper stratification is essen-

tial to prevent models from learning speaker-specific

characteristics rather than the intended patterns. Future

studies with larger and more diverse samples are needed

to validate and extend these observations.
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        


         

    


       
        
      

    
   
      

       







       








      

    




    

      
      
     

        


     



    

      
    
       


     



      

    





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

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

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




       
      
        

        
     



   

     



   
   

      
    
        


         


       
       
       





 

       

          



       
        

     
      
     







          
       





    







        


        
       
        




        









      







     
        





        






      



         
    



         
         
    





      
      
     
      

       
    

        
     



       

      
     
       
       
       


    

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




       
      
        

        
     



   

     


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Abstract: The topic concerns the inconsistent 
definition and excess variability of acoustic features 
of jitter and shimmer that report perturbations of 
vocal cycle lengths and amplitudes sampled once 
per vocal cycle. We examine the frequency bands 
and gains as well as the correlation with vocal 
frequency and the intra-corpus variability of 
several popular jitter and shimmer features. The 
results indicate that a discrepancy exists between 
the frequency bands of the features and the actual 
frequency bands of jitter and shimmer, and that 
this discrepancy varies with vocal frequency. The 
perturbations reported by various features in 
different frequency bands cannot be compared 
owing to differences in feature gains. The excess 
volatility attributable to sampling once per vocal 
cycle tends to be more readily detectable in corpora 
exhibiting substantial variability in vocal frequency, 
particularly in features that are not normalized by 
the average vocal cycle duration. 
Keywords:  vocal jitter, vocal shimmer, frequencies 
of vocal jitter and shimmer, variable-rate sampling  

 
I. INTRODUCTION 

 
Vocal jitter and shimmer designate fast (>20Hz) 

perturbations of the vocal cycle lengths and peak 
amplitudes. The presentation focusses on the excess 
variability of acoustic features that describe vocal 
perturbations when the vocal cycle lengths or peak 
amplitudes are sampled once per vocal cycle. 

The features indeed involve high-pass filtering of the 
lengths or amplitudes to separate fast perturbations (i.e. 
jitter and shimmer) from slow perturbations (i.e. drift, 
tremor and flutter) [1,2]. The frequency bands of the 
features therefore depend on the vocal frequency 
because the analog cut-off frequency of a discrete filter 
depends on the sampling frequency. The feature values 
evolve for that reason with the vocal frequency due to 
the requirements of signal processing alone, loose from 
any physiological causes. 

The two following issues are related to the former 
and must be examined jointly. One issue is that the 
filters involved in different features do not have unity 
gain, which alters the reported size of jitter or shimmer 

and makes it difficult to compare values across 
different features. A second issue is the mismatch 
between the frequency bands of the features and the 
actual frequency bands of jitter and shimmer. This 
mismatch may weaken the perceptual relevance of the 
features and cause the actual size of the perturbations 
to be over or underestimated. 

These topics are relevant because over the past fifty 
years numerous articles have been published that 
document acoustic perturbations that have been tracked 
at the rate of the vocal frequency, e.g. [3]. The features 
reported by the PRAAT and MDVP speech analysis 
software programs are the most popular. We therefore 
examine five jitter and six shimmer features obtainable 
via PRAAT and which are known as Localjit, Localabs, 
RAP, PPQ5 and DDPjit as well as Localshim, LocaldB, 
APQ3, APQ5, APQ11 and DDPshim respectively [2]. In 
the text, PRAAT features are referred to as variable-
rate non-unity gain features. 

Table 1 shows the six high-pass filters used for 
extracting jitter and shimmer features in PRAAT. The 
formulas are copied from the manual [2]. In Table 1, 
symbol  designates the cycle lengths or peak 
amplitudes and Δ the perturbations. The features 
report in percent the average unsigned perturbation |Δ| 
divided by the average cycle length or amplitude. 

 Exceptions are Localabs and LocaldB. Localabs 
provides the average unsigned perturbation in . 
LocaldB reports in dB the average unsigned log-ratio of 
the amplitudes of two consecutive vocal cycles  and 
. However, the first-order Taylor series expansions 
of log(/) and 1/ show that Localshim and 
LocaldB are equivalent up to a difference in gain, which 
is confirmed by inspecting their numerical values. 

The high-pass filter gain refers to the magnitude of 
the filter at half the sampling frequency. The filter cut-
off refers to the relative frequency at which the 
logarithm of the magnitude squared decreases by -3dB. 
Gain and cut-off are calculated numerically. 

We compare variable-rate non-unity gain features 
(i.e. PRAAT features) to fixed-rate unity-gain features 
that describe perturbations of vocal cycle lengths and 
amplitudes that are sampled at a fixed rate. They 
isolate fast from slow perturbations at a fixed 
frequency of 20Hz, which is perceptually relevant. The 
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switch from the perception of tremulousness to the 
perception of roughness is indeed expected to occur in 
the vicinity of that frequency [4]. 
 The results section presents the distance between 
variable-rate and fixed-rate features, the intra-corpus 
variability of the features and their correlation with 
vocal frequency. 

 
Table 1: Discrete high-pass filters involved in popular 
jitter and shimmer features as well as their gain at 
/ = 0.5	and their relative cut-off frequency / at 
-3dB.  designates the analog cut-off frequency, fs the 
sampling frequency i.e. vocal frequency  and  the 
cycle length  or peak amplitude . 

 
Features Filter Gain Cut-off 
Localjit  

Localshim 
Localabs 

Δ =  −  2 0.25 

LocaldB Δ =  −  40/ln(10) 0.25 
RAP 

APQ3 
Δ =  − ( +  + )/3 4/3 0.32 

PPQ5, 
APQ5 

Δ =  − ( + ⋯+ )/5 
 

4/5 0.13 

DDPjit 

DDPshim 
Δ = − + ( −  + ) 

 
-4 0.32 

APQ11 Δ =  − ( + ⋯+ )/11 
 

10/11 0.06 

 
II. METHODS 

 
A. Corpora 
 
We have four corpora of 2-second fragments of 
sustained vowel [a] sampled at a rate of 44kHz. All 
vowel sounds are pseudo-periodic and monophonic. 
Corpora I and II include 18 male and 18 female 
speakers respectively. They have been downloaded 
from the website of the ATIC Research Group, Dept. 
Ingenieria de Comunicaciones, Universidad de Malaga 
[5]. Corpora III and IV comprise 33 female teachers 
recorded pre and post vocal loading.  They have been 
provided by the Speech Therapy Department, Faculty 
of Psychology, Speech Therapy and Education 
Sciences, University of Liège, BE. 

Since signal processing is the focus of the 
presentation, corpora I–IV have been aggregated into 
corpora Pooled, Hi and Lo, each with a distinct average 
and range of vocal frequencies with the goal to have an 
 −range that is as large as possible. The corpus 
Pooled includes 18 ♂ and 84 ♀ speakers, Lo and Hi 
break up Pooled according to whether fo is smaller or 
larger than the mid-frequency of the -range of 
Pooled. Table 2 presents, for each corpus, the number 
of vowel signals, the median and interquartile range of 
fo, and the median and interquartile range of the 
frequency of jitter. The bottom of Table 2 shows the 

median analog cut-off frequency for each corpus and 
for each relative cut-off frequency. 

 
Table 2: Test corpora. Top, left to right: number of 
vowel signals,  median and interquartile range of vocal 
frequency and jitter frequency. Bottom: median analog 
cut-off frequencies for each corpus and relative cut-off 
frequency. 

  
B. Signal processing 
 
The 2-second vowel fragments have been up-sampled 
four times to improve temporal resolution. The signals 
have subsequently been low-pass filtered at 1kHz by 
means of a linear-phase Bessel filter to avoid spurious 
perturbations owing to the superposition of the first 
and second formants. Filtering also removes the 
contribution of the higher formants to vocal shimmer. 
Filtering does not typically influence genuine jitter. 
 The positive and negative cycle peaks have been 
detected via a conventional peak picker. The negative 
and positive peak amplitudes, along with the intervals 
between consecutive peaks, have been assigned to two 
amplitude and two cycle length time series. The length 
series with the lowest standard deviation, along with its 
corresponding amplitude series, has been kept. The 
PRAAT features have been calculated using the 
formulas in Table 1. The cycle amplitudes or lengths 
provided by PRAAT have not been retained because 
PRAAT does not track the actual cycle peaks. 
 Fixed-rate unity-gain features have been obtained 
as an alternative. They report vocal perturbations faster 
than 20Hz whose shape and energy are preserved. The 
signal processing involves resampling the time series at 
a constant rate of 800Hz using a cubic spline 
interpolator, followed by subtracting the average length 
or amplitude to obtain the raw perturbation time series. 
 An orthogonal cosine transform breaks up the raw 
perturbations into jitter or shimmer in the frequency 
band 20  → /2, as well as into drift, tremor, and 
flutter in the frequency band 0  → 20		[1,4]. Up-
sampling, filtering, peak-picking, interpolating and 
cosine transform routines are included in Python's 
standard signal processing toolbox. 

The fixed-rate unity-gain features (abbr. FR-UG) 
report, in analogy with PRAAT, the average of the 
unsigned values of the jitter or shimmer time series, 
divided by the average cycle length or amplitude. 

Tally, median, 
inter-quartile range nbr fo med (IQR)  fjit med (IQR) 

Pooled 102 196 (49) Hz 61 (17) Hz 
Lo (< 187.5 Hz) 39 159 (71) Hz 49  (21) Hz 
Hi (> 187.5 Hz) 63 217 (27) Hz  67 (10) Hz 
Rel. cut-off freq. 0.06 0.13 0.25 0.32 

Pooled 12 Hz 25 Hz 49 Hz 63 Hz 
Lo (< 187.5 Hz) 10 Hz 21 Hz 40 Hz 51 Hz 
Hi (> 187.5 Hz) 13 Hz 28 Hz 54 Hz 69 Hz 

 The frequencies of jitter and shimmer have been 
empirically estimated by counting the unidirectional 
zero-crossings of the corresponding time series. The 
jitter frequencies are summarized in Table 2. The 
median shimmer frequencies are circa 16% lower. 
 The sum of the variances of the perturbations 
below and above 20Hz equals the variance of the raw 
perturbations because the cosine transform is 
orthogonal. The perturbations are neither attenuated 
nor boosted. Also, fast perturbations are separated from 
slow perturbations at a fixed frequency equal to 20Hz. 
Fixed-rate unity-gain features are therefore targets to 
which variable-rate non-unity gain features may be 
compared.  

 
C. Descriptive statistics 
 
A measurement error is the distance between a 
measured value and a target value. The results section 
therefore reports the distance between fixed-rate and 
variable-rate features. The feature values, however, 
cannot be compared directly because they pertain to 
different gains and frequency bands. The values have 
therefore been replaced by their ranks, which means 
that features are regarded to be equivalent when they 
rank speakers identically.  

Spearman’s F-distance has been used to report the 
difference between the ranks of variable-rate and fixed-
rate features. Spearman’s F is the normalized sum of 
the unsigned differences between ranks. It has a value 
between zero and one [6]. The average difference in 
number of ranks is equal to  × /2 when the number 
N of signals is large (e.g. N>10). The F-distance is not 
affected by transforms of the feature values that 
preserve their order (e.g. multiplication by different 
gains). 

The results section also reports the relative 
interquartile range as well as the Pearson correlation 
with vocal frequency  for each corpus and each 
feature. Indeed, intra-corpus variability and magnitude 
of the correlation with  are expected to be lower for 
fixed-rate than for variable-rate features when they 
share roughly the same frequency band. 
 

III. RESULTS 
  
Feature pairs Localshim and LocaldB, APQ3 and DDPshim 
as well as RAP and DDPjit only differ by a constant 
gain (Table 1). The features LocaldB, DDPshim, and 
DDPjit are therefore omitted from the Results section. 
  
A. Intra-corpus relative interquartile range and 
correlation with vocal frequency 
 
Tables 3 and 4 report the Pearson correlation with  
and the relative interquartile range of five shimmer and 

five jitter features for three corpora. FR-UG designates 
the fixed-rate features. 
 
Table 3: Correlation with fo (top) and relative 
interquartile range (bottom) of five shimmer features 
for three corpora. FR-UGshim is the fixed-rate feature. 

 Localsh APQ3 APQ5 APQ11 FR-UGshim 
Pooled -0.59 -0.54 -0.63 -0.63 -0.35 

Lo -0.63 -0.58 -0.63 -0.72 -0.43 
Hi -0.34 -0.36 -0.40 -0.22 -0.10 

Pooled 0.69 0.74 0.72 0.62 0.55 
Lo 0.61 0.71 0.65 0.56 0.56 
Hi 0.59 0.77 0.57 0.55 0.60 

 
Table 4: Correlation with fo (top) and relative 
interquartile range (bottom) of five jitter features for 
three corpora. FR-UGjit is the fixed-rate feature. 

 Localjit RAP PPQ5 Localabs FR-UGjit 
Pooled -0.32 -0.21 -0.38 -0.74 -0.17 

Lo -0.29 -0.14 -0.32 -0.73 -0.02 
Hi -0.20 -0.15 -0.29 -0.40 -0.30 

Pooled 0.63 0.58 0.65 0.78 0.60 
Lo 0.56 0.59 0.65 0.94 0.56 
Hi 0.56 0.57 0.62 0.70 0.65 

 
B.  Inter-feature distance 
 
Table 5 shows the F-distance of four shimmer and four 
jitter features for three corpora. Spearman’s F is the 
relative distance between the ranks of features FR-
UGshim or FR-UGjit and the ranks of the PRAAT 
features. -rate sampling, normalization and unequal 
frequency bands are expected to affect F-distance. In 
contrast, the feature-typical gain has no direct 
influence on F-distance, intra-corpus variability or 
correlation with . 
 
Table 5: F-distance between fixed-rate and four 
shimmer (top) and four jitter (bottom) variable-rate 
features for three corpora. 

 Localshim APQ3 APQ5 APQ11 
Pooled 0.19  0.23  0.16  0.17  

Lo 0.19  0.20  0.15  0.24  
Hi 0.18  0.24  0.17  0.09  

 Localjit RAP PPQ5 Localabs 
Pooled 0.12 0.11 0.10 0.27 

Lo 0.17 0.11 0.16 0.37 
Hi 0.07 0.10 0.05 0.10 

 
 IV. DISCUSSION 

 
The absolute jitter feature Localabs is an exception 
because it reports the average unsigned perturbation in 
µ. All other features are normalized and describe 
perturbations in percent. 
Differences between variable-rate and fixed-rate 
features are explained by normalization, unequal 
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switch from the perception of tremulousness to the 
perception of roughness is indeed expected to occur in 
the vicinity of that frequency [4]. 
 The results section presents the distance between 
variable-rate and fixed-rate features, the intra-corpus 
variability of the features and their correlation with 
vocal frequency. 

 
Table 1: Discrete high-pass filters involved in popular 
jitter and shimmer features as well as their gain at 
/ = 0.5	and their relative cut-off frequency / at 
-3dB.  designates the analog cut-off frequency, fs the 
sampling frequency i.e. vocal frequency  and  the 
cycle length  or peak amplitude . 

 
Features Filter Gain Cut-off 
Localjit  

Localshim 
Localabs 

Δ =  −  2 0.25 

LocaldB Δ =  −  40/ln(10) 0.25 
RAP 

APQ3 
Δ =  − ( +  + )/3 4/3 0.32 

PPQ5, 
APQ5 

Δ =  − ( + ⋯+ )/5 
 

4/5 0.13 

DDPjit 

DDPshim 
Δ = − + ( −  + ) 

 
-4 0.32 

APQ11 Δ =  − ( + ⋯+ )/11 
 

10/11 0.06 

 
II. METHODS 

 
A. Corpora 
 
We have four corpora of 2-second fragments of 
sustained vowel [a] sampled at a rate of 44kHz. All 
vowel sounds are pseudo-periodic and monophonic. 
Corpora I and II include 18 male and 18 female 
speakers respectively. They have been downloaded 
from the website of the ATIC Research Group, Dept. 
Ingenieria de Comunicaciones, Universidad de Malaga 
[5]. Corpora III and IV comprise 33 female teachers 
recorded pre and post vocal loading.  They have been 
provided by the Speech Therapy Department, Faculty 
of Psychology, Speech Therapy and Education 
Sciences, University of Liège, BE. 

Since signal processing is the focus of the 
presentation, corpora I–IV have been aggregated into 
corpora Pooled, Hi and Lo, each with a distinct average 
and range of vocal frequencies with the goal to have an 
 −range that is as large as possible. The corpus 
Pooled includes 18 ♂ and 84 ♀ speakers, Lo and Hi 
break up Pooled according to whether fo is smaller or 
larger than the mid-frequency of the -range of 
Pooled. Table 2 presents, for each corpus, the number 
of vowel signals, the median and interquartile range of 
fo, and the median and interquartile range of the 
frequency of jitter. The bottom of Table 2 shows the 

median analog cut-off frequency for each corpus and 
for each relative cut-off frequency. 

 
Table 2: Test corpora. Top, left to right: number of 
vowel signals,  median and interquartile range of vocal 
frequency and jitter frequency. Bottom: median analog 
cut-off frequencies for each corpus and relative cut-off 
frequency. 

  
B. Signal processing 
 
The 2-second vowel fragments have been up-sampled 
four times to improve temporal resolution. The signals 
have subsequently been low-pass filtered at 1kHz by 
means of a linear-phase Bessel filter to avoid spurious 
perturbations owing to the superposition of the first 
and second formants. Filtering also removes the 
contribution of the higher formants to vocal shimmer. 
Filtering does not typically influence genuine jitter. 
 The positive and negative cycle peaks have been 
detected via a conventional peak picker. The negative 
and positive peak amplitudes, along with the intervals 
between consecutive peaks, have been assigned to two 
amplitude and two cycle length time series. The length 
series with the lowest standard deviation, along with its 
corresponding amplitude series, has been kept. The 
PRAAT features have been calculated using the 
formulas in Table 1. The cycle amplitudes or lengths 
provided by PRAAT have not been retained because 
PRAAT does not track the actual cycle peaks. 
 Fixed-rate unity-gain features have been obtained 
as an alternative. They report vocal perturbations faster 
than 20Hz whose shape and energy are preserved. The 
signal processing involves resampling the time series at 
a constant rate of 800Hz using a cubic spline 
interpolator, followed by subtracting the average length 
or amplitude to obtain the raw perturbation time series. 
 An orthogonal cosine transform breaks up the raw 
perturbations into jitter or shimmer in the frequency 
band 20  → /2, as well as into drift, tremor, and 
flutter in the frequency band 0  → 20		[1,4]. Up-
sampling, filtering, peak-picking, interpolating and 
cosine transform routines are included in Python's 
standard signal processing toolbox. 

The fixed-rate unity-gain features (abbr. FR-UG) 
report, in analogy with PRAAT, the average of the 
unsigned values of the jitter or shimmer time series, 
divided by the average cycle length or amplitude. 

Tally, median, 
inter-quartile range nbr fo med (IQR)  fjit med (IQR) 

Pooled 102 196 (49) Hz 61 (17) Hz 
Lo (< 187.5 Hz) 39 159 (71) Hz 49  (21) Hz 
Hi (> 187.5 Hz) 63 217 (27) Hz  67 (10) Hz 
Rel. cut-off freq. 0.06 0.13 0.25 0.32 

Pooled 12 Hz 25 Hz 49 Hz 63 Hz 
Lo (< 187.5 Hz) 10 Hz 21 Hz 40 Hz 51 Hz 
Hi (> 187.5 Hz) 13 Hz 28 Hz 54 Hz 69 Hz 

 The frequencies of jitter and shimmer have been 
empirically estimated by counting the unidirectional 
zero-crossings of the corresponding time series. The 
jitter frequencies are summarized in Table 2. The 
median shimmer frequencies are circa 16% lower. 
 The sum of the variances of the perturbations 
below and above 20Hz equals the variance of the raw 
perturbations because the cosine transform is 
orthogonal. The perturbations are neither attenuated 
nor boosted. Also, fast perturbations are separated from 
slow perturbations at a fixed frequency equal to 20Hz. 
Fixed-rate unity-gain features are therefore targets to 
which variable-rate non-unity gain features may be 
compared.  

 
C. Descriptive statistics 
 
A measurement error is the distance between a 
measured value and a target value. The results section 
therefore reports the distance between fixed-rate and 
variable-rate features. The feature values, however, 
cannot be compared directly because they pertain to 
different gains and frequency bands. The values have 
therefore been replaced by their ranks, which means 
that features are regarded to be equivalent when they 
rank speakers identically.  

Spearman’s F-distance has been used to report the 
difference between the ranks of variable-rate and fixed-
rate features. Spearman’s F is the normalized sum of 
the unsigned differences between ranks. It has a value 
between zero and one [6]. The average difference in 
number of ranks is equal to  × /2 when the number 
N of signals is large (e.g. N>10). The F-distance is not 
affected by transforms of the feature values that 
preserve their order (e.g. multiplication by different 
gains). 

The results section also reports the relative 
interquartile range as well as the Pearson correlation 
with vocal frequency  for each corpus and each 
feature. Indeed, intra-corpus variability and magnitude 
of the correlation with  are expected to be lower for 
fixed-rate than for variable-rate features when they 
share roughly the same frequency band. 
 

III. RESULTS 
  
Feature pairs Localshim and LocaldB, APQ3 and DDPshim 
as well as RAP and DDPjit only differ by a constant 
gain (Table 1). The features LocaldB, DDPshim, and 
DDPjit are therefore omitted from the Results section. 
  
A. Intra-corpus relative interquartile range and 
correlation with vocal frequency 
 
Tables 3 and 4 report the Pearson correlation with  
and the relative interquartile range of five shimmer and 

five jitter features for three corpora. FR-UG designates 
the fixed-rate features. 
 
Table 3: Correlation with fo (top) and relative 
interquartile range (bottom) of five shimmer features 
for three corpora. FR-UGshim is the fixed-rate feature. 

 Localsh APQ3 APQ5 APQ11 FR-UGshim 
Pooled -0.59 -0.54 -0.63 -0.63 -0.35 

Lo -0.63 -0.58 -0.63 -0.72 -0.43 
Hi -0.34 -0.36 -0.40 -0.22 -0.10 

Pooled 0.69 0.74 0.72 0.62 0.55 
Lo 0.61 0.71 0.65 0.56 0.56 
Hi 0.59 0.77 0.57 0.55 0.60 

 
Table 4: Correlation with fo (top) and relative 
interquartile range (bottom) of five jitter features for 
three corpora. FR-UGjit is the fixed-rate feature. 

 Localjit RAP PPQ5 Localabs FR-UGjit 
Pooled -0.32 -0.21 -0.38 -0.74 -0.17 

Lo -0.29 -0.14 -0.32 -0.73 -0.02 
Hi -0.20 -0.15 -0.29 -0.40 -0.30 

Pooled 0.63 0.58 0.65 0.78 0.60 
Lo 0.56 0.59 0.65 0.94 0.56 
Hi 0.56 0.57 0.62 0.70 0.65 

 
B.  Inter-feature distance 
 
Table 5 shows the F-distance of four shimmer and four 
jitter features for three corpora. Spearman’s F is the 
relative distance between the ranks of features FR-
UGshim or FR-UGjit and the ranks of the PRAAT 
features. -rate sampling, normalization and unequal 
frequency bands are expected to affect F-distance. In 
contrast, the feature-typical gain has no direct 
influence on F-distance, intra-corpus variability or 
correlation with . 
 
Table 5: F-distance between fixed-rate and four 
shimmer (top) and four jitter (bottom) variable-rate 
features for three corpora. 

 Localshim APQ3 APQ5 APQ11 
Pooled 0.19  0.23  0.16  0.17  

Lo 0.19  0.20  0.15  0.24  
Hi 0.18  0.24  0.17  0.09  

 Localjit RAP PPQ5 Localabs 
Pooled 0.12 0.11 0.10 0.27 

Lo 0.17 0.11 0.16 0.37 
Hi 0.07 0.10 0.05 0.10 

 
 IV. DISCUSSION 

 
The absolute jitter feature Localabs is an exception 
because it reports the average unsigned perturbation in 
µ. All other features are normalized and describe 
perturbations in percent. 
Differences between variable-rate and fixed-rate 
features are explained by normalization, unequal 
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frequency bands and inflated variability, which are 
discussed separately. 
 
-normalization: Magnitude of fo-correlation, relative 
interquartile range and F-distance are larger for 
variable-rate features of shimmer than for variable-rate 
features of jitter that share the same relative cut-off 
frequency (Tables 3 to 5). The normalization by the 
average cycle length  indeed reduces the excess 
variability owing to -rate sampling. This explanation 
is confirmed by the distinctive properties of Localabs, 
which lacks that normalization (Tables 4 and 5). 
 As a rule, the purpose of normalization is to cancel 
incidental differences between signals or corpora. -
normalization of variable-rate features is indeed 
beneficial because of a weakness in signal processing. 
-normalization of fixed-rate features, however, may 
disguise a genuine physiological dependence on vocal 
frequency. 
 
Feature-typical vs actual perturbation frequency 
bands: The frequencies of jitter and shimmer, which 
are similar, have been estimated by counting 
unidirectional zero-crossings in the jitter or shimmer 
time series after re-sampling at a fixed rate. The 
frequencies of jitter are summarized in Table 2 (top, 
right) together with the analog cut-off frequencies of 
the PRAAT features (bottom). 

Table 2 shows that the median analog cut-off 
frequencies of feature APQ11 are lower than 20Hz. 
This means that APQ11 includes flutter and therefore 
overestimates shimmer. Conversely, the median analog 
cut-off frequencies of RAP and APQ3 are higher than 
the median frequencies of jitter. This means that RAP 
and APQ3 may miss half of the frequency band of the 
actual perturbations and therefore underestimate jitter 
and shimmer. The mismatch between frequency bands 
is also noticeable in Localjit and Localshim for high-
pitched voices. 
 One may conclude that the frequency bands of 
PRAAT features do not match the actual frequency 
bands of jitter or shimmer. This mismatch, however, is 
not passed on pro rata to the feature values because 
actual differences in size are masked by unequal 
feature gains (Table 1). Also, the mismatch is made 
worse by -rate sampling because a match at low  
may turn into a mismatch at high  or vice versa.  
 
Variable-rate vs fixed-rate features: Intra-corpus 
variability and magnitude of correlation with  are 
expected to be lower for fixed-rate features because of 
the absence of the inflation of the variability owing to 
-rate sampling. This is confirmed for corpora Pooled 
and Lo, but not for corpus Hi (Tables 3 and 4). Possible 
explanations are the low intrinsic fo-variability of 
corpus Hi and the discrepancy, which is largest for 

high-pitched voices, between the frequency bands of 
variable-rate and fixed-rate features, together with a 
mis-representation owing to -normalization, of the 
correlation with  of fixed-rate features (Table 2). 

 
Table 5 shows the relative distance in number of ranks 
between variable-rate and fixed-rate features. The F-
distance appears to evolve with the relative cut-off 
frequency and decreases with -normalization. 
 Irrespective of the value of the distance between 
variable-rate and fixed-rate features, the merit of fixed-
rate features is that they report the actual size of 
perturbations sampled at a fixed rate in a frequency 
band that covers the actual frequency band of jitter and 
shimmer. The expected benefit is the ease of the 
numerical or perceptual interpretation.  
 

V. CONCLUSION 
 
The shortcomings of popular variable-rate features 
consist in the mismatch between the frequency bands 
of the features and the actual frequency bands of jitter 
and shimmer. This mismatch evolves with the vocal 
frequency. Any disparity between frequency bands is 
not relayed pro rata to the feature values because 
unequal feature gains mask the actual size of the length 
or amplitude perturbations. The excess variability per 
se owing to -rate sampling appears to be more 
readily observable in corpora with a large intrinsic -
variability and in features that are not -normalized. 
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     
     
     
      
      
     
        
    
        
      


     
     
    
     
      
      
    
      
       

     
    
    
    
     
    
      








  such as Parkinson’s disease
     
   
      
   



        

       
    
       
  
      
–
 
      

       

     
    
      
     
     
    
   
      
       
       




   
    
     
        
    

   
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frequency bands and inflated variability, which are 
discussed separately. 
 
-normalization: Magnitude of fo-correlation, relative 
interquartile range and F-distance are larger for 
variable-rate features of shimmer than for variable-rate 
features of jitter that share the same relative cut-off 
frequency (Tables 3 to 5). The normalization by the 
average cycle length  indeed reduces the excess 
variability owing to -rate sampling. This explanation 
is confirmed by the distinctive properties of Localabs, 
which lacks that normalization (Tables 4 and 5). 
 As a rule, the purpose of normalization is to cancel 
incidental differences between signals or corpora. -
normalization of variable-rate features is indeed 
beneficial because of a weakness in signal processing. 
-normalization of fixed-rate features, however, may 
disguise a genuine physiological dependence on vocal 
frequency. 
 
Feature-typical vs actual perturbation frequency 
bands: The frequencies of jitter and shimmer, which 
are similar, have been estimated by counting 
unidirectional zero-crossings in the jitter or shimmer 
time series after re-sampling at a fixed rate. The 
frequencies of jitter are summarized in Table 2 (top, 
right) together with the analog cut-off frequencies of 
the PRAAT features (bottom). 

Table 2 shows that the median analog cut-off 
frequencies of feature APQ11 are lower than 20Hz. 
This means that APQ11 includes flutter and therefore 
overestimates shimmer. Conversely, the median analog 
cut-off frequencies of RAP and APQ3 are higher than 
the median frequencies of jitter. This means that RAP 
and APQ3 may miss half of the frequency band of the 
actual perturbations and therefore underestimate jitter 
and shimmer. The mismatch between frequency bands 
is also noticeable in Localjit and Localshim for high-
pitched voices. 
 One may conclude that the frequency bands of 
PRAAT features do not match the actual frequency 
bands of jitter or shimmer. This mismatch, however, is 
not passed on pro rata to the feature values because 
actual differences in size are masked by unequal 
feature gains (Table 1). Also, the mismatch is made 
worse by -rate sampling because a match at low  
may turn into a mismatch at high  or vice versa.  
 
Variable-rate vs fixed-rate features: Intra-corpus 
variability and magnitude of correlation with  are 
expected to be lower for fixed-rate features because of 
the absence of the inflation of the variability owing to 
-rate sampling. This is confirmed for corpora Pooled 
and Lo, but not for corpus Hi (Tables 3 and 4). Possible 
explanations are the low intrinsic fo-variability of 
corpus Hi and the discrepancy, which is largest for 

high-pitched voices, between the frequency bands of 
variable-rate and fixed-rate features, together with a 
mis-representation owing to -normalization, of the 
correlation with  of fixed-rate features (Table 2). 

 
Table 5 shows the relative distance in number of ranks 
between variable-rate and fixed-rate features. The F-
distance appears to evolve with the relative cut-off 
frequency and decreases with -normalization. 
 Irrespective of the value of the distance between 
variable-rate and fixed-rate features, the merit of fixed-
rate features is that they report the actual size of 
perturbations sampled at a fixed rate in a frequency 
band that covers the actual frequency band of jitter and 
shimmer. The expected benefit is the ease of the 
numerical or perceptual interpretation.  
 

V. CONCLUSION 
 
The shortcomings of popular variable-rate features 
consist in the mismatch between the frequency bands 
of the features and the actual frequency bands of jitter 
and shimmer. This mismatch evolves with the vocal 
frequency. Any disparity between frequency bands is 
not relayed pro rata to the feature values because 
unequal feature gains mask the actual size of the length 
or amplitude perturbations. The excess variability per 
se owing to -rate sampling appears to be more 
readily observable in corpora with a large intrinsic -
variability and in features that are not -normalized. 
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    
    
     
    
      








  such as Parkinson’s disease
     
   
      
   



        

       
    
       
  
      
–
 
      

       

     
    
      
     
     
    
   
      
       
       




   
    
     
        
    

   
     
     
     
    
     

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  
    



      


      
      

       
  –    
      
       
    
      

   
    


      
      
 
      

       

       
       

 
        
     
     
      
 
     







   –   


      


        
      
     


y[k]=s[k]+n[k], k = 1,...., N      

𝑦𝑦[�]s[k]
n[k]

       
       
      
 
        
        
         
         
      
      
     
      
       
      
    
       
       
    






         
        






        
    When the “Synthesize 
Vowel” button is pressed, the GUI selects formant

      
       
        
      

         
       
       
    
      
       

  


  


      
   /i/, /ɪ/, /e/, /ɛ/, ɝ /æ/, /ɑ/, /ɔ/, 
/o/, /ʊ/, /u/




      
       








–


  
  
  
  










     
      
      
     


      
        
      
       
      
    


      
       

   
     
      
     
    
      
 
      
      


        
      


      
     
       
       
    
       
    
    
     
      
   








      
     
     
        
 

   

     

        
      
      

       
      

       





        

Dysarthria Associated With Parkinson’s Disease: 

       
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  



  


  
    



      


      
      

       
  –    
      
       
    
      

   
    


      
      
 
      

       

       
       

 
        
     
     
      
 
     







   –   


      


        
      
     


y[k]=s[k]+n[k], k = 1,...., N      

𝑦𝑦[�]s[k]
n[k]

       
       
      
 
        
        
         
         
      
      
     
      
       
      
    
       
       
    






         
        






        
    When the “Synthesize 
Vowel” button is pressed, the GUI selects formant

      
       
        
      

         
       
       
    
      
       

  


  


      
   /i/, /ɪ/, /e/, /ɛ/, ɝ /æ/, /ɑ/, /ɔ/, 
/o/, /ʊ/, /u/




      
       








–


  
  
  
  










     
      
      
     


      
        
      
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       





        

Dysarthria Associated With Parkinson’s Disease: 

       
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  



  


    –   


        
    
 –
–   


      
    
     


      

–

     
    
   
       
    


       
  
Marker of Disease Progression in Parkinson’s 
      


         
    
    
     
       – 


         
    
     
         
–

       

     
      
–   


         
    
    
      
   –   



 

     
    – 



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Abstract: This paper presents a finite ele-

ment model of vocal fold dynamics with muscle

activation-dependent parameters. The geometry is

parametrized analogously to lumped-parameter for-

mulations, capturing how intrinsic laryngeal muscle

activations affect vocal fold length and layer depths.

Elastic properties are modeled as polynomial func-

tions of muscle activation, and the polynomial coeffi-

cients are identified from data of modal frequencies

as functions of activation. The approach provides a

simple yet extensible framework that bridges the gap

between lumped and highly detailed finite element

models, making it well suited for characterizing vo-

cal fold dynamics when activation-dependent data

are available.

Keywords: Vocal Folds, Muscle activation, Finite Ele-

ment Method

I. INTRODUCTION

Vocal fold (VF) vibration arises from the interplay

between tissue mechanics, aerodynamics, and neuro-

muscular control [1]. A central challenge for modeling

is to capture how intrinsic laryngeal muscle (ILM) ac-

tivation alters tissue stiffness, mass distribution, and

geometry, thereby shaping vibratory modes and eigen-

frequencies. Ex-vivo and in-silico studies have shown

that ILMs regulate both posture and the natural fre-

quency of oscillation [2–4]. Modeling approaches range

from lumped-element representations [5], where muscle

activity is mapped into effective stiffness or mass coef-

ficients, to highly detailed finite element (FE) models

of the VFs [6, 7]. Lumped models are computationally

efficient and insightful but lack spatial resolution, while

detailed FE models capture anatomy more realistically

but at the expense of complexity and computational cost.

Prior studies have incorporated ILM control into FE

laryngeal models from MRI data for canine [8] and hu-

man larynges [9]. These models have been used to ana-

lyze the influence of cricothyroid and thyroarytenoid ac-

tivation on pre-phonatory posturing and glottic dynamics

[10], and investigations of vibration mode changes under

biomechanical variations [11]. These high-fidelity mod-

els have embedded the laryngeal muscles by modeling

the entire tissue and cartilage structure of the larynx, and

thus are computationally expensive.

In this work, we propose a method that represents

ILM activation in FE models without requiring a full

anatomical description of the larynx, while also estab-

lishing a connection to existing approaches in lumped-

element models. The VFs are represented with a finite

element model whose geometry is parameterized anal-

ogously to established lumped-element rules, reflecting

the antagonistic actions of the cricothyroid (CT) and

thyroarytenoid (TA) muscles.

Elastic properties are modeled as polynomial func-

tions of muscle activation, with coefficients identified

from data of modal frequencies as functions of acti-

vation. This formulation allows activation-dependent

variability to be systematically incorporated without re-

quiring detailed tissue-level characterization. The pro-

posed finite element model is constructed using a port-

Hamiltonian representation due to its structured formu-

lation and its ability to incorporate additional effects

in an energy-consistent manner [12–14]. The present

contribution therefore introduces a practical framework

that balances interpretability, extensibility, and computa-

tional simplicity, paving the way for systematic charac-

terization of activation-dependent vocal fold dynamics.

II. METHODS

A. Lumped-parameter model

The lumped-parameter model is described as the in-

teraction of three coupled masses corresponding to the

body and the cover layer of the VF [15]. The main ge-

ometric dimensions considered in this model are the VF

1
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 –
–   


      
    
     


      

–

     
    
   
       
    


       
  
Marker of Disease Progression in Parkinson’s 
      


         
    
    
     
       – 


         
    
     
         
–

       

     
      
–   


         
    
    
      
   –   



 

     
    – 



    
––


     
         


       
     
     
     
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Abstract: This paper presents a finite ele-

ment model of vocal fold dynamics with muscle

activation-dependent parameters. The geometry is

parametrized analogously to lumped-parameter for-

mulations, capturing how intrinsic laryngeal muscle

activations affect vocal fold length and layer depths.

Elastic properties are modeled as polynomial func-

tions of muscle activation, and the polynomial coeffi-

cients are identified from data of modal frequencies

as functions of activation. The approach provides a

simple yet extensible framework that bridges the gap

between lumped and highly detailed finite element

models, making it well suited for characterizing vo-

cal fold dynamics when activation-dependent data

are available.

Keywords: Vocal Folds, Muscle activation, Finite Ele-

ment Method

I. INTRODUCTION

Vocal fold (VF) vibration arises from the interplay

between tissue mechanics, aerodynamics, and neuro-

muscular control [1]. A central challenge for modeling

is to capture how intrinsic laryngeal muscle (ILM) ac-

tivation alters tissue stiffness, mass distribution, and

geometry, thereby shaping vibratory modes and eigen-

frequencies. Ex-vivo and in-silico studies have shown

that ILMs regulate both posture and the natural fre-

quency of oscillation [2–4]. Modeling approaches range

from lumped-element representations [5], where muscle

activity is mapped into effective stiffness or mass coef-

ficients, to highly detailed finite element (FE) models

of the VFs [6, 7]. Lumped models are computationally

efficient and insightful but lack spatial resolution, while

detailed FE models capture anatomy more realistically

but at the expense of complexity and computational cost.

Prior studies have incorporated ILM control into FE

laryngeal models from MRI data for canine [8] and hu-

man larynges [9]. These models have been used to ana-

lyze the influence of cricothyroid and thyroarytenoid ac-

tivation on pre-phonatory posturing and glottic dynamics

[10], and investigations of vibration mode changes under

biomechanical variations [11]. These high-fidelity mod-

els have embedded the laryngeal muscles by modeling

the entire tissue and cartilage structure of the larynx, and

thus are computationally expensive.

In this work, we propose a method that represents

ILM activation in FE models without requiring a full

anatomical description of the larynx, while also estab-

lishing a connection to existing approaches in lumped-

element models. The VFs are represented with a finite

element model whose geometry is parameterized anal-

ogously to established lumped-element rules, reflecting

the antagonistic actions of the cricothyroid (CT) and

thyroarytenoid (TA) muscles.

Elastic properties are modeled as polynomial func-

tions of muscle activation, with coefficients identified

from data of modal frequencies as functions of acti-

vation. This formulation allows activation-dependent

variability to be systematically incorporated without re-

quiring detailed tissue-level characterization. The pro-

posed finite element model is constructed using a port-

Hamiltonian representation due to its structured formu-

lation and its ability to incorporate additional effects

in an energy-consistent manner [12–14]. The present

contribution therefore introduces a practical framework

that balances interpretability, extensibility, and computa-

tional simplicity, paving the way for systematic charac-

terization of activation-dependent vocal fold dynamics.

II. METHODS

A. Lumped-parameter model

The lumped-parameter model is described as the in-

teraction of three coupled masses corresponding to the

body and the cover layer of the VF [15]. The main ge-

ometric dimensions considered in this model are the VF
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Figure 1: Schematic of lumped model.
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Figure 2: Schematic of distributed model.

length H , the body layer height Db, and the cover layer

thickness Tc. The mechanical behavior of the system is

characterized through a set of springs: kb associated with

the body, kc1 and kc2 corresponding to the cover, and ka
representing the interaction between the two, to emulate

the mucosal wave, as illustrated in Fig. 1. According

to [16], these parameters vary with ILM activation, de-

scribed by α = {αCT, αTA}, where αCT, αTA ∈ [0, 1]
represent the activation levels of the cricothyroid and

thyroarytenoid muscles, respectively. This simplified

two-muscle representation accounts for the mechanical

properties of the VF but not its posture. A more detailed

description of the action of the complete set of ILMs in

the context of lumped-element models can be found in

[17–19]. The specific relationships between muscle acti-

vations and the stiffness and geometrical parameters are

given in [16] and will be further discussed in Section 3.

B. Finite element model

The VF dynamics are described by the two-dimen-

sional equations of linear elastodynamics written in port-

Hamiltonian form [20]. A schematic of the spatial do-

main Ω is shown in Fig. 2. Then, the evolution of the

momentum p(X, t) and strain ϵ(X, t) fields is given by:
�

ṗ(X, t)
ϵ̇(X, t)

�

=

�

0 −F∗

X

FX 0

��

M(X)−1 0

0 K(X)

��

p(X, t)
ϵ(X, t)

�

, (1)

where the operators are defined as follows:

M(X) =

�

ρ(X)h 0

0 ρ(X)h

�

, (2)

K(X) =
E(X)h

1− ν2





1 ν 0

ν 1 0

0 0
(1−ν)

2



 , (3)

FX =





∂1 0

0 ∂2
∂2 ∂1



 , −F∗

X
=

�

∂1 0 ∂2
0 ∂2 ∂1

�

. (4)

Here, M(X) and K(X) denote the mass and stiffness

density matrices, respectively, FX is the differential op-

erator representing kinematics (symmetric gradient), and

F∗

X
its formal adjoint, with ∂i=∂/∂Xi. The spatially

varying density ρ(X) takes the value ρb in the body and

ρc in the cover, while the Young’s modulus E(X) equals

Eb in the body and Ec in the cover. This PDE model is

discretized using finite element procedures [21], which

yields the following finite element model:

�

˙̂p(t)
˙̂r(t)

�

=

�

0 −I
I 0

��

M̂−1 0

0 K̂

��

p̂(t)
r̂(t)

�

, (5)

where p̂(t) and r̂(t) are the vectors of nodal momenta

and displacements, respectively. The global matrices

M̂ and K̂ result from the standard assembly and depend

on the tissue density, Young’s modulus, and geometry as:

M̂ =

ne
�

e=1

(Le

r
)
⊤

�

Ωe

Ne

r
(X)

⊤M(X)Ne

r
(X) dXLe

r
,

K̂ =

ne
�

e=1

(Le

r
)
⊤

�

Ωe

(FXN
e

r
(X))

⊤K(X)(FXN
e

r
(X)) dXLe

r
,

where ne is the total number of elements, Ωe is the ele-

ment domain, Le
r

is the assembly matrix, and Ne
r
(X) is

the shape function.

III. ACTIVATION-DEPENDENT PARAMETERS

A. Proposal

Inspired by the empirical rules in [16] and laryngeal

tissue studies [22, 23], this work establishes an analogy

between the parameters of lumped-element models and

those of the PDE model to describe the action of ILMs.

The following equations provide a simplified description

of the geometry as a function of muscle activations:

h(α) = h0(1 + ε(α)), (6)

where h0 represents the resting length of the VFs, and

ε(α) denotes the elongation derived from muscle activa-

tion, defined as:

ε(α) = G(RαCT − αTA)− Y, (7)

with constants G = 0.2, R = 3, and Y = 0.1 [16]. This

formulation captures the opposing actions of the CT and

TA muscles: the CT elongates the VFs through displace-

ment of the cricothyroid joint, while the TA shortens

the VF and provides greater space for the body. Conse-

quently, the body depth is expressed as:

2

db(α) =
αTAdmus + dlig

1 + ε(α)
, (8)

where dmus = 0.4 [cm] and dlig = 0.2 [cm] correspond

to the depths of the TA muscle and the ligament, re-

spectively. The denominator (1+ ε(α)) accounts for the

shortening in this direction due to VF elongation. Lastly,

the cover depth is given by:

tc(α) =
β(dmuc + dlig)

1 + ε(α)
, (9)

with dmuc = 0.2 [cm] representing the depth of the

mucosa, and β = 0.1 [–] a correction factor. For the

elastic behavior, a simplified second-order model for CT

and TA activations is used to represent the passive and

active components of ILM action. This formulation is

motivated by the relationship between stiffness values

and the resulting fundamental frequencies (fo [Hz]) ob-

served in lumped-element models [16, 19]. The Young’s

moduli of the body and the cover are then proposed as:

Eb(α)=

2
∑

i=1

Eb0(Ai α
i

CT +Bi α
i

TA +K1 αCTαTA + 1),

Ec(α)=

2
∑

i=1

Ec0(Ci α
i

CT +Di α
i

TA +K2 αCTαTA + 1),

where the coefficients Ai, Bi, Ci, Di,Ki are obtained

by solving a fitting problem. In this work, these param-

eters are identified by minimizing the error between the

first eigenfrequency predicted by (5) and the fundamen-

tal frequency fo [Hz] obtained from Muscle Activation

Plots (MAPs) [19].

Remark 1: The spatial domain and its local finite el-

ement subdomains are parameterized by the muscle

activation α, i.e., Ω = Ω(α) and Ωe = Ωe(α). Con-

sequently, the assembled mass and stiffness matrices

depend implicitly on α through Ωe(α), and explicitly

through h(α), Eb(α), and Ec(α) via the definitions of

the continuous density matrices M(X) and K(X).

B. Simulation results

The identification of the parameters Ai, Bi, Ci, Di,Ki is

carried out by minimizing the error between the eigen-

frequencies predicted by the FEM model and those re-

ported in [19], whose data are shown graphically in

Fig. 3. The assumed known parameters are: h0 = 1.25
[cm], Eb0 = 5 [kPa], Ec0 = 2.5 [kPa], ρb = ρc = 1000

[kg/m3], and ν = 0.4 [–]. The stochastic global method,

Particle Swarm Optimization (PSO), was used in this

study. The search domain for the unknown parameters

was set to the interval [−20, 20]. This range was deemed

sufficient given that muscle activations lie within [0, 1]
and the maximum fundamental frequency to be repli-

cated, according to the available data, is on the order

of 400 [Hz]. A summary of the estimated parameters

is presented in Table 1, while the corresponding fits are

illustrated in Fig. 4.
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Table 1: Identified parameters.

Par. Value Par. Value

A1 18.38 C1 15.61

A2 -5.16 C2 -17.77

B1 6.97 D1 16.02

B2 -4.43 D2 7.26

K1 15.40 K2 17.63
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Figure 4: Results using PSO.

C. Discussion

The parameter identification results (Fig. 4) show that

the proposed framework successfully reproduces the

overall trend of the first natural frequency as a func-

tion of muscle activations. A similar trend has also

been reported in [6], where a fiber-gel FEM of the vo-

cal folds was employed to map TA and CT activations

to postural and acoustic features. The consistency of

the observed frequency–activation relationship across

3
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Figure 1: Schematic of lumped model.
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Figure 2: Schematic of distributed model.

length H , the body layer height Db, and the cover layer

thickness Tc. The mechanical behavior of the system is

characterized through a set of springs: kb associated with

the body, kc1 and kc2 corresponding to the cover, and ka
representing the interaction between the two, to emulate

the mucosal wave, as illustrated in Fig. 1. According

to [16], these parameters vary with ILM activation, de-

scribed by α = {αCT, αTA}, where αCT, αTA ∈ [0, 1]
represent the activation levels of the cricothyroid and

thyroarytenoid muscles, respectively. This simplified

two-muscle representation accounts for the mechanical

properties of the VF but not its posture. A more detailed

description of the action of the complete set of ILMs in

the context of lumped-element models can be found in

[17–19]. The specific relationships between muscle acti-

vations and the stiffness and geometrical parameters are

given in [16] and will be further discussed in Section 3.

B. Finite element model

The VF dynamics are described by the two-dimen-

sional equations of linear elastodynamics written in port-

Hamiltonian form [20]. A schematic of the spatial do-

main Ω is shown in Fig. 2. Then, the evolution of the

momentum p(X, t) and strain ϵ(X, t) fields is given by:
�

ṗ(X, t)
ϵ̇(X, t)

�

=

�

0 −F∗

X

FX 0

��

M(X)−1 0

0 K(X)

��

p(X, t)
ϵ(X, t)

�

, (1)

where the operators are defined as follows:

M(X) =

�

ρ(X)h 0

0 ρ(X)h

�

, (2)

K(X) =
E(X)h

1− ν2





1 ν 0

ν 1 0

0 0
(1−ν)

2



 , (3)

FX =





∂1 0

0 ∂2
∂2 ∂1



 , −F∗

X
=

�

∂1 0 ∂2
0 ∂2 ∂1

�

. (4)

Here, M(X) and K(X) denote the mass and stiffness

density matrices, respectively, FX is the differential op-

erator representing kinematics (symmetric gradient), and

F∗

X
its formal adjoint, with ∂i=∂/∂Xi. The spatially

varying density ρ(X) takes the value ρb in the body and

ρc in the cover, while the Young’s modulus E(X) equals

Eb in the body and Ec in the cover. This PDE model is

discretized using finite element procedures [21], which

yields the following finite element model:

�

˙̂p(t)
˙̂r(t)

�

=

�

0 −I
I 0

��

M̂−1 0

0 K̂

��

p̂(t)
r̂(t)

�

, (5)

where p̂(t) and r̂(t) are the vectors of nodal momenta

and displacements, respectively. The global matrices

M̂ and K̂ result from the standard assembly and depend

on the tissue density, Young’s modulus, and geometry as:

M̂ =

ne
�

e=1

(Le

r
)
⊤

�

Ωe

Ne

r
(X)

⊤M(X)Ne

r
(X) dXLe

r
,

K̂ =

ne
�

e=1

(Le

r
)
⊤

�

Ωe

(FXN
e

r
(X))

⊤K(X)(FXN
e

r
(X)) dXLe

r
,

where ne is the total number of elements, Ωe is the ele-

ment domain, Le
r

is the assembly matrix, and Ne
r
(X) is

the shape function.

III. ACTIVATION-DEPENDENT PARAMETERS

A. Proposal

Inspired by the empirical rules in [16] and laryngeal

tissue studies [22, 23], this work establishes an analogy

between the parameters of lumped-element models and

those of the PDE model to describe the action of ILMs.

The following equations provide a simplified description

of the geometry as a function of muscle activations:

h(α) = h0(1 + ε(α)), (6)

where h0 represents the resting length of the VFs, and

ε(α) denotes the elongation derived from muscle activa-

tion, defined as:

ε(α) = G(RαCT − αTA)− Y, (7)

with constants G = 0.2, R = 3, and Y = 0.1 [16]. This

formulation captures the opposing actions of the CT and

TA muscles: the CT elongates the VFs through displace-

ment of the cricothyroid joint, while the TA shortens

the VF and provides greater space for the body. Conse-

quently, the body depth is expressed as:

2

db(α) =
αTAdmus + dlig

1 + ε(α)
, (8)

where dmus = 0.4 [cm] and dlig = 0.2 [cm] correspond

to the depths of the TA muscle and the ligament, re-

spectively. The denominator (1+ ε(α)) accounts for the

shortening in this direction due to VF elongation. Lastly,

the cover depth is given by:

tc(α) =
β(dmuc + dlig)

1 + ε(α)
, (9)

with dmuc = 0.2 [cm] representing the depth of the

mucosa, and β = 0.1 [–] a correction factor. For the

elastic behavior, a simplified second-order model for CT

and TA activations is used to represent the passive and

active components of ILM action. This formulation is

motivated by the relationship between stiffness values

and the resulting fundamental frequencies (fo [Hz]) ob-

served in lumped-element models [16, 19]. The Young’s

moduli of the body and the cover are then proposed as:

Eb(α)=

2
∑

i=1

Eb0(Ai α
i

CT +Bi α
i

TA +K1 αCTαTA + 1),

Ec(α)=

2
∑

i=1

Ec0(Ci α
i

CT +Di α
i

TA +K2 αCTαTA + 1),

where the coefficients Ai, Bi, Ci, Di,Ki are obtained

by solving a fitting problem. In this work, these param-

eters are identified by minimizing the error between the

first eigenfrequency predicted by (5) and the fundamen-

tal frequency fo [Hz] obtained from Muscle Activation

Plots (MAPs) [19].

Remark 1: The spatial domain and its local finite el-

ement subdomains are parameterized by the muscle

activation α, i.e., Ω = Ω(α) and Ωe = Ωe(α). Con-

sequently, the assembled mass and stiffness matrices

depend implicitly on α through Ωe(α), and explicitly

through h(α), Eb(α), and Ec(α) via the definitions of

the continuous density matrices M(X) and K(X).

B. Simulation results

The identification of the parameters Ai, Bi, Ci, Di,Ki is

carried out by minimizing the error between the eigen-

frequencies predicted by the FEM model and those re-

ported in [19], whose data are shown graphically in

Fig. 3. The assumed known parameters are: h0 = 1.25
[cm], Eb0 = 5 [kPa], Ec0 = 2.5 [kPa], ρb = ρc = 1000

[kg/m3], and ν = 0.4 [–]. The stochastic global method,

Particle Swarm Optimization (PSO), was used in this

study. The search domain for the unknown parameters

was set to the interval [−20, 20]. This range was deemed

sufficient given that muscle activations lie within [0, 1]
and the maximum fundamental frequency to be repli-

cated, according to the available data, is on the order

of 400 [Hz]. A summary of the estimated parameters

is presented in Table 1, while the corresponding fits are

illustrated in Fig. 4.
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Table 1: Identified parameters.

Par. Value Par. Value

A1 18.38 C1 15.61

A2 -5.16 C2 -17.77

B1 6.97 D1 16.02

B2 -4.43 D2 7.26

K1 15.40 K2 17.63
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Figure 4: Results using PSO.

C. Discussion

The parameter identification results (Fig. 4) show that

the proposed framework successfully reproduces the

overall trend of the first natural frequency as a func-

tion of muscle activations. A similar trend has also

been reported in [6], where a fiber-gel FEM of the vo-

cal folds was employed to map TA and CT activations

to postural and acoustic features. The consistency of

the observed frequency–activation relationship across

3
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both models reinforces the validity of the present sim-

plified formulation. This agreement is achieved despite

using low-order polynomial functions to describe the

activation-dependence of Young’s moduli and the ge-

ometry of the folds. The present study focused primar-

ily on establishing the methodological pipeline linking

lumped and distributed modeling frameworks, providing

an intermediate level of complexity while maintaining

interpretability. For this reason, the current implemen-

tation considered second-order polynomials as an initial

step, aiming to represent both large- and small-scale ef-

fects of activation. Future efforts will explore the influ-

ence of higher polynomial orders to capture more com-

plex and possibly subject-specific relationships between

ILMs and tissue mechanics, particularly when validat-

ing against experimental data or alternative models. It

should be noted that the present formulation accounts

for the combined action of the CT and TA muscles,

which mainly influence VF stiffness and longitudinal

strain. Although these components dominate the me-

chanical contribution to VF dynamics, additional ILMs

affecting vocal posture were not included. Extending the

framework to incorporate such muscles would require a

three-dimensional representation capable of describing

postural adjustments. This constitutes an important di-

rection for future work.

IV. CONCLUSION

This work introduced an activation-dependent finite el-

ement model of VF dynamics, where both geometry

and elastic properties are parameterized by ILM activa-

tions. The results demonstrate that low-order polynomial

functions suffice to capture the principal trend of the

first natural frequency across activation ranges, bridging

data from lumped-element formulations with distributed

FEM descriptions. The proposed framework provides

a practical pathway for incorporating muscle-activation

dependence into biomechanical models of VFds, serving

as a foundation for connecting finite- and reduced-order

modeling domains. Future work will focus on refining

the constitutive parameterization, evaluating the effect

of higher-order polynomial mappings, and extending

the model to include additional ILMs through three-

dimensional representations. Validation against exper-

imental measurements will also be pursued to enhance

predictive and physiological relevance.
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both models reinforces the validity of the present sim-

plified formulation. This agreement is achieved despite

using low-order polynomial functions to describe the

activation-dependence of Young’s moduli and the ge-

ometry of the folds. The present study focused primar-

ily on establishing the methodological pipeline linking

lumped and distributed modeling frameworks, providing

an intermediate level of complexity while maintaining

interpretability. For this reason, the current implemen-

tation considered second-order polynomials as an initial

step, aiming to represent both large- and small-scale ef-

fects of activation. Future efforts will explore the influ-

ence of higher polynomial orders to capture more com-

plex and possibly subject-specific relationships between

ILMs and tissue mechanics, particularly when validat-

ing against experimental data or alternative models. It

should be noted that the present formulation accounts

for the combined action of the CT and TA muscles,

which mainly influence VF stiffness and longitudinal

strain. Although these components dominate the me-

chanical contribution to VF dynamics, additional ILMs

affecting vocal posture were not included. Extending the

framework to incorporate such muscles would require a

three-dimensional representation capable of describing

postural adjustments. This constitutes an important di-

rection for future work.

IV. CONCLUSION

This work introduced an activation-dependent finite el-

ement model of VF dynamics, where both geometry

and elastic properties are parameterized by ILM activa-

tions. The results demonstrate that low-order polynomial

functions suffice to capture the principal trend of the

first natural frequency across activation ranges, bridging

data from lumped-element formulations with distributed

FEM descriptions. The proposed framework provides

a practical pathway for incorporating muscle-activation

dependence into biomechanical models of VFds, serving

as a foundation for connecting finite- and reduced-order

modeling domains. Future work will focus on refining

the constitutive parameterization, evaluating the effect

of higher-order polynomial mappings, and extending

the model to include additional ILMs through three-

dimensional representations. Validation against exper-

imental measurements will also be pursued to enhance

predictive and physiological relevance.
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Abstract:  This  article  presents  the  design  of  an

experimental  protocol  created  to  identify  phonetic

biomarkers of Alzheimer's  disease (AD) in Russian

speakers.  Due  to  the  uniqueness  of  the  prosodic

system of the Russian language and its lack of study

in the context of Alzheimer's disease, the proposed

protocol aims to fill this gap. The study is based on a

cross-sectional  design  and  includes  recording  of

three  types  of  speech  activity:  spontaneous

conversation,  reading  a  semantically  ambiguous

poem by Eduard Uspensky, and an ironic poem by

Samuil  Marshak,  which  allows  for  a  multifaceted

analysis of various levels of speech production. The

recording is carried out at the participants'  homes

using  professional  equipment  to  ensure

environmental validity and high sound quality. The

data analysis plan involves the automated extraction

of  a  wide  range  of  acoustic  parameters  (tempo,

pauses,  frequency,  and  phonation  characteristics,

etc.) followed by statistical processing and the use of

machine  learning  methods  to  build  classification

models. It is expected that the implementation of this

protocol will make it possible to identify reliable and

reproducible speech biomarkers, which will form the

basis for the creation of objective disease screening

and  monitoring  tools  in  the  Russian-speaking

population.

Keywords: Alzheimer's  disease,  speech  biomarkers,

research  design,  phonetics,  neurodegenerative

diseases.

I. INTRODUCTION

The socio-economic consequences of the increasing

prevalence  of  AD highlight  the urgent  need  to  create

effective tools for early detection of the disease. Modern

research on neurodegenerative diseases, including AD,

indicates  the  high  diagnostic  significance  of  speech

markers,  especially  in  the  early  stages  of  cognitive

decline.  Researchers  are  actively  developing  methods

for effective acoustic  speech analysis  to diagnose  AD

using  AI  (some  of  them  reach  accuracy  of  85%  or

higher) [1], [2], [3], [4]. Speech is considered one of the

indicators of cognitive functioning, and the features of

speech  acoustics  and  prosody  are  interpreted  as

potential predictors of cognitive disorders [6], [7], [8].

It  is  especially  important  to  take  into  account  the

language specificity, since the biomarkers identified for

English,  German,  and  other  languages  do  not  always

turn out to be applicable to the Russian language. The

phonetic system of the Russian language, characterized

by  free  verbal  stress,  a  rich  inventory  of  prosodic

constructions,  and a complex morphological  structure,

requires  special  study.  In  the  Russian-speaking

scientific community, this trend is scantily represented.

There are very little systematic data on the specificity of

speech biomarkers in AD in Russian language speakers.

This  justifies  the  need  for  a  deeper  and

methodologically verified study.

The aim of this article is to present and substantiate in

detail  the  design  of  an  experimental  study  created  to

identify and verify specific phonetic biomarkers of AD

in  the  speech  of  native  speakers  of  the  Russian

language. High-quality design is the basis for obtaining

valid,  reliable,  and  reproducible  data  suitable  for

subsequent implementation in clinical practice. 

We  hypothesize  that  in  AD  speech  impairments

extend  beyond  vocabulary,  affecting  deeper  levels  of

language organization, which is reflected in the prosodic

and rhythmic structure of phrases. Therefore, we offer a

unique, innovative approach that allows us to shift the

diagnostic  focus  from  isolated  lexical  deficits  to  a

comprehensive  analysis  of  discourse  and  higher

linguistic  functions.  This  method,  being  the  first  to

employ poetry for assessing, is aimed at identifying not

only what the patients say (content), but how they say it

(prosody, rhythm, pauses, etc) in conditions of increased

cognitive and linguistic  stress.  It  is  expected that  this

approach  will  be  more  sensitive  to  early  and  subtle

changes in AD than traditional methods.

II. METHODS

Participants:  We have  developed  a  cross-sectional

study design involving two carefully matched groups:

an experimental  group of patients with diagnosed AD
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and a control group of healthy subjects comparable in

age,  sex, and education level.  The inclusion/exclusion

criteria were developed to maximize the purity of the

sample.

Inclusion in the main group: presence of a diagnosis

of AD; native Russian language.

Exceptions  (for  all  groups): somatic  symptom

disorder;  bilingualism;  severe  uncorrected  hearing

disorders; refusal of informed consent.

Rationale: The  criteria  are  designed  to  minimize

confounding factors. For example, bilingualism or non-

native  Russian  can  make systemic  changes  to  speech

that are not related to the cognitive status.

Ethical  aspects: All  participants  (or  their  legal

representatives) sign an informed consent. Researchers

are  trained  in  ethics.  Confidentiality  is  ensured  by

encoding data and using anonymous identifiers.

Conditions: Recording is performed at  the patient's

home in a quiet room on a professional voice recorder.

The recordings will have a sample rate of 32000 Hz and

a bitrate of 16 bits.

Rationale:  The experimental conditions were chosen

in order to ensure the validity and ethics of the study.

Speech is recorded at the participants' homes in a quiet

room,  which  minimizes  stress  and  external  acoustic

interference,  as  well  as  guarantees  signal  quality  for

acoustic  analysis.  The  duration  of  the  session  (15-20

minutes,  up to  40 minutes  if  necessary)  allows  us  to

collect a sufficient amount of material without the risk

of  overloading  patients.  Creating  a  comfortable  and

friendly  environment  eliminates  distortion  of  speech

data and complies  with international  ethical  standards

for working with vulnerable groups.

The structure of the speech material was selected to

activate various cognitive and speech functions affected

by AD: 

Part I: Spontaneous speech (answers to questions).

Task: To evaluate the functions of semantic planning,

lexical access, and syntactic construction of utterance in

real time.

Rationale for the choice of material:  Personal open-

ended questions ("Describe your favorite place", "What

is  your  dog's  personality?")  encourage  a  detailed

statement. It is in spontaneous speech that the expected

biomarkers  are  most  pronounced:  an  increase  in  the

duration and number of unvoiced pauses, a decrease in

the pace of speech, and an increased ratio of pauses to

voiced segments, etc [9].

Part  II:  Reading of  S.  Marshak's  poem "Visiting

the Queen".

Task: To evaluate the ability to understand irony and

convey  emotional  and  pragmatic  nuances  through

prosody.

Rationale  for  the  choice  of  material:  An  adequate

transfer  of  irony  requires  complex  coordination  of

cognitive and phonetic processes. Patients with AD are

expected to have a "smoothed" prosodic contour, which

is  expressed  in  decreased  dynamic  and  frequency

ranges, monotony [10], and an inability to convey ironic

nuances.

Table 1. Approximate translation of Samuil

Marshak’s poem

– Gde ty byla sivodnya, 

kiska?

– U karalevy u 

angliyskoy.

–Shto ty vidala pri 

dvore?!

–Vidala myshku na 

kavre!

– Where were you today, 

kitty?

– The Queen of England.

– What have you seen at 

court?!

– I have seen a mouse on a

carpet!

Part  III:  Reading  of  Eduard  Uspensky's  poem

"Doctors' Advice".

Task: To  evaluate  the  understanding  of  syntax  and

morphology in the context of lexical uncertainty.

Rationale  for  the  choice  of  material:  The text  was

specially  chosen because  of the high concentration  of

words  of  indefinite  reference  ("someone",  "that",

"those").  This  allows  us  to  test  the  hypothesis  that

disorders in AD go beyond vocabulary and affect deep

syntactic levels, which will be reflected in the prosody.

Table 2. Approximate translation of Eduard

Uspensky's poem’s fragment

Adin izvesnyy koy-kto

Nam fsem glaza atkryl 

na to,

Shta to, shta my shchitali

tyem,

Ano mezh tyem ni to 

safsyem.

I nam para rasstatsa s 

nim  

I zamenit’ jivo drugim. 

…

A tut izvesnyy koy-kto  

Vdruk pachimu-ta stal 

nikto.  

A dela akazalos’ ftom,  

Shto on ashibsya koy f 

chom,  

I koy f kom, i koy-gdye.  

Karochi gavarya, vizdye.

  

 

One famous somebody

Has opened our eyes to 

one thing,

That the thing that we 

thought was that,

Is actually not that at all.

And it's time for us to let 

it go

And replace it with 

another one.

…

And a famous somebody

Suddenly, for some 

reason, became nobody.

And it turned out that,

He was wrong about 

something,

And about some people, 

and about some places.

In short, about everything.
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The choice of  poems as a stimulating material  is  a

fundamental  difference  between  this  design  and

classical  approaches  and  is  justified  by the  following

methodological considerations:

1.  Overcoming  the  limitations  of  classical  naming

tests.

The  traditional  diagnosis  of  amnesic  aphasia  often

relies  on  tests  with  picture  descriptions  [7],  [12].

However,  this approach has a significant drawback. It

isolates  the lexical  search  from its  natural  context.  A

poetic text,  especially one such as "Doctors'  Advice,"

exposes the subject to semantic and syntactic ambiguity

where meaning is born not from individual words, but

from  grammatical  and  prosodic  connections  between

them. This allows us to test not just "word knowledge",

but  the  ability  to  integrate  semantics  and  the  use  of

contextual cues, functions that are critically impaired in

AD.

2.  Activation  of  implicit  language  knowledge  and

automatized speech patterns.

The rhythmic and melodic structure of verse is based

on  deeply  ingrained,  automated  patterns  of  language

[13]. Reading poetry requires certain coordination:

Syntactic  forecasting:  Waiting  for  the  rhyme  and

rhythmic pattern of the next line.

Morphological  analysis: Understanding  the  role  of

words  with  semantic  vagueness  through  their

morphological biomarkers (case endings).

Prosodic  design: Correlation  of  the  syntactic

structure of a sentence with the prosodic contour.

It  is  precisely  these  deep,  implicit  mechanisms  of

language that  are disrupted in patients with AD. It  is

expected that they will try to read the verse "word by

word", losing the overall rhythm and syntactic integrity,

which  will  objectively  manifest  itself  in  acoustic

parameters  (rhythm  disruptions,  inadequate  pauses,

"smoothed" prosodic contour).

3. Provocation of linguistic compensation strategies.

Healthy  native  speakers,  when  confronted  with

Uspensky's  text,  are  expected  to  unconsciously  use

compensation  strategies:  varying  pitch,  using  logical

accents  to  clarify  the  meaning.  In  patients  with  AD,

these  compensatory  mechanisms  are  expected  to  be

disrupted.  Thus,  the  text  will  not  act  as  an

"incomprehensible  set  of  words",  but  as  a  sensitive

stress test to identify the deficiency of precisely those

higher  linguistic  functions  that  are  responsible  for

comprehending a complex utterance.

4. The study of pragmatics and the Theory of Mind.

Violation  of  the  Theory  of  Mind  is  a  well-known

symptom of AD [14]. The patients with AD can lose the

ability to understand other people by attributing internal

mental states to them. Thus, this assignment allows us

to test not only phonetics, but also the pragmatic level

of  the  language  which  is  practically  not  that  much

affected by standard tests. Marshak's poem "Visiting the

Queen"  introduces  a  component  of  irony  and  social

intelligence into the experiment. For adequate reading,

it is necessary:

– To understand that the speaker (the kitty) has her own

mental state, different from the listener.

–  To detect  the  discrepancy between  the  scale  of  the

event  ("at  the  queen's")  and  its  outcome  ("I  saw  a

mouse").

– To convey this discrepancy by voice through complex

prosodic means (specific changes in tone, pauses, etc.).

5. Standardization while maintaining validity.

One of  the key problems of  analyzing spontaneous

speech  is  its  variability.  A  poetic  text,  unlike  a

conversation,  is  a  standardized  stimulus.  All  subjects

read the same text. This allows us to:

– Compare acoustic parameters (vowel length, formants,

pauses, etc.) in absolutely identical phonetic and lexical

contexts.

–  Offset  the  impact  of  individual  differences  in

vocabulary and life experience.

III. RESULTS

The  present  study  is  at  the  stage  of  developing  a

methodological  protocol.  At  the  moment,  the  main

result is a detailed design of the experiment. It includes

the following. 

1. A standardized protocol for recording speech data

adapted  for  Russian-speaking  patients  with  AD.  The

protocol  includes  three  modules:  spontaneous  speech,

reading semantically ambiguous text,  and reading text

with an ironic component.

2. A system of criteria for the selection of subjects,

ensuring  the  formation  of  representative  groups.

Detailed  inclusion  and  exclusion  criteria  have  been

developed  for  the  main  and  control  groups.

Thus,  at  the  current  stage,  a  comprehensive

methodological  base  has  been  obtained  for  the

subsequent collection and analysis of speech data aimed

at identifying acoustic biomarkers of AD in Russian.

IV. DISCUSSION

The presented research design offers a comprehensive

and  methodologically  sound  approach  to  solving  the

problem of identifying speech biomarkers of AD in the

Russian language. The key advantages of the protocol

are:

Balanced  design: The  combination  of  spontaneous

speech reflecting natural communication and supervised
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tasks  ensuring  standardization  allows  for  a

comprehensive picture of speech disorders.

Linguistic validity: The choice of stimulus material is

aimed  at  activating  specific  cognitive  functions

(memory,  planning,  theory of consciousness,  syntactic

parsing), which allows not only to detect the presence of

changes,  but  also  hypothetically  associate  them  with

certain neurocognitive deficits.

Methodological  rigor: The  use  of  professional

equipment,  clear  selection  criteria,  a  standardized

protocol, and a comprehensive analysis plan is aimed at

minimizing  artifacts  and  increasing  the  reliability  of

future results.

Practical application orientation: A predefined set of

analyzed  acoustic  parameters  suitable  for  automated

extraction  lays  the  foundation  for  the  creation  of  AI

screening and monitoring tools in the future.

V. CONCLUSION

The  development  of  a  detailed  and  evidence-based

design  is  a  crucial  first  step  in  studying  speech

biomarkers  of  neurocognitive  disorders.  The

experimental protocol presented in the article provides a

standardized,  ethical,  and  methodologically  rigorous

framework  for  recording  and  analyzing  speech  in

Russian-speaking  patients  with  AD.  An  integrated

approach  combining  the  analysis  of  spontaneous  and

controlled  speech  with  the  use  of  modern  acoustic

analysis methods and machine learning is promising for

identifying  reliable  phonetic  correlates  of  cognitive

decline.  It  is  expected  that  the  subsequent

implementation of this design will provide reproducible

results suitable for the development of objective tools to

support  the  diagnosis  and  monitoring  of  AD  in  the

Russian-speaking population.

Artificial  intelligence  (AI)  which  has  been  used  in

research to identify patients diagnosed with AD on the

basis  of  genes,  MRI  images,  and  electronic  health

record data can also be applied to speech analysis.   The

speech biomarkers obtained with the use of the protocol

we suggest  is  to  largely increase  the accuracy of  AI-

based AD diagnosis.

The  phonetic  properties  of  AD  speech  need  to  be

analyzed  in  a  language-  and  country-specific  way.

Phonetic  analyses  of  the  speech  of  Russian-speaking

patients  with  AD  can  contribute  into  developing  AI-

based  AD-diagnosis systems with high accuracy.

The research perspective is to develop an end-to-end

deep learning model based on the created data corpus

for the automatic detection of speech biomarkers of AD.

The system will allow for non-invasive screening and

monitoring of cognitive  impairments,  and can also be

integrated  into  telemedicine  platforms  for  group

population surveys.
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      
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    
   
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      
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      
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
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
      

        
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       
  
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
    
    
       
      
       











Sant’Anna, Pisa, Italy
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




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






       









      

        
       
      
       
       
     



     
      


   

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     
      
     
       
     
      
     


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       
      


       
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     
    

       
       

      
     

      
  
 

      


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


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       
        

         
       
      
        

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      
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

        
        

  
        
      
     

       
 
  

      




     
    














     
      
     
      

      
       




     
      
        
   


    
       

        
  

       






  
      
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






       









      

        
       
      
       
       
     



     
      


   

“” 


     



      
participant’s face
    







     
       
       

        




        


     
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
      


      






   

       
        

         
       
      
        


     

      



         












      
     
       


        
        

  
        
      
     

       
 
  

      




     
    














     
      
     
      

      
       




     
      
        
   


    
       

        
  

       






  
      
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
      

      


      






      

      
      
       

   


      

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Abstract 
Objective: The aim of this study was to apply motor 
speech diadochokinetic assessment in voice 
evaluation of patients with Parkinson’s disease (PD). 
Methods: Six patients with PD were evaluated with a 
voice assessment protocol, including the self-
assessment questionnaire, the perceptual GRB Scale, 
the INFVo rating scale for substitution voices, the 
acoustic analysis of jitter, shimmer, glottal-to-noise 
excitation ratio (GNE), and the motor speech diado-
chokinetic parameters (DDK, DDK standard 
deviation, DDK jitter, and mean syllable length 
(MSL) in syllables with anterior, middle, and 
posterior articulation). 
The UPDRS scale for PD severity was measured as 
well. 
Results: the median values of DDK, DDK SD, and 
DDK Jitter were 3.99 S/s (IQR: 2.60-4.44 S/s), 2.38 
S/s (IQR: 2.12-3.39 S/s), and 2.56% (IQR: 2.15-
2.72 %), respectively. In the considered PD patients, 
DDK was significantly higher than the normality 
range, p=0.0277.  
DDK standard deviation directly correlated with the 
same perceptive parameter (rho=0.88, p=0.0198), as 
well as with the tremor (rho= 0.971, p=0.0012), and 
the intelligibility scores (rho= 0.899, p=0.0149). 
Conclusions: despite the limited sample size, these 
preliminary results suggest a promising role of 
motor speech diadochokinetic parameters in the 
clinical assessment of patients with PD. However, 
further studies on larger cohorts are necessary. 
 
Keywords:  Parkinson disease, Acoustic Voice 
Analysis, Motor Speech Diadochokinetics, 
Articulation 
 

 
I. INTRODUCTION 

In Parkinson's disease (PD), about 89% of patients 
present with speech disorders, often as the first clinical 
manifestation of motor dysfunction [1]. Sometimes they 
are present as early as 5 years before the actual diagnosis 

of the disease [2] and speech and voice deficits worsen 
as PD progresses [3,4]. 
The voice of patients with PD is described as 
"hypokinetic dysarthria" [5], with changes in the 
quality, volume and pitch of the voice, including 
hypophonia and reduced loudness and pitch control 
[1,6].  
The use of for laryngeal diadochokinetic parameters 
(LDDK) to evaluate the neuromuscular impairment of 
the phono-articulatory tract has been rising interest in 
phoniatric literature [7,8].  LDDK requires rapid 
abduction and adduction of the vocal folds by way of the 
arytenoid cartilage movements. The LDDK can be 
measured by commercially available acoustic software 
packages, which provide semiautomated means to 
calculate the rate and regularity of syllable repetitions.	
Although they are programmed for oral speech 
diadochokinesia, they can measure efficiently the 
LDDK as well [7,8]. 
The aim of this study was to propose a novel voice 
assessment protocol for PD patients, based on motor 
speech diadochokinetic assessment as an indicator of 
fluency and intelligibility. 
A secondary aim was to determine whether the Motor 
speech diadochokinetic parameters could be associated 
with perceptive outcomes in patients with PD. 
 
 

II. METHODS 
 
A series of six male patients with PD (median age: 70.5 
years; range: 61-80 years), referring to the Phoniatrics 
and Audiology Unit of the University of 
Padova/AULSS2 Marca Trevigiana, was considered in 
this preliminary evaluation. 
Each patient underwent a multiparametric voice 
assessment, as well as a complete laryngo-stroboscopic 
evaluation. 
The UPDRS scale was employed as well, to score PD 
symptom severity [9]. 
The voice assessment protocol is described below. 
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Abstract 
Objective: The aim of this study was to apply motor 
speech diadochokinetic assessment in voice 
evaluation of patients with Parkinson’s disease (PD). 
Methods: Six patients with PD were evaluated with a 
voice assessment protocol, including the self-
assessment questionnaire, the perceptual GRB Scale, 
the INFVo rating scale for substitution voices, the 
acoustic analysis of jitter, shimmer, glottal-to-noise 
excitation ratio (GNE), and the motor speech diado-
chokinetic parameters (DDK, DDK standard 
deviation, DDK jitter, and mean syllable length 
(MSL) in syllables with anterior, middle, and 
posterior articulation). 
The UPDRS scale for PD severity was measured as 
well. 
Results: the median values of DDK, DDK SD, and 
DDK Jitter were 3.99 S/s (IQR: 2.60-4.44 S/s), 2.38 
S/s (IQR: 2.12-3.39 S/s), and 2.56% (IQR: 2.15-
2.72 %), respectively. In the considered PD patients, 
DDK was significantly higher than the normality 
range, p=0.0277.  
DDK standard deviation directly correlated with the 
same perceptive parameter (rho=0.88, p=0.0198), as 
well as with the tremor (rho= 0.971, p=0.0012), and 
the intelligibility scores (rho= 0.899, p=0.0149). 
Conclusions: despite the limited sample size, these 
preliminary results suggest a promising role of 
motor speech diadochokinetic parameters in the 
clinical assessment of patients with PD. However, 
further studies on larger cohorts are necessary. 
 
Keywords:  Parkinson disease, Acoustic Voice 
Analysis, Motor Speech Diadochokinetics, 
Articulation 
 

 
I. INTRODUCTION 

In Parkinson's disease (PD), about 89% of patients 
present with speech disorders, often as the first clinical 
manifestation of motor dysfunction [1]. Sometimes they 
are present as early as 5 years before the actual diagnosis 

of the disease [2] and speech and voice deficits worsen 
as PD progresses [3,4]. 
The voice of patients with PD is described as 
"hypokinetic dysarthria" [5], with changes in the 
quality, volume and pitch of the voice, including 
hypophonia and reduced loudness and pitch control 
[1,6].  
The use of for laryngeal diadochokinetic parameters 
(LDDK) to evaluate the neuromuscular impairment of 
the phono-articulatory tract has been rising interest in 
phoniatric literature [7,8].  LDDK requires rapid 
abduction and adduction of the vocal folds by way of the 
arytenoid cartilage movements. The LDDK can be 
measured by commercially available acoustic software 
packages, which provide semiautomated means to 
calculate the rate and regularity of syllable repetitions.	
Although they are programmed for oral speech 
diadochokinesia, they can measure efficiently the 
LDDK as well [7,8]. 
The aim of this study was to propose a novel voice 
assessment protocol for PD patients, based on motor 
speech diadochokinetic assessment as an indicator of 
fluency and intelligibility. 
A secondary aim was to determine whether the Motor 
speech diadochokinetic parameters could be associated 
with perceptive outcomes in patients with PD. 
 
 

II. METHODS 
 
A series of six male patients with PD (median age: 70.5 
years; range: 61-80 years), referring to the Phoniatrics 
and Audiology Unit of the University of 
Padova/AULSS2 Marca Trevigiana, was considered in 
this preliminary evaluation. 
Each patient underwent a multiparametric voice 
assessment, as well as a complete laryngo-stroboscopic 
evaluation. 
The UPDRS scale was employed as well, to score PD 
symptom severity [9]. 
The voice assessment protocol is described below. 
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Perceptual evaluation 
Both patients were asked to read the first paragraph of 
the Italian text “Il deserto”. The digital recording was 
made with a sampling frequency of 44,100 Hz, in a quiet 
room with less than 40 dB of background noise. The 
assessment was performed by 1 otolaryngologist and 2 
phoniatricians. The considered perceptive parameters 
were global grade of dysphonia (G), roughness (R), 
breathiness (B), asthenicity (A), voice tremor (t), strain 
(S) and instability (I) from the Extended GRBAS Scale 
(GS) [10]. Moreover, intelligibility (Int) and fluency 
(Fl) from the INFVo Scale for substitution voicing 
assessment [11] were considered as well. All the 
parameters were scored from 0 to 10 on a visuo-analogic 
scale, from the absence to the most severe impairment 
of the voice.  
  
Self-evaluation parameters  
The voice handicap index 10 (VHI-10) questionnaire 
[12] was employed for subjective evaluation. It 
consisted of 10 items, which are to be scored from 0 
(healthy voice condition) to 4 (most severe voice 
condition) by the patient himself. 
 
Acoustic analysis  
Acoustic analysis was based on the vowel /a:/. The voice 
sound signal was captured and recorded by means of 
Lingwaves device (Wevosys), at a sampled rate of 
44,100 Hz, in a quiet room with less than 40 dB of 
background noise. The most stable second of the 
sustained emission of the vowel /a:/ at a comfortable 
pitch and level was selected and analyzed, with the 
extraction of the jitter%, shimmer% and glottal to noise 
excitation ratio (GNE). 
 
Motor speech diadochokinetic assessment (MSDA) 
The voice signal was captured and recorded by means 
of Lingwaves device (Wevosys), using the MSDA 
protocol, at a sampled rate of 44.100 Hz, in a quiet room 
with less than 40 dB of background noise. The six 
patients were asked to repeat the English word 
“buttercup” (a sequence of b∧/t∧/k∧) as many times as 
possible after a deep inspiration. The following 
parameters were captured: diadochokinetic index 
(DDK) and the DDK standard deviation (DDK SD) as a 
measure of the regularity of the spoken words, both in 
syllables per second (S/s).  
The mean syllable length (MSL, expressed in ms) was 
calculated for those with anterior, middle and posterior 
articulation. 
The mean energy slope across the syllables was also 
considered. 

 
 
 

Statistical analysis 
Continuous variables were summarized by median and 
interquartile range. Categorical variables were 
described as count and percentage in each category. 
Pairwise comparison of continuous variables was 
performed using a two-sided sign test. 
The correlation between continuous variables was 
investigated using the Spearman's rank correlation 
model. For all employed tests, statistical significance 
was set at p-value <0.05. Statistical analyses were 
performed using Stata 16.1 (College Station, TX, USA). 

 
 

III. RESULTS 
 
The median values (IQR) of DDK, DDK SD, and DDK 
Jitter were 3.99 S/s (2.60-4.44 S/s) [normal values 
≥5.70], 2.38 S/s (2.12-3.39 S/s) [normal values ≤2.90], 
and 2.56% (2.15-2.72 %) [normal values ≤3.00], 
respectively.  
In the considered patients, DDK was significantly 
higher than its normality range (p=0.0277).  
DDK values showed a trend towards an inverse 
correlation with the asthenia score (rho=-0.79, p=0.059, 
see also Fig. 1).  
 

 
Fig. 1 Inverse correlation between DDK values and asthenia 
score.  
 
On the other hand, DDK SD directly correlated with the 
asthenia (rho=0.88, p=0.0198; see also Fig. 2), as well 
as with the tremor (rho= 0.971, p=0.0012; see also Fig. 
3), and the intelligibility scores (rho= 0.899, p=0.0149; 
see also Fig. 4). 
 
 

 
Fig. 2 Direct correlation between DDK SD values and asthenia 
score.  
 

 
Fig. 3 Direct correlation between DDK SD values and tremor 
score.  
 

 
Fig. 4 Direct correlation between DDK SD values and 
impaired intelligibility score.  
 
Moreover, the energy slope appeared to be correlated 
with increasing roughness score (rho=0.9411, 
p=0.0051; see also Fig. 5). 
 

 
Fig. 5 Direct correlation between energy slope and roughness 
score.  
 
 
Also, the MSL appeared to be corelated with perceptual 
parameters: increasing length of anterior syllables 
correlated with vocal strain (rho=0.9411, p=0.0051), 
while MSL of middle syllables correlated with 
increasing asthenia scores (rho=0.8827, p=0.0198). 
 
 

IV. DISCUSSION 
The possibility to quantitatively asses voice and 
articulation parameters in patients with neuro-
degenerative disease is rising increasing interest, also as 
an objective clinimetric tool [13]. 
This study’s results seem to indicate a substantial 
agreement between motor speech diadochokinetic 
parameters and perceptive voice characteristics in 
patients with PD.  
In particular, the DDK score (referring to the syllable 
count per time unit) appeared to inversely correlate with 
the asthenia score, which may be a perceptive voice 
correlate of bradykinesias and weakness of expiratory, 
laryngeal, pharyngeal and tongue muscles.  
This seems to be conceptually in lie with the observation 
by Hähnel and colleagues [14], regarding a reduced 
syllable count in patients with increased UPDRS clinical 
severity score (and therefore a more marked motor 
impairment).  
Interestingly, the articulatory variability, which might 
be quantitatively represented by the DDK SD, seemed 
to be related not only with asthenia (as a speech correlate 
of motor impairment), but also with impaired 
intelligibility, and voice roughness. Beside highlighting 
a substantial consistency between motor impairment 
correlates, articulatory disorganization, and reduced 
communication effectiveness, these results seem to 
show also a possible relationship between 
diadochokinetic and voice harshness in PD. 
Both those aspects may reflect a pathophysiological 
substrate similar to the one described in PD and 
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Parkinson-like diseases by previous studies [14, 15], 
which however focused on different parameters to 
quantify articulatory and voice outcomes.  
Finally, regarding MSL, Hähnel et al. [14] found that 
prolonged syllable duration related with clinical severity 
of disease. As a further characterization, in our study, 
MSL was stratified by syllable type, finding that 
variations in the duration of anterior and middle 
syllables might reflect differences in terms of perceptive 
voice quality. 
The main limitation of this study resides in the small 
sample size and the absence of a control group, 
suggesting caution in generalizing the results. 
Moreover, the considered series included only male 
patients, thus limiting the possibility of evaluating 
potential gender-related effects on LDDK. 
Another possible limitation regards the fact that 
differences in dopaminergic drug response or in 
ON/OFF state may affect speech characteristics. 
However, to date, evidence from the literature do not 
clearly indicate whether speech analysis should be 
conducted in the ON or OFF state [14,16].  
On the other hand, the main strength of this study resides 
in the substantial homogeneity of the included cases, in 
terms of disease, demographics, and evaluation 
methods. The assessment protocol allowed a 
quantitative analysis not only of the DDK, but also of 
other parameters (including DDK SD and DDK jitter, as 
well as the energy slope, and the MSL for each syllable 
type), which allowed to precisely characterize speech 
and voice features of the considered patients.    
 

V. CONCLUSION 
These preliminary results seem to suggest a promising 
role of motor speech diadochokinetic parameters in the 
clinical assessment of patients with PD. To characterize 
the diagnostic yield of this approach compared to the 
traditional acoustic analysis, further studies on larger 
series are needed. 
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Parkinson-like diseases by previous studies [14, 15], 
which however focused on different parameters to 
quantify articulatory and voice outcomes.  
Finally, regarding MSL, Hähnel et al. [14] found that 
prolonged syllable duration related with clinical severity 
of disease. As a further characterization, in our study, 
MSL was stratified by syllable type, finding that 
variations in the duration of anterior and middle 
syllables might reflect differences in terms of perceptive 
voice quality. 
The main limitation of this study resides in the small 
sample size and the absence of a control group, 
suggesting caution in generalizing the results. 
Moreover, the considered series included only male 
patients, thus limiting the possibility of evaluating 
potential gender-related effects on LDDK. 
Another possible limitation regards the fact that 
differences in dopaminergic drug response or in 
ON/OFF state may affect speech characteristics. 
However, to date, evidence from the literature do not 
clearly indicate whether speech analysis should be 
conducted in the ON or OFF state [14,16].  
On the other hand, the main strength of this study resides 
in the substantial homogeneity of the included cases, in 
terms of disease, demographics, and evaluation 
methods. The assessment protocol allowed a 
quantitative analysis not only of the DDK, but also of 
other parameters (including DDK SD and DDK jitter, as 
well as the energy slope, and the MSL for each syllable 
type), which allowed to precisely characterize speech 
and voice features of the considered patients.    
 

V. CONCLUSION 
These preliminary results seem to suggest a promising 
role of motor speech diadochokinetic parameters in the 
clinical assessment of patients with PD. To characterize 
the diagnostic yield of this approach compared to the 
traditional acoustic analysis, further studies on larger 
series are needed. 
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
        
      

     
      
       




        

      
      
      
   
    


       
       





  

  



 

  
  



 

  
  



 

  
  



 




      


      

       
       
    
      




–



 
   

         
         
         
         
         
         
 
   

         
         
         
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       
     
     
      
      

      
      
   
       
      
  

      
      

       



   
       
      


        
       
     




      
       

  


   

      









 

      
      
      
      
      
      
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


      
        


      
       

       
        



       


      
      
       
         
       
       
       
     

        


       


    

       
       
        
        
       
      
      



     

       
  

       
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      


 

 

      
      


         
     
      
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 

        
      

     
      
       




        

      
      
      
   
    


       
       





  

  



 

  
  



 

  
  



 

  
  



 




      


      

       
       
    
      




–



 
   

         
         
         
         
         
         
 
   

         
         
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         
         
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

       
     
     
      
      

      
      
   
       
      
  

      
      

       



   
       
      


        
       
     




      
       

  


   

      





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


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        


      
       

       
        



       


      
      
       
         
       
       
       
     

        


       


    

       
       
        
        
       
      
      



     

       
  

       
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          
      
        
     

       
        
       
       

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     
–

       
      
     
     –

          
      
      –

          
     
     
–
      
     
    – 

          

     –

         
     

        
–
       
      
    –


      
Identification of infants’ cry motivation using 
    –


     
      
    – 














 



          
      
        
     

       
        
       
       





  
  
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      
     
     –

          
      
      –

          
     
     
–
      
     
    – 

          

     –

         
     

        
–
       
      
    –


      
Identification of infants’ cry motivation using 
    –


     
      
    – 

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     
      

        
     
“phonautograph”     


     




     
    
      
     
     
      
      







 


    
 Léon Scott de Martinville’s 

‘Memory of the World Register’, highlighting the 
  

       



       
      

world’s oldest playable voice recordings which had 
–

time, even by their creator. This predates Edison’s 




 



       


        
Scott’s device 
     
 ut unlike Edison’s phonograph, it wasn’t 


 


     
     –

      
      
  
     
      

      


      




HUMANITY’S FIRST VOICE RECORDINGS











     
      

        
     
“phonautograph”     


     




     
    
      
     
     
      
      







 


    
 Léon Scott de Martinville’s 

‘Memory of the World Register’, highlighting the 
  

       



       
      

world’s oldest playable voice recordings which had 
–

time, even by their creator. This predates Edison’s 




 



       


        
Scott’s device 
     
 ut unlike Edison’s phonograph, it wasn’t 


 


     
     –

      
      
  
     
      

      


      




HUMANITY’S FIRST VOICE RECORDINGS






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  –   
 
         


     


     
      


      
       

ndel’s favorite trumpeter)
      
     
     
      






      

     


          


     

Scott’s 
      

  
    

      
     
      
    
      
and a speculative proposal for a “natural” form of 
—      



         
       


       
        

       

     
        

      


he device “phonautograph”

     

Edison’s phonograph,      




Fig. 2 Scott de Martinville’s phonautograph (1857)


      
     


On 9 April 1860, he recorded ‘Au clairde la lune’, 
      
        


Scott’s carefully documented experiments were 
     






Fig. 3 Enlargement of Scott’s original drawing, 
         
        

      


Scott’s 

     


    

       
      


     ”
   ”    
 “ ”   



       

Scott’s phonautograms 
       
    


of France since its accession of Regnault’s papers 


THE REVIVAL OF SCOTT’S RECORDINGS

Though Scott didn’t intend for his phonautograph 
      
     
    

     
     


       
        

        

         
       
       
 
        


On March 28th, 2008, the world’s oldest playable
     
       
      



Signal processing of Scott’s phonautograms



      
     
     
      
     



      
simply an oscillogram : It’s a mechanical trace made 
    

        
     

      
       


  
 
       
“stylus” follows the 






   
       
       
       




     

     
Martinville’s most precise phonautograms include a 


       

axis of recordings like “Au Clair de la Lune” to 





       
      
     

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  –   
 
         


     


     
      


      
       

ndel’s favorite trumpeter)
      
     
     
      






      

     


          


     

Scott’s 
      

  
    

      
     
      
    
      
and a speculative proposal for a “natural” form of 
—      



         
       


       
        

       

     
        

      


he device “phonautograph”

     

Edison’s phonograph,      




Fig. 2 Scott de Martinville’s phonautograph (1857)


      
     


On 9 April 1860, he recorded ‘Au clairde la lune’, 
      
        


Scott’s carefully documented experiments were 
     






Fig. 3 Enlargement of Scott’s original drawing, 
         
        

      


Scott’s 

     


    

       
      


     ”
   ”    
 “ ”   



       

Scott’s phonautograms 
       
    


of France since its accession of Regnault’s papers 


THE REVIVAL OF SCOTT’S RECORDINGS

Though Scott didn’t intend for his phonautograph 
      
     
    

     
     


       
        

        

         
       
       
 
        


On March 28th, 2008, the world’s oldest playable
     
       
      



Signal processing of Scott’s phonautograms



      
     
     
      
     



      
simply an oscillogram : It’s a mechanical trace made 
    

        
     

      
       


  
 
       
“stylus” follows the 






   
       
       
       




     

     
Martinville’s most precise phonautograms include a 


       

axis of recordings like “Au Clair de la Lune” to 





       
      
     




108



     


        
singing “Au Clair de la Lune.” 

Scott’s Phonautogram No. 5     
t’s also the earliest dated sheet. 

“Au Clair de la Lune” as recorded in Paris on 9 April 
        







     
 
      
   ’s machine 
       
      
        



       
      
       




       
       
       












         

       
    



      






        



Chronique d’une inventiond’ 
 

Documents pour l’histoire des techniques  




       
matique des sons de l’air au moyen d’une oreille 
     
l’Académie des sciences


Essai d’une fixation graphique des 
L’Année scientifique et 



     
     
    
  
 








     


        
singing “Au Clair de la Lune.” 

Scott’s Phonautogram No. 5     
t’s also the earliest dated sheet. 

“Au Clair de la Lune” as recorded in Paris on 9 April 
        







     
 
      
   ’s machine 
       
      
        



       
      
       




       
       
       












         

       
    



      






        



Chronique d’une inventiond’ 
 
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     


 
      





     
      
      
        





        

        
     
      


      
 

         


         



           





       
        
      






 
        





        
        
      





      

     
        
     




      
      
       


         

          
     






       
       
 

    



       

       




        
 
       
     
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

      

     
       





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
      



      
     




      


        

       




       

       











     
       

       








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













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Abstract: Voice performance can be characterized 
with respect to dynamics and tonal range by 
measurement of a voice range profile (VRP). Usually 
two series, a soft and a loud scale of the sustained 
phoneme /a:/ from the lowest to the highest possible 
pitch are recorded and plotted in a diagram from 
which the extreme values are extracted (lowest, 
highest, softest, loudest sound). We propose a more 
detailed analysis of the voice ranges by extraction of 
seven markers from the diagram, allowing an 
assessment of the development of the edges of the 
voice range during education or therapy.  
Keywords: Voice Range Profile, Singing Voice, Voice 
development 

 
 

I. INTRODUCTION 
 
Voice range profiles have been extensively used to 
characterise the current status of the speaking voice or 
of the singing voice. The VRP is a standardized 
representation [1] of vocal limits in singers and have 
also been used for clinical applications [2]. It involves 
singing the lowest and highest volumes in a slow, 
continuous sequence of tones, usually on the vowel /a:/. 
The profiles recorded in this process show the control 
over the voice per pitch and can therefore not only be 
used to track the development of voice ranges during the 
education but also be used to display different voice 
registers or even the passaggio. Various extensions have 
been proposed that allow the visual representation of 
additional voice features within the VRP, e.g. Voice 
Maps [3]. We introduce a method to have a more 
detailed view on the initial parameters, the fundamental 
frequency and the voice level, at the edges of the VRPs. 
 
 

II. METHODS 
 
A. Voice range profile measurement 

 
The Lingwaves system (Wevosys) was used for the 
VRP measurement in all cases. This system consists of 
a level-calibrated measurement microphone positioned 
30 cm in front of the mouth and converts the audio 

signal into digital wav format at a sampling rate of 
22,050 Hz. 
The VRP is evaluated using the Lingwaves software. 
Custom Octave code was developed to provide the 
additional information of the detailed VRP (DVRP). 
 
B. DVRP Analysis 

 
The vph file that is saved after completion of the VRP 
measurement is processed using a script that is run with 
Octave. First, the raw data is imported and parsed for the 
various pre-calculated SPL and pitch ranges as well as 
for the matrix of SPL values. From the matrix the piano 
and forte curves are extracted using the min and max 
functions.  
For the detailed analysis the VRP data for the piano and 
the forte curves is segmented into an uneven number of 
ranges, i.e. 3, 5, 7, or 9, that span from the lowest 
recorded pitch to the highest of the piano and forte 
curves.  
Since the measured SPL values do not correspond to all 
possible frequencies in the matrix, the data are cleaned 
in the piano and the forte curve from values that deviate 
beyond a threshold value from the average SPL in in 
each segment. The average values, together with the 
data of the segments, are exported in an excel sheet for 
further evaluation.  
 
C.  Studies 

 
The DVRP method was evaluated in two studies given 
in Table 1. 

Tab. 1: Overview of studies 
A Voice transition female to male 
B Longitudinal study of voice pedagogues 

 
We recorded all VRP data of study A in a sound-proof 
cabin (Studiobricks One Plus VO) which is usually used 
for dubbing or voice recordings. In study B, the first two 
measurements took place in classrooms with medium 
reverberation time, the last in the cabin as in study A.  
The subjects had passed a logopedic screening and 
showed no symptoms of voice or language disorders.  
All subjects were anonymized using a three-digit ID, 
which were used for intra-individual investigations. 
Here, we describe two case reports from these studies.  
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III. RESULTS 
 
The detailed analysis of the voice range profiles 
accessed in study A during the transition of a trans 
person (female→male, start at age 25) is given in the 
graphs of Fig. 1.  
 

 

 

 

Fig. 1: DVRPs of a trans person at the beginning (top), after 
267 days (centre), and after 622 days (bottom) of transition 

In each plot the raw VRP is shown as a contour plot, the 
piano and forte curves in light blue (p) and magenta (f) 
before cleaning, and the final curves are shown in dark 
blue and red. For better readability, musical notes were 
added to the horizonal axis and vertical green lines at the 
positions of the notes “A” and “Db” for each octave.  
The six segments of the DVRP allow a detailed analysis 
of the edges of the VRPs, the end of the green lines from 
the green circle in the centre of gravity indicate the 
location of the averages of each of these segments.  
Another example is given in Fig. 2. Here the develop-
ment of a female teacher is documented with respect to 
her voice status before (age 21, top), after four years of 
education (centre) as well as another 10 years later in 
her job as teacher (bottom).  

 

 
 

 
 

 
Fig. 2: DVRP of a female teacher before (top), after four years 
(centre) and 10 years after her education 

The voice development during the education is clearly 
seen between in the overall extension of the VRP. It can 
also be observed that the VRP seems to be reduced after 
the education. However, precise details in the 
development can be better traced by observation of the 
edges.  
In Figs. 3&4, for both studies the six standard voice 
range parameters that are usually used in VRP 
programmes, are displayed first: overall minimum and 
maximum fundamental frequency (fmin/fmax) and voice 
level (Lmin/Lmax) as well as their differences ∆f and ∆L.  
In Fig. 3 from these standard parameters a clear decrease 
of both extreme fundamental frequencies can be 
observed, with the tonal range varying strongly during 
the treatment between -7 and +6 semitones, in average 
rather unchanged. Regarding the dynamics, an increase 
of the minimum voice level and a decrease of the 
maximum voice level can be observed, resulting in an 
overall decreased voice dynamics of ca. -8 dB in 
average, ranging from -5 to -18 dB.  

The average frequency (fav) and average level (Lav) of 
the six segments are then represented as the next 2 
parameters; these were indicated as a green circle in the 
Figs. 1&2. The analysis of the average fundamental 
frequency fav shows a clearly decreasing slope from -3 
to -6 semitones, and Lav – compared to the standard level 
differences – indicates a much smaller variation of voice 
level from < -1 dB to -5 dB, recovering at the end of the 
observation period. 
The detailed analysis of the six segments is then shown 
in the following 12 parameters with labels indicating the 
level (L) or frequency (f) of the piano (p) or forte (f) 
curve with a subscript indicating the low (l), mid (m) or 
high (h) range of the VRP. As an example, “Lpm” is the 
level of the piano curve in the medium segment.  
In the six segments the direction of development of the 
voice ranges can be observed in detail: almost all ranges 
exhibit a clear trend of development during the duration 
of the study.  
 

 
Fig. 3: Example of DVRP development in study B 

In Fig. 4 the development of the teacher of study B is 
shown more in detail. Whereas the standard evaluation 
suggests that the tonal range has only slightly increased 
after the education and has even be reduced in the job, 
the forte curve has both increased its frequency range in 
the medium and high frequency range while in the job.  

IV. DISCUSSION 
 
The DVPR allows a more precise view on the edges of 
the VPR. The averaging of several measurement points 
can improve the reliability of the comparison of VRP 
parameters. While the standard values can still be useful 
for a global assessment of voice development, the 
detailed edge values provide insight into the specific 
nature of this development – for example, in the soft–
low register or the forte mid-range of the voice. The 
configuration of the parameters for removal of outliers 
have been adjusted to give satisfactory results for most 
of the recorded VRPs. However, if many artefacts are 
present, a manual cleaning in the lingwaves software is 
needed to obtain satisfactory results. 
 

V. CONCLUSION 
 
The detailed voice range profile can help to better 
document quantitatively the development of the singer’s 
capability at the “corners” of the voice range profile. 
Since the details are extracted from averaged regions, 
they are rather stable against outliers during the 
measurements that occur frequently even with 
experienced instructors and singers.  
The example of the voice range development of a trans 
person shows that the detailed analysis reveals clearly 
the development in the corners of the VRP and confirms 
that e.g. the tonal range has shifted significantly 
downwards while the dynamics are not reduced.  
The detailed analysis of a voice teacher reveals in which 
pitch ranges the voice performance was improved even 
after years in the job. 
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Abstract: The aim of this study was to propose an 
updated panel of acoustic parameters to measure the 
effectiveness of Botulin toxin laryngeal injections for 
adductor spasmodic dysphonia (AdSD), including 
the motor speech diadochokinetic assessment.  
Study Design. This is a case report study 
Methods: Two cases diagnosed with adductor 
spasmodic dysphonia were evaluated at baseline, 
and one and three months after Botulinum toxin 
injection in the thyroarytenoid muscle. The voice 
protocol assessment included the self-assessment 
questionnaire, the traditional perceptual GRB Scale 
and the INFVo rating scale for substitution voices, 
the acoustic analysis of jitter%, shimmer%, glottal-
to-noise excitation ratio, and the motor speech dia-
dochokinetic parameters. 
Results: In both clinical cases, the motor speech dia-
dochokinetic parameters showed an improvement 
one month after the treatment compared to the 
baseline, and a subsequent decrease 3 months after 
treatment, in agreement with the trends showed by 
the self-assessment questionnaire. Conversely, the 
traditional perceptual and acoustic parameters did 
not demonstrate to be consistent in both cases with 
the self-assessment results. 
Conclusions: The results suggested that motor 
speech diadochokinetics parameters could be 
relevant to assess the outcome of Botulinum toxin 
treatment for AdSD 
Keywords:  Adductor spasmodic dysphonia, Acoustic 
voice analysis, Motor speech diadochokinetic 
assessment 

I. INTRODUCTION 
 
Laryngeal dystonia is a neurological voice disorder 
described as a task-dependent focal action-induction 
dystonia which affects laryngeal motor control [1,2]. It 
is classified in literature as spasmodic dysphonia, a low 
prevalence condition (1/100000), characterized by the 
presence of laryngeal spasms [3]. Two main different 

types of laryngeal dysphonia have been described: the 
most common adductor spasmodic dysphonia (AdSD), 
affecting 90% of cases and involving the overadduction 
of the vocal folds [4,5], with a female predominance and 
an average age of onset at 45 years, and the rarer 
abductor spasmodic dysphonia (AbSD), affecting vocal 
fold abductor muscles [6]. AdSD is caused by a spasm 
of the adductor muscles during phonation, occurring 
mainly during vowel emissions. Perceptual 
characteristics of AdSD include laryngeal spasms at the 
beginning of phonation, strained, groaning, staccato, 
effortful voice, intermittent voice breaks [5]. The causes 
of SD are still debated, and the assessment of this 
condition is based on clinical and perceptual voice 
evaluation, even if several acoustic and aerodynamic 
approaches have been proposed [7-10]. Moreover, 
machine learning strategies has been utilized in the last 
years to implement objectivation in the clinical setting 
[9,11-13]. However, a universally accepted consensus 
on the assessment of SD severity and treatment 
effectiveness still needs to be reached.  
The effects of this voice impairment can have a 
profound impact on quality of life [14]: both the 
reduction of the intelligibility and the increase of vocal 
fatigue reduce the verbal capacity and frequently lead to 
devastating consequences in the efficiency of 
communication. AdSD is not exhaustively evaluated 
through the standardized basic multidimensional 
protocol proposed and revised by the European Laryn-
gological Society [15,16]: it requests specific acoustic 
parameters for the running speech and the intelligibility 
[7,17]. One of the parameters employed to evaluate 
patients with neurogenic disorders of speech production 
is the oral speech diadochokinetic index (DDK), a fast 
repetition of syllables as in the sequence b∧/t∧/k∧, in 
which the labial-coronal-dorsal succession is 
accompanied by rapid laryngeal adjustments given that 
the stop consonants are unvoiced and the vowel is 
voiced [18].  
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and one and three months after Botulinum toxin 
injection in the thyroarytenoid muscle. The voice 
protocol assessment included the self-assessment 
questionnaire, the traditional perceptual GRB Scale 
and the INFVo rating scale for substitution voices, 
the acoustic analysis of jitter%, shimmer%, glottal-
to-noise excitation ratio, and the motor speech dia-
dochokinetic parameters. 
Results: In both clinical cases, the motor speech dia-
dochokinetic parameters showed an improvement 
one month after the treatment compared to the 
baseline, and a subsequent decrease 3 months after 
treatment, in agreement with the trends showed by 
the self-assessment questionnaire. Conversely, the 
traditional perceptual and acoustic parameters did 
not demonstrate to be consistent in both cases with 
the self-assessment results. 
Conclusions: The results suggested that motor 
speech diadochokinetics parameters could be 
relevant to assess the outcome of Botulinum toxin 
treatment for AdSD 
Keywords:  Adductor spasmodic dysphonia, Acoustic 
voice analysis, Motor speech diadochokinetic 
assessment 

I. INTRODUCTION 
 
Laryngeal dystonia is a neurological voice disorder 
described as a task-dependent focal action-induction 
dystonia which affects laryngeal motor control [1,2]. It 
is classified in literature as spasmodic dysphonia, a low 
prevalence condition (1/100000), characterized by the 
presence of laryngeal spasms [3]. Two main different 

types of laryngeal dysphonia have been described: the 
most common adductor spasmodic dysphonia (AdSD), 
affecting 90% of cases and involving the overadduction 
of the vocal folds [4,5], with a female predominance and 
an average age of onset at 45 years, and the rarer 
abductor spasmodic dysphonia (AbSD), affecting vocal 
fold abductor muscles [6]. AdSD is caused by a spasm 
of the adductor muscles during phonation, occurring 
mainly during vowel emissions. Perceptual 
characteristics of AdSD include laryngeal spasms at the 
beginning of phonation, strained, groaning, staccato, 
effortful voice, intermittent voice breaks [5]. The causes 
of SD are still debated, and the assessment of this 
condition is based on clinical and perceptual voice 
evaluation, even if several acoustic and aerodynamic 
approaches have been proposed [7-10]. Moreover, 
machine learning strategies has been utilized in the last 
years to implement objectivation in the clinical setting 
[9,11-13]. However, a universally accepted consensus 
on the assessment of SD severity and treatment 
effectiveness still needs to be reached.  
The effects of this voice impairment can have a 
profound impact on quality of life [14]: both the 
reduction of the intelligibility and the increase of vocal 
fatigue reduce the verbal capacity and frequently lead to 
devastating consequences in the efficiency of 
communication. AdSD is not exhaustively evaluated 
through the standardized basic multidimensional 
protocol proposed and revised by the European Laryn-
gological Society [15,16]: it requests specific acoustic 
parameters for the running speech and the intelligibility 
[7,17]. One of the parameters employed to evaluate 
patients with neurogenic disorders of speech production 
is the oral speech diadochokinetic index (DDK), a fast 
repetition of syllables as in the sequence b∧/t∧/k∧, in 
which the labial-coronal-dorsal succession is 
accompanied by rapid laryngeal adjustments given that 
the stop consonants are unvoiced and the vowel is 
voiced [18].  
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The DDK is successfully measured by commercially 
available acoustic software packages which provide 
semiautomated means to calculate rate and regularity of 
syllable repetitions. Although they are programmed for 
oral speech DDK, they can efficiently measure the 
laryngeal DDK (LDDK) as well [19,20]. However, the 
use of for LDDK to evaluate the neuromuscular 
impairment of the laryngeal mechanism is currently 
limited mainly to the dysarthria setting [19,20].  
The aim of this study was to propose an updated voice 
evaluation protocol to measure the effectiveness of 
Botulin toxin laryngeal injections for AdSD, including 
the motor speech diadochokinetic assessment as an 
indicator of fluency and intelligibility. 
 

II. METHODS 
 
A. Clinical cases 
Case 1. A retired 81-year-old woman came to the 
Phoniatric and Audiology Unit of the University of 
Padua/AULSS2 Marca Trevigiana with a diagnosis of 
AdSD to investigate the opportunity of a voice 
treatment. She complained about reduced voice 
intensity, vocal fatigue, and reduction of speech fluency 
with tremor and voice breaks. 
Case 2. A retired 73-year-old man reported history of 
dysphonia for 20 years, with a progressive increase of 
vocal weakness, decreased vocal loudness and fluency 
impairment. Vocal tremor was also associated. He 
underwent a neurological consult, receiving diagnosis of 
vocal dystonia in association with high frequency 
tremor of the head. A diagnosis of AdSD was therefore 
posed, and the patient underwent a treatment with 
laryngeal injection of Botulinum toxin at our 
department. 
In both cases the videolaryngostroboscopic examination 
was performed to confirm the diagnoses. 
 
B. Treatment 
Percutaneous injection of 2,5 to 5 International Units of 
botulin toxin A (BoTox) in the thyroarytenoid muscles, 
via cricoarytenoid approach under electromyographic 
control, was performed bilaterally (with a 7-day interval 
between each injected side). All procedures were 
performed by the same surgeon (LF). 
 
C. Voice Assessment 
The multiparametric voice assessment was performed 
before, and 1 and 3 months after BoTox injection.  
The protocol consisted of the following aspects. 
 
Perceptual evaluation. Both patients were asked to 
read the first paragraph of the Italian text “Il deserto”, 
which is phonetically balanced. The digital recording 
was made with a sampling frequency of 44,100 Hz, in a 
quiet room with less than 40 dB of background noise. 
The assessment was performed by 1 otolaryngologist 

and 2 phoniatricians. The analysed parameters for the 
GRB Scale were: global grade of dysphonia (G), 
roughness (R) and breathiness (B) from the GRBAS 
Scale [21] (Hirano), while the parameters dedicated to 
SD were intelligibility (Int), fluency (Fl), voicing 
(Voic), spasmodicity (Sp) from the INFVo Scale, 
defined for substitution voicing assessment by 
Moerman et al [22]. All the parameters were scored 
from 0 to 10 on a visuo-analogic scale, from the absence 
to the most severe impairment of the voice.   
Self-evaluation parameters by use of the voice 
handicap index 10 (VHI-10) questionnaire [23]. It 
consisted of 10 items, which are to be scored from 0 
(healthy voice condition) to 4 (most severe voice 
condition) by the patient himself. 
Acoustic analysis of the vowel /a:/. The voice sound 
signal was captured and recorded by means of a 
Lingwaves device (Wevosys), at a sampled rate of 
44,100 Hz, in a quiet room with less than 40 dB of 
background noise. The most stable second of the 
sustained emission of the vowel /a:/ at a comfortable 
pitch and level was selected and analyzed, with the 
extraction of the jitter%, shimmer% and glottal to noise 
excitation ratio (GNE). The patients were asked to 
repeat the recordings three times, and the most stable 
one was selected for analysis. 
Motor speech diadochokinetic assessment (MSDA). 
The voice signal was captured and recorded by means 
of a Lingwaves device, using the MSDA protocol, at a 
sampled rate of 44.100 Hz, in a quiet room with less than 
40 dB of background noise. The two patients were asked 
to repeat the English word “buttercup” (a sequence of 
b∧/t∧/k∧) as many times as possible after a deep 
inspiration. The following parameters were captured: 
diadochokinetic index (DDK) and the DDK standard 
deviation as a measure of the regularity of the spoken 
words (DDK SD), both in syllables per second (syl/s). 
 

III. RESULTS 
 

The perceptual and self-evaluation parameters, 
collected before, one and three months after the 
treatments, are shown in table 1a (first case) and 2a 
(second case). In the first case all the perceptual 
parameters showed an improvement one month after the 
injection and some of them a slight reduction 3 months 
after. The VHI-10 was decreased 1 month after 
treatment (from 28 to 19 in the first patient, from 24 to 
8 in the second patient), then raising again to 27 in the 
first patient and to 20 in the second one, along with the 
reduction of BoTox pharmacological effect. Concerning 
the acoustic parameters (jitter %, shimmer % and GNE), 
their values at the baseline, and one and three months 
after treatment are shown in figures 1a (first case) and 
1b (second case). The jitter % showed a progressive 
decrease in the first case, from 3.57 to final 1.73, while 

it increased and then reduced its value in the second case 
(3.97-5.83-4.87). The GNE seemed to be quite stable 
before and after treatment. The trends of the MSDA 
values, including the DDK and its standard deviation are 
described in figures 2a and 2b. In both cases they 
improved 1 month after treatment and showed a 
tendency to return close to the initial value after 3 
months. 

         
   

 
Fig 1a (top) and 1b (bottom): results of the acoustic 
parameters in case 1 and case 2, before, 1 and 3 months 
after the Botulinum toxin injection 
 

 

 
 
Fig 2a and 2b: results of the MSDA: DDK (top) and 
DDK SD (bottom) in case 1 and case 2, before, 1 and 3 
months after the Botulinum toxin injection 

 

 
 
Tab 1a (top) and 1b (bottom): results of the perceptual 
and self-evaluation parameters in case 1 and case 2, 
before, 1 and 3 months after the Botulinum toxin 
injection.  
 

IV. DISCUSSION 
 
The main purpose of this work was to describe the 
option to implement the acoustic analysis to better 
evaluate the outcome of the BoTox treatment for AdSD, 
through the assessment of DDK and its standard 
deviation as a measure of communication impairment. 
There is not a strict consensus about the protocol to 
determine the severity of the AdSD. Indeed, the 
traditional voice multiparametric assessment for 
dysphonia established by the ELS is not considered so 
suited for this pathological condition [7]. AdSD is 
mainly associated with irregularity of the fundamental 
frequency, increased noise energy, deterioration of 
harmonic structure and increased speaking and 
articulation times [24,25]. Dejonckere et al. [7] 
proposed a new perspective to establish the outcome of 
the Botulinum toxin treatment by means of both voice 
perceptual assessment and analysis program AMPEX 
(Auditory Model Based Pitch Extractor). One of the 
most interesting aspects of this study was the three-
dimensional assessment approach of AdSD: perceptual 
rating with traditional and dedicated parameters, 
objective acoustic assessment using a specific program, 
and self-reported quality of life. Focusing on the severe 
consequences in terms of fluency and intelligibility in 
patients affected by AdSD, the protocol proposed in this 
study included the evaluation of the functional 
conditions affecting the communication skills in the 
assessment of the outcome of the botulinum toxin 
injection. We conducted a multidimensional evaluation 
of the voice one month after the treatment, when the 
optimal effect of the botulinum toxin is expected, and 
again three months after the treatment, when its effect 
typically begins to diminish. We combined the self-
evaluation questionnaire, the perceptual parameters 
considered by Dejonckere et al. [7], and the traditional 
acoustic parameters with the MSDA. MSDA results 
showed, in both clinical cases, an improvement one 
month after the treatment compared to the values before 
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The DDK is successfully measured by commercially 
available acoustic software packages which provide 
semiautomated means to calculate rate and regularity of 
syllable repetitions. Although they are programmed for 
oral speech DDK, they can efficiently measure the 
laryngeal DDK (LDDK) as well [19,20]. However, the 
use of for LDDK to evaluate the neuromuscular 
impairment of the laryngeal mechanism is currently 
limited mainly to the dysarthria setting [19,20].  
The aim of this study was to propose an updated voice 
evaluation protocol to measure the effectiveness of 
Botulin toxin laryngeal injections for AdSD, including 
the motor speech diadochokinetic assessment as an 
indicator of fluency and intelligibility. 
 

II. METHODS 
 
A. Clinical cases 
Case 1. A retired 81-year-old woman came to the 
Phoniatric and Audiology Unit of the University of 
Padua/AULSS2 Marca Trevigiana with a diagnosis of 
AdSD to investigate the opportunity of a voice 
treatment. She complained about reduced voice 
intensity, vocal fatigue, and reduction of speech fluency 
with tremor and voice breaks. 
Case 2. A retired 73-year-old man reported history of 
dysphonia for 20 years, with a progressive increase of 
vocal weakness, decreased vocal loudness and fluency 
impairment. Vocal tremor was also associated. He 
underwent a neurological consult, receiving diagnosis of 
vocal dystonia in association with high frequency 
tremor of the head. A diagnosis of AdSD was therefore 
posed, and the patient underwent a treatment with 
laryngeal injection of Botulinum toxin at our 
department. 
In both cases the videolaryngostroboscopic examination 
was performed to confirm the diagnoses. 
 
B. Treatment 
Percutaneous injection of 2,5 to 5 International Units of 
botulin toxin A (BoTox) in the thyroarytenoid muscles, 
via cricoarytenoid approach under electromyographic 
control, was performed bilaterally (with a 7-day interval 
between each injected side). All procedures were 
performed by the same surgeon (LF). 
 
C. Voice Assessment 
The multiparametric voice assessment was performed 
before, and 1 and 3 months after BoTox injection.  
The protocol consisted of the following aspects. 
 
Perceptual evaluation. Both patients were asked to 
read the first paragraph of the Italian text “Il deserto”, 
which is phonetically balanced. The digital recording 
was made with a sampling frequency of 44,100 Hz, in a 
quiet room with less than 40 dB of background noise. 
The assessment was performed by 1 otolaryngologist 

and 2 phoniatricians. The analysed parameters for the 
GRB Scale were: global grade of dysphonia (G), 
roughness (R) and breathiness (B) from the GRBAS 
Scale [21] (Hirano), while the parameters dedicated to 
SD were intelligibility (Int), fluency (Fl), voicing 
(Voic), spasmodicity (Sp) from the INFVo Scale, 
defined for substitution voicing assessment by 
Moerman et al [22]. All the parameters were scored 
from 0 to 10 on a visuo-analogic scale, from the absence 
to the most severe impairment of the voice.   
Self-evaluation parameters by use of the voice 
handicap index 10 (VHI-10) questionnaire [23]. It 
consisted of 10 items, which are to be scored from 0 
(healthy voice condition) to 4 (most severe voice 
condition) by the patient himself. 
Acoustic analysis of the vowel /a:/. The voice sound 
signal was captured and recorded by means of a 
Lingwaves device (Wevosys), at a sampled rate of 
44,100 Hz, in a quiet room with less than 40 dB of 
background noise. The most stable second of the 
sustained emission of the vowel /a:/ at a comfortable 
pitch and level was selected and analyzed, with the 
extraction of the jitter%, shimmer% and glottal to noise 
excitation ratio (GNE). The patients were asked to 
repeat the recordings three times, and the most stable 
one was selected for analysis. 
Motor speech diadochokinetic assessment (MSDA). 
The voice signal was captured and recorded by means 
of a Lingwaves device, using the MSDA protocol, at a 
sampled rate of 44.100 Hz, in a quiet room with less than 
40 dB of background noise. The two patients were asked 
to repeat the English word “buttercup” (a sequence of 
b∧/t∧/k∧) as many times as possible after a deep 
inspiration. The following parameters were captured: 
diadochokinetic index (DDK) and the DDK standard 
deviation as a measure of the regularity of the spoken 
words (DDK SD), both in syllables per second (syl/s). 
 

III. RESULTS 
 

The perceptual and self-evaluation parameters, 
collected before, one and three months after the 
treatments, are shown in table 1a (first case) and 2a 
(second case). In the first case all the perceptual 
parameters showed an improvement one month after the 
injection and some of them a slight reduction 3 months 
after. The VHI-10 was decreased 1 month after 
treatment (from 28 to 19 in the first patient, from 24 to 
8 in the second patient), then raising again to 27 in the 
first patient and to 20 in the second one, along with the 
reduction of BoTox pharmacological effect. Concerning 
the acoustic parameters (jitter %, shimmer % and GNE), 
their values at the baseline, and one and three months 
after treatment are shown in figures 1a (first case) and 
1b (second case). The jitter % showed a progressive 
decrease in the first case, from 3.57 to final 1.73, while 

it increased and then reduced its value in the second case 
(3.97-5.83-4.87). The GNE seemed to be quite stable 
before and after treatment. The trends of the MSDA 
values, including the DDK and its standard deviation are 
described in figures 2a and 2b. In both cases they 
improved 1 month after treatment and showed a 
tendency to return close to the initial value after 3 
months. 

         
   

 
Fig 1a (top) and 1b (bottom): results of the acoustic 
parameters in case 1 and case 2, before, 1 and 3 months 
after the Botulinum toxin injection 
 

 

 
 
Fig 2a and 2b: results of the MSDA: DDK (top) and 
DDK SD (bottom) in case 1 and case 2, before, 1 and 3 
months after the Botulinum toxin injection 

 

 
 
Tab 1a (top) and 1b (bottom): results of the perceptual 
and self-evaluation parameters in case 1 and case 2, 
before, 1 and 3 months after the Botulinum toxin 
injection.  
 

IV. DISCUSSION 
 
The main purpose of this work was to describe the 
option to implement the acoustic analysis to better 
evaluate the outcome of the BoTox treatment for AdSD, 
through the assessment of DDK and its standard 
deviation as a measure of communication impairment. 
There is not a strict consensus about the protocol to 
determine the severity of the AdSD. Indeed, the 
traditional voice multiparametric assessment for 
dysphonia established by the ELS is not considered so 
suited for this pathological condition [7]. AdSD is 
mainly associated with irregularity of the fundamental 
frequency, increased noise energy, deterioration of 
harmonic structure and increased speaking and 
articulation times [24,25]. Dejonckere et al. [7] 
proposed a new perspective to establish the outcome of 
the Botulinum toxin treatment by means of both voice 
perceptual assessment and analysis program AMPEX 
(Auditory Model Based Pitch Extractor). One of the 
most interesting aspects of this study was the three-
dimensional assessment approach of AdSD: perceptual 
rating with traditional and dedicated parameters, 
objective acoustic assessment using a specific program, 
and self-reported quality of life. Focusing on the severe 
consequences in terms of fluency and intelligibility in 
patients affected by AdSD, the protocol proposed in this 
study included the evaluation of the functional 
conditions affecting the communication skills in the 
assessment of the outcome of the botulinum toxin 
injection. We conducted a multidimensional evaluation 
of the voice one month after the treatment, when the 
optimal effect of the botulinum toxin is expected, and 
again three months after the treatment, when its effect 
typically begins to diminish. We combined the self-
evaluation questionnaire, the perceptual parameters 
considered by Dejonckere et al. [7], and the traditional 
acoustic parameters with the MSDA. MSDA results 
showed, in both clinical cases, an improvement one 
month after the treatment compared to the values before 

0

2

4

6

PRE POST 1m POST 3m

DD
K 

(s
yl

/s
)

Case 1 Case 2

0
2
4
6

PRE POST 1m POST 3mDD
K 

SD
 (s

yl
/s

)

Case 1 Case 2



126

the injection, and a decrease of the values 3 months after 
the treatment, in agreement with the trends of VHI 
values. These results could be explained by the well-
known temporary effect of Botulin toxin injection, 
which is strong during the first months and then starts 
fading. Interestingly, the MSDA parameters showed in 
both cases a specular trend compared to the self-
assessment questionnaire. This tendency seemed to be 
less evident for the acoustic traditional parameters such 
as jitter%, shimmer% and GNE and the perceptual ones. 
These results suggest that the assessment of adSD and 
its treatment should include functional parameters 
representative of the communication impairment. 
 

V. CONCLUSION 
 
Describing these two cases report, we found that the 
MSDA parameters might be relevant to assess the 
outcome of the Botulinum toxin treatment for AdSD, 
more than the traditional acoustic and perceptual 
parameters. More data are necessary to quantify the 
reliability of this voice assessment proposal. 
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Abstract: In this longitudinal study aspects of vocal 
performance in music teachers (n=42) are 
investigated at the beginning and at the end of their 
university studies, as well as at least ten years after 
graduation. We used voice range profiles (VRP) 
investigating both the singing and speaking voice to 
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some pursued a career in music, while others chose 
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can provide valuable insights for voice research, 
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pedagogically controlled conditions. However, the long 
duration of the project also creates organizational 
difficulties. Especially inconsistent recording 
conditions and varying instructions potentially reduce 
the validity of the results. 
The study focused on measuring VRP, but evaluates as 
well other acoustic aspects of the voice, such as timbre. 
We focus on VRP analysis here, an extended analysis of 
the recorded data will follow. 
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The measurements were carried out at the beginning 
(measurement A) and at the end of the education degree 
program (B). Individuals who only took part in the first 
measurement were not included in the rest of the study. 
For some subjects, a further measurement was carried 
out approximately 10 years after completing their 
degree (C). As it was not possible to contact all 
individuals after such a long time, the group size for C 
is much smaller. In addition, a few VRP from 
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the injection, and a decrease of the values 3 months after 
the treatment, in agreement with the trends of VHI 
values. These results could be explained by the well-
known temporary effect of Botulin toxin injection, 
which is strong during the first months and then starts 
fading. Interestingly, the MSDA parameters showed in 
both cases a specular trend compared to the self-
assessment questionnaire. This tendency seemed to be 
less evident for the acoustic traditional parameters such 
as jitter%, shimmer% and GNE and the perceptual ones. 
These results suggest that the assessment of adSD and 
its treatment should include functional parameters 
representative of the communication impairment. 
 

V. CONCLUSION 
 
Describing these two cases report, we found that the 
MSDA parameters might be relevant to assess the 
outcome of the Botulinum toxin treatment for AdSD, 
more than the traditional acoustic and perceptual 
parameters. More data are necessary to quantify the 
reliability of this voice assessment proposal. 
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which, according to various studies, increases the risk of 
voice problems. Roy et al. [1] used a questionnaire to 
determine a significantly higher rate of voice disorders 
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Kowalska et al. [2] can confirm this result with a study 
that includes both questionnaires and laryngological 
examinations. Russell et al. [3] report significantly 
higher rates of voice problems for female teachers 
compared to male teachers. However, the reported 
prevalence rates of voice problems in teaching 
professions vary considerably, which is not surprising 
given the different definitions and self-assessment 
methods used. 
One clinically used measurement method for assessing 
vocal performance, but not necessarily health, is the 
VRP. In the LSME project of the University for music 
and performing Arts Vienna (mdw), VRPs were used to 
document the vocal development of teachers in training 
and in their professional careers. More than in previous 
studies, the test group received extensive training in 
singing. Between 2008 and 2025, this longitudinal study 
documents the vocal development of school teachers in 
music education. Initial evaluations were carried out by 
Elke Nagl in 2008 [4] and Carina Kellner in 2019 [5]. 

The education of the subjects at the mdw usually lasts 
four years and includes one-to-one singing lessons of 
1.5 hours per week to prepare them for a teaching 
profession. The occupation is characterized by several 
hours of speaking and singing at high volume in the 
classroom. However, not all subjects entered a 
profession as a teacher after completing their studies; 
some pursued a career in music, while others chose 
professions outside of teaching. 

The pool of test subjects at the mdw is a group that 
can provide valuable insights for voice research, 
particularly in relation to the singing voice and under 
pedagogically controlled conditions. However, the long 
duration of the project also creates organizational 
difficulties. Especially inconsistent recording 
conditions and varying instructions potentially reduce 
the validity of the results. 
The study focused on measuring VRP, but evaluates as 
well other acoustic aspects of the voice, such as timbre. 
We focus on VRP analysis here, an extended analysis of 
the recorded data will follow. 
 

II. METHODS 
 

The measurements were carried out at the beginning 
(measurement A) and at the end of the education degree 
program (B). Individuals who only took part in the first 
measurement were not included in the rest of the study. 
For some subjects, a further measurement was carried 
out approximately 10 years after completing their 
degree (C). As it was not possible to contact all 
individuals after such a long time, the group size for C 
is much smaller. In addition, a few VRP from 
measurements A and B could not be used, reducing the 
number of subjects to be analyzed intra-individually to 
12. 
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Since the sample size is relatively small, especially for 
male subjects after education, this project is considered 
a pilot study, and the results should be verified and 
supplemented by further projects with a similar design. 
The protocol included several tasks, each of which had 
to be sung and spoken in a controlled manner. The 
exercises were repeated as necessary in order to 
document the best possible vocal control. 
The exercises were as follows: A VRP for speaking and 
singing voices to determine the dynamic range (DR, 
measured in [dB]) and frequency range (FR, measured 
in semitones1 [st]). The VRP is a standardized 
representation of vocal limits that is also used for 
clinical applications [6]. It involves singing at the softest 
and loudest possible voice intensity in a slow, 
continuous sequence of tones, usually on the vowel /a:/. 
The two sequences recorded in this process show the 
control over the voice per pitch and can therefore also 
be used to display different registers or even the 
passaggi. The speaking VRP is measured at the volumes 
soft, normal, loud, and shouted by counting from 20 to 
30 at a comfortable pitch. 
In addition, a standard spoken text in German (“Der 
Nordwind und die Sonne”), and a simple singing 
example, “Summertime”, were recorded.  In 
measurement A, no style was specified for 
“Summertime”, while in B and C, the test subjects were 
asked to sing in pop and classical styles. Further 
exercises were a glissando across the entire vocal range 
(usually on the vowel /a:/), and a vowel sequence (/a:/ - 
/e:/ - /i:/ - /o:/ - /u:/ - /���/) at constant middle pitch. In the 

 
1 Semitone (st) refers to the equal-tempered semitone, i.e. the 
interval of a frequency ratio of 21/12 

third series of measurements, some more exercises were 
performed with additional dynamics and vowels. These 
exercises provide further opportunities to investigate 
timbre or voice irregularity. 
The acoustic conditions could not be maintained due to 
the long duration of the study. The first two 
measurements took place in classrooms with medium 
reverberation time. The third series of measurements 
was carried out in a soundproof and anechoic booth. The 
Lingwaves system was used for the VRP measurement 
as well as for the additional recordings. This system 
consists of a level-calibrated measurement microphone 
positioned 30 cm in front of the mouth and converts the 
audio signal into digital wav format at a sampling rate 
of 22,050 Hz. 
The VRP is evaluated using Lingwaves and software 
developed at the mdw. 
During measurement C, a logopaedic screening was 
carried out before the measurements started. No voice 
disorders were detected in this screening. 
Questionnaires were used to monitor the development 
of the participants during the C measurements. These 
questionnaires assessed the professional development, 
daily voice use, and the participants' own assessment of 
their vocal health. The results of these questionnaires 
were used to divide the participants into different 
groups, according to gender, voice type, profession, and 
daily voice use. 
All subjects were anonymized using a three-digit ID, 
which were used for intra-individual investigations. 
  

Fig. 1: singing VRPs of subject ID009 

III. RESULTS 
 
An example of the three singing VRPs for one subject 
(ID009/female) is shown in Fig. 1, illustrating a marked 
increase of the VRP coverage between A and B, and a 
slight decrease towards C. Compared to an average 
female VRP in the Lingwaves system, the coverage is 
82.5% in A, 104% in B, and 102% in C. The gain in DR 
is particularly strong, and persists partially even after 
training (DRA=53 dB, DRB=75 dB, DRC=64 dB). FR 
increased to a lesser extent (FRA=33 st, FRB=36 st, 
FRC=33 st). After graduating, this subject pursued the 
career path envisaged during her training and became a 
teacher. Measurement C shows that, despite the very 
voice-intensive nature of the subjects’ daily work, it was 
possible to maintain almost the same level of vocal 
ability as before. Particularly the profile for loud voice 
use decreases only very little in comparison to B. 
The evaluation of all VRPs shown in Tab. 2 reveals 
significant improvements in B, resulting in 117% 
coverage compared to an average VRP, particularly due 
to an increased dynamic range. The differences in the 
speech VRP ranges and volumes are less clear. 
 
Tab. 2: Results of all subjects VRP measurements 
 A B C 
 ⌀ Std ⌀ Std ⌀ Std 
coverage [%] 87 20 117 13 100 20 
singing DR [dB] 56 8 64 5 65 5 
singing FR [st] 35 4 38 3 38 4 
speech DR [dB] 46 6 50 6 40 14 
speech FR [st] 13 4 13 4 12 4 
volspeech, soft [dB] 52 5 48 4 52 6 
volspeech, normal [dB] 65 5 65 4 64 5 
volspeech, loud [dB] 78 6 74 4 75 6 
volshouting [dB] 98 5 98 4 92 10 
 
 

 
Fig. 2: Intra-individual comparison between VRP 
coverage in A and B 

 

Fig. 2 shows the development of the singing VRP 
coverage of all test subjects between A and B. Without 
exception, all individuals are placed left from the 
diagonal, i.e., they achieved an increase in VRP 
coverage. It is also clearly visible that the group studied 
becomes more harmonious, i.e., that the individuals with 
the “weaker” results in A show particularly strong 
improvements. Measurement A indicate the majority of 
subjects below 100% coverage, while after education 
only two people were slightly below 100%. 
As shown in Fig. 3, all individuals stagnate or even 
decline in VRP coverage after graduation. The 
significantly smaller scaled diagram also contains 
selected characteristics of the subjects, namely their 
career path and daily voice use according to the 
questionnaire. It is visible that persons in the teaching 
profession, marked with squares, show both nearly 
constant coverage and a significant decline. The time of 
daily voice use also shows no obvious correlation. All 
three male subjects are close to the diagonal line, 
representing comparably less reduction in voice range 
after education. 
 
 

 
Fig. 3: Intra-individual comparison between VRP 
coverage in B and C 

 
The most important vocal activity for teaching is 
speaking aloud. The mean voice level shows a slight 
decrease between A and B. The development to C shows 
a relatively constant mean value. In Fig.4, no clear 
correlation with career path, gender, or daily voice use 
is apparent. 
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Since the sample size is relatively small, especially for 
male subjects after education, this project is considered 
a pilot study, and the results should be verified and 
supplemented by further projects with a similar design. 
The protocol included several tasks, each of which had 
to be sung and spoken in a controlled manner. The 
exercises were repeated as necessary in order to 
document the best possible vocal control. 
The exercises were as follows: A VRP for speaking and 
singing voices to determine the dynamic range (DR, 
measured in [dB]) and frequency range (FR, measured 
in semitones1 [st]). The VRP is a standardized 
representation of vocal limits that is also used for 
clinical applications [6]. It involves singing at the softest 
and loudest possible voice intensity in a slow, 
continuous sequence of tones, usually on the vowel /a:/. 
The two sequences recorded in this process show the 
control over the voice per pitch and can therefore also 
be used to display different registers or even the 
passaggi. The speaking VRP is measured at the volumes 
soft, normal, loud, and shouted by counting from 20 to 
30 at a comfortable pitch. 
In addition, a standard spoken text in German (“Der 
Nordwind und die Sonne”), and a simple singing 
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measurement A, no style was specified for 
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asked to sing in pop and classical styles. Further 
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The acoustic conditions could not be maintained due to 
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measurements took place in classrooms with medium 
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was carried out in a soundproof and anechoic booth. The 
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as well as for the additional recordings. This system 
consists of a level-calibrated measurement microphone 
positioned 30 cm in front of the mouth and converts the 
audio signal into digital wav format at a sampling rate 
of 22,050 Hz. 
The VRP is evaluated using Lingwaves and software 
developed at the mdw. 
During measurement C, a logopaedic screening was 
carried out before the measurements started. No voice 
disorders were detected in this screening. 
Questionnaires were used to monitor the development 
of the participants during the C measurements. These 
questionnaires assessed the professional development, 
daily voice use, and the participants' own assessment of 
their vocal health. The results of these questionnaires 
were used to divide the participants into different 
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daily voice use. 
All subjects were anonymized using a three-digit ID, 
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possible to maintain almost the same level of vocal 
ability as before. Particularly the profile for loud voice 
use decreases only very little in comparison to B. 
The evaluation of all VRPs shown in Tab. 2 reveals 
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The most important vocal activity for teaching is 
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is apparent. 
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Fig. 4: Intra-individual comparison between loud 
speaking volume in B and C 

IV. DISCUSSION 
 
It is not surprising that the measurements show 
significant improvements in vocal abilities during the 
study program, but it does confirm both the 
effectiveness of the teaching and the significance of the 
VRP measurements. It is interesting to note that in all 
recorded cases, vocal ranges decline or stagnate after 
graduation. While the number of subjects is small, males 
appear to have a more consistent development in this 
aspect, and females in some cases show larger declines. 
Previous studies [3] have shown that women have a 
higher prevalence of voice disorders in the teaching 
profession, our findings seem to indicate a similar trend 
for a greater decline in females. 
No clear correlations between VRP coverage and daily 
voice use or career path can be found. It should be noted 
that the other career paths do not necessarily involve 
minimal use of the voice; one subject, for example, 
worked as a self-employed singer. 
No acute voice disorders were detected in the 
logopaedic screening, which is also reflected in the 
mean values of the VRPs. However, it must be 
considered that the subjects do not cover all age groups, 
but are mostly under 40 years of age, and therefore our 
study does not yet show any effect over the entire career. 
Further studies with the trained teachers would be of 
interest. 
While after education generally the mean range of the 
singing voice decreases and the level of the shouting 
voice also declines, the level of the loud speaking voice 
remains relatively constant. This mode of 
phonation is probably closest to the daily requirements 
in the classroom and thus shows that the subjects are still 
able to meet the professional demands. 
The findings of this study are based only on acoustic 
measurements and therefore do not give us a deeper 
understanding of the techniques and singing strategies 
that the students might have used in measurements. 

Changes in singing or speaking technique between 
measurements A, B and C, and the influence of 
pedagogical support during education, were not fully 
documented in this study. However, this remains an 
interesting question for future research. Other 
measurement methods, such as EGG or respiratory 
measurement devices, could provide some insights. 
 

V. CONCLUSION 
 
The study confirms expectations of a significant change 
in vocal abilities over the course of the degree program, 
this is evident in a larger vocal range shown in the VRP. 
The development of the test subjects in their 
professional lives, on the other hand, is very 
heterogeneous; in all cases, the performance level 
represented in the VRP coverage stagnates or even 
declines. However, the mean coverage remains average 
and therefore does not appear to indicate any voice 
problems despite intensive daily use. Also, the abilities 
in loud speaking voice are constant on average between 
B and C.  
The results in this paper provide an overview of the 
findings of the LSME project; more comprehensive 
evaluations will follow. 
Further studies on the details of vocal technique 
development during the study course and a comparative 
study of the mdw students with vocal training against 
untrained singers are possible next areas of research. 
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Fig. 4: Intra-individual comparison between loud 
speaking volume in B and C 

IV. DISCUSSION 
 
It is not surprising that the measurements show 
significant improvements in vocal abilities during the 
study program, but it does confirm both the 
effectiveness of the teaching and the significance of the 
VRP measurements. It is interesting to note that in all 
recorded cases, vocal ranges decline or stagnate after 
graduation. While the number of subjects is small, males 
appear to have a more consistent development in this 
aspect, and females in some cases show larger declines. 
Previous studies [3] have shown that women have a 
higher prevalence of voice disorders in the teaching 
profession, our findings seem to indicate a similar trend 
for a greater decline in females. 
No clear correlations between VRP coverage and daily 
voice use or career path can be found. It should be noted 
that the other career paths do not necessarily involve 
minimal use of the voice; one subject, for example, 
worked as a self-employed singer. 
No acute voice disorders were detected in the 
logopaedic screening, which is also reflected in the 
mean values of the VRPs. However, it must be 
considered that the subjects do not cover all age groups, 
but are mostly under 40 years of age, and therefore our 
study does not yet show any effect over the entire career. 
Further studies with the trained teachers would be of 
interest. 
While after education generally the mean range of the 
singing voice decreases and the level of the shouting 
voice also declines, the level of the loud speaking voice 
remains relatively constant. This mode of 
phonation is probably closest to the daily requirements 
in the classroom and thus shows that the subjects are still 
able to meet the professional demands. 
The findings of this study are based only on acoustic 
measurements and therefore do not give us a deeper 
understanding of the techniques and singing strategies 
that the students might have used in measurements. 

Changes in singing or speaking technique between 
measurements A, B and C, and the influence of 
pedagogical support during education, were not fully 
documented in this study. However, this remains an 
interesting question for future research. Other 
measurement methods, such as EGG or respiratory 
measurement devices, could provide some insights. 
 

V. CONCLUSION 
 
The study confirms expectations of a significant change 
in vocal abilities over the course of the degree program, 
this is evident in a larger vocal range shown in the VRP. 
The development of the test subjects in their 
professional lives, on the other hand, is very 
heterogeneous; in all cases, the performance level 
represented in the VRP coverage stagnates or even 
declines. However, the mean coverage remains average 
and therefore does not appear to indicate any voice 
problems despite intensive daily use. Also, the abilities 
in loud speaking voice are constant on average between 
B and C.  
The results in this paper provide an overview of the 
findings of the LSME project; more comprehensive 
evaluations will follow. 
Further studies on the details of vocal technique 
development during the study course and a comparative 
study of the mdw students with vocal training against 
untrained singers are possible next areas of research. 
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



        



       
     

      




 

     

       

      
tions of a person’s maximum and minimum phonation 



      

    


 
      













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       
 


         


      
     
      

       
        


      
    
       
       
      


 
       
      










        
singer’s formant cluster present at around 3000 Hz, con-

The singer’s formant cluster did







      

  


  









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



        



       
     

      




 

     

       

      
tions of a person’s maximum and minimum phonation 



      

    


 
      
























       







       
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

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
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       
       
      


 
       
      










        
singer’s formant cluster present at around 3000 Hz, con-

The singer’s formant cluster did







      

  


  









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

    

        





        

        






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Abstract: Let “voice range profile” (a.k.a, “phoneto-
gram”) be the term for a graph of the maximum 
phonatory range of a voice on the fo×SPL plane, i.e., 
a closed contour. Let “voice map” be the term for a 
map of a scalar metric over some relevant range, 
not necessarily to the extremes, on that same plane, 
i.e., a 2D scalar field. For imaging several metrics, 
one voice map can have several “layers”, all derived 
from the same recording. This paradigm for collec-
tion and collation of voice data is useful, because it 
accounts for how the chosen metrics vary systema-
tically with fo and SPL. Both fo and SPL are 
influential and typically nonlinear covariates of 
other voice metrics. Not accounting for them can 
obscure the effects of an intervention. Here we 
summarize some central concepts, rationales and 
techniques related to voice mapping.  
 
Keywords: voice analysis, voice map, voice range 
profile 

 
I. WHY MAP VOICES? 

 
Even healthy voices are notoriously variable across 

their ranges, and very different from person to person. 
In challenged voices, the diversity increases, due to 
various possible failures of the normal mechanism, and 
to the ensuing coping strategies. The vocal mechanism 
is such that almost all voice metrics vary considerably 
with fo and SPL, and usually in a nonlinear fashion. 
Furthermore, in response to identical elicitations at dif-
ferent times, humans rarely vocalize at the same fo and 
SPL [1,2]. In consequence, obtaining robust quantita-
tive evidence for the effects of interventions such as 
treatment or training has proven elusive. Legacy meas-
urements of single metrics taken from isolated vowel 
sounds that are sparsely and vaguely elicited (e.g., 
“soft-comfortable-loud”) are subject to what we might 
call ‘elicitation noise.’ Small changes in SPL or fo can 
in themselves result in consequential changes in the 
value of the observed metric. Therefore a method is 
needed that accounts for the two major non-linear 
metric covariates, fo and SPL, on an individual basis. 
Fortunately, individual voices are quite consistent: 

repeated productions by one person at the same fo and 
SPL will yield very similar results, unless the voice 
function of the person has changed, for whatever 
reason. The resulting map of the metric can be 
acquired pre- and post-intervention, with metric values 
positioned accurately in their fo×SPL-context. This 
allows interventions in individuals to be meaningfully 
assessed, by making a difference map. Doing so 
reveals that the effects of an intervention often are not 
the same in different parts of the voice range, under-
scoring the importance of adequate sampling.  

Crucially, to make a pre-post comparison, fo and 
SPL must be controlled for, or the added variability 
can obscure the effects of the intervention [3]. This 
control cannot be demanded of the subject; the task is 
too difficult for most people, and especially for those 
with challenged voices. When voice-mapping, how-
ever, data are automatically arranged by fo and SPL, so 
informant control is unnecessary. If some overlap can 
be elicited of the regions phonated pre- and post-inter-
vention, the informant’s spontaneous behaviour in fo 
and SPL when reading or singing can suffice; or 
overlap may be achieved with additional guidance by a 
therapist and/or by on-screen visual feedback. If no 
overlap is achieved, then that outcome in itself prob-
ably constitutes the primary effect of the intervention. 
 

II. WHAT IS A VOICE RANGE PROFILE? 
 

A VRP is a graph of the maximum phonatory range of 
a voice on the fo×SPL plane, i.e., a closed contour. 
Both fo and SPL are then dependent variables that 
describe the range over which the informant is capable 
of phonating; while the independent variable is the 
elicitation from the clinician or researcher (e.g., “as 
softly as you can”). There is a large body of literature 
on the VRP and its application in the clinic and the 
voice studio, reviewed in [4].  
 

III. WHAT IS A VOICE MAP? 
 

Voice mapping is the computerized process of 
collecting signals from the voice, determining fo and 
SPL, and mapping any signal features of interest onto 
the fo×SPL plane [4]. When the fo×SPL plane is 
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

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




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
      


       

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Abstract: Let “voice range profile” (a.k.a, “phoneto-
gram”) be the term for a graph of the maximum 
phonatory range of a voice on the fo×SPL plane, i.e., 
a closed contour. Let “voice map” be the term for a 
map of a scalar metric over some relevant range, 
not necessarily to the extremes, on that same plane, 
i.e., a 2D scalar field. For imaging several metrics, 
one voice map can have several “layers”, all derived 
from the same recording. This paradigm for collec-
tion and collation of voice data is useful, because it 
accounts for how the chosen metrics vary systema-
tically with fo and SPL. Both fo and SPL are 
influential and typically nonlinear covariates of 
other voice metrics. Not accounting for them can 
obscure the effects of an intervention. Here we 
summarize some central concepts, rationales and 
techniques related to voice mapping.  
 
Keywords: voice analysis, voice map, voice range 
profile 

 
I. WHY MAP VOICES? 

 
Even healthy voices are notoriously variable across 

their ranges, and very different from person to person. 
In challenged voices, the diversity increases, due to 
various possible failures of the normal mechanism, and 
to the ensuing coping strategies. The vocal mechanism 
is such that almost all voice metrics vary considerably 
with fo and SPL, and usually in a nonlinear fashion. 
Furthermore, in response to identical elicitations at dif-
ferent times, humans rarely vocalize at the same fo and 
SPL [1,2]. In consequence, obtaining robust quantita-
tive evidence for the effects of interventions such as 
treatment or training has proven elusive. Legacy meas-
urements of single metrics taken from isolated vowel 
sounds that are sparsely and vaguely elicited (e.g., 
“soft-comfortable-loud”) are subject to what we might 
call ‘elicitation noise.’ Small changes in SPL or fo can 
in themselves result in consequential changes in the 
value of the observed metric. Therefore a method is 
needed that accounts for the two major non-linear 
metric covariates, fo and SPL, on an individual basis. 
Fortunately, individual voices are quite consistent: 

repeated productions by one person at the same fo and 
SPL will yield very similar results, unless the voice 
function of the person has changed, for whatever 
reason. The resulting map of the metric can be 
acquired pre- and post-intervention, with metric values 
positioned accurately in their fo×SPL-context. This 
allows interventions in individuals to be meaningfully 
assessed, by making a difference map. Doing so 
reveals that the effects of an intervention often are not 
the same in different parts of the voice range, under-
scoring the importance of adequate sampling.  

Crucially, to make a pre-post comparison, fo and 
SPL must be controlled for, or the added variability 
can obscure the effects of the intervention [3]. This 
control cannot be demanded of the subject; the task is 
too difficult for most people, and especially for those 
with challenged voices. When voice-mapping, how-
ever, data are automatically arranged by fo and SPL, so 
informant control is unnecessary. If some overlap can 
be elicited of the regions phonated pre- and post-inter-
vention, the informant’s spontaneous behaviour in fo 
and SPL when reading or singing can suffice; or 
overlap may be achieved with additional guidance by a 
therapist and/or by on-screen visual feedback. If no 
overlap is achieved, then that outcome in itself prob-
ably constitutes the primary effect of the intervention. 
 

II. WHAT IS A VOICE RANGE PROFILE? 
 

A VRP is a graph of the maximum phonatory range of 
a voice on the fo×SPL plane, i.e., a closed contour. 
Both fo and SPL are then dependent variables that 
describe the range over which the informant is capable 
of phonating; while the independent variable is the 
elicitation from the clinician or researcher (e.g., “as 
softly as you can”). There is a large body of literature 
on the VRP and its application in the clinic and the 
voice studio, reviewed in [4].  
 

III. WHAT IS A VOICE MAP? 
 

Voice mapping is the computerized process of 
collecting signals from the voice, determining fo and 
SPL, and mapping any signal features of interest onto 
the fo×SPL plane [4]. When the fo×SPL plane is 
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sampled with adequate resolution and extent, it is 
possible to construct reproducibly the full 2D scalar 
field of any given metric, which is consistent for that 
person, in her current vocal status. That is the voice 
map. In this case, fo and SPL are seen as the indepen-
dent variables, and the feature of interest is the 
dependent variable. In fact, as will be shown, we are 
usually interested in multiple simultaneous features, or 
metrics, and in how these vary together across the 
voice range. Examples of acoustic metrics could be the 
jitter, the spectrum balance (SB), or the cepstrum peak 
prominence (CPP). If we acquire also the electroglotto-
gram, then EGG metrics could be for instance the EGG 
contact quotient (Qci) or the normalized peak EGG 
derivative (Q∆) [6]. For each metric, the result will be a 
sparse matrix of data with SPL (rounded to integer dB) 
indexing the rows, fo (rounded to integer semitones) 
indexing the columns, and in each element of the 
matrix some feature of the distribution of the metric 
(typically, its mean). Each element is called a cell. 

For visualization on the screen, the numerical values 
in the cells are translated to a colour scale. This creates 
an image in which each cell is a ‘pixel’. Our eyesight 
excels at discerning regions and especially gradients in 
images. On voice maps, such topological features 
represent aspects of vocal function. 

Note that the voice map contains no temporal infor-
mation; rather, each cell contains an accumulated result 
of many intermittent visits to that particular fo and SPL. 
This means that voice maps emphasize the overall 
condition of the vocal instrument and how it is being 
used, but tell nothing of what is being said or sung.  
 

IV. TO THE EXTREMES, OR NOT? 
 

The VRP gives information on the operating limits 
of the informant’s voice, which often is clinically 
useful information, and straightforward to interpret. 
Phonating at the extremes is revealing, but it is also an 
unfamiliar task that requires a precise protocol and 
takes time. The voice map, on the other hand, gives 
information on the voice quality within the bounds of 
whatever region that is relevant, such as habitual 
speech or singing. If that region is smaller than the 
VRP, acquisition can be quicker. If the protocol for 
acquiring a VRP is followed using a voice-mapping 
system, then the contour of the mapped region (‘the 
coastline of the island’) will be equivalent to a VRP.  
 

V. SYSTEM REQUIREMENTS 
 

Several technical conditions must be met if voice 
mapping is to work well. The dynamic range of the 
audio chain should be at least 100 dB, which mandates 
recording with a low-noise microphone and a free-
standing pro-quality 24-bit audio interface. Multiple 

display screens are helpful, especially if visual feed-
back is part of the procedure. A high-end personal 
computer is needed—a budget laptop will be too slow. 
A good loudspeaker and/or headphones are also 
needed. 

Although voice maps are typically made from the 
acoustic signal only [7], we have found that including 
also the EGG signal has great explanatory power. In 
particular, crossing the vocal fold contacting threshold 
has interpretable consequences also for the acoustic 
metrics. An EGG device is therefore part of the recom-
mended setup. For making voice maps, the EGG 
device should have an analog output that can be used 
in parallel with a studio quality microphone. We know 
of no commercial EGG device in which the built-in 
microphone channel has a sufficient dynamic range for 
making full-range voice maps.  

 
VI. ANALYSIS CONSIDERATIONS 

 
Looking at the different layers of a voice map, it 

becomes apparent that the co-variation between met-
rics is often high, but not complete. For instance, the 
acoustic crest factor tends to plays a major role in the 
north-west part of the phonated area, but not else-
where. One may then ask which metrics will contribute 
most usefully to general voice assessment, and whether 
some metrics are more relevant than others, to specific 
voice problems. This is ongoing work. It is clear that 
there exists no single ‘holy grail’ metric that alone will 
suffice to characterize vocal status over the full range.  

Much debate and effort has gone into trying to reach 
consensus on exactly how to define and compute parti-
cular voice metrics. Even seemingly straightforward 
metrics, such as period jitter [8] or the EGG contact 
quotient have given rise to very many definitions [9]. 
For complex metrics such as the CPP, it seems to us 
unlikely that full consensus on the definition and 
implementation can ever be reached. For instance, a 
sophisticated computation of the CPP can be arbitrarily 
complex in an off-line system, where response time is 
not critical; while for a real-time system, one may have 
to resort to approximations. Also, the instrumentation 
at hand and operator skills invariably introduce noise 
and idiosyncrasies of their own.  

Now, we propose that much, if not most, of the 
information that we seek about the voice lies in the 
topology of the metric maps, rather than in the absolute 
metric values. So, if instead we move our focus of 
attention, from absolute values to how metrics change 
over the voice range, then voice function is empha-
sized, and the exact definition, calibration and compu-
tation of a metric become less crucial. In other words, 
the important thing is not whether the CPP (for in-
stance) computes to 18.34 dB or 22.91 dB, but rather 
how it has changed across an intervention. 

 
 

Figure 1. FonaDyn is a public-domain system for real-time voice mapping that analyzes the voice and EGG signals 
in parallel. It has a large repertoire of voice metrics, computes pre-post difference maps, and clusters phonation types 
as well as EGG wave-shapes, automatically or guided by the user. All input and result files are in standard formats, 
to facilitate further processing. FonaDyn is in continued development by author S.T. For more information, and a 
free open-source download for Windows or Mac, visit https://www.kth.se/profile/stern. 

 
Since every cell of a voice map typically contains an 
average of tens or hundreds of observations, that differ-
ence can be statistically tested for every cell [5]. Where 
a few cells are vacant but surrounded, the map can be 
interpolated and smoothed, also saving acquisition 
time. We still require each metric to have a relationship 
to one or more physical entities that is systematic and 
unchanging—but not necessarily linear or monotonic. 
This leads us straight into the topic of clustering.  

VII. CLUSTERING OF METRICS 
 

For comparing VRPs across individuals, several 
studies have explored ways of normalizing VRP con-
tours, by translation and scaling, e.g., to percent of full 
range (for an overview, see [10]). Unfortunately, such 
transformations have the effect of warping the axes of 
the map; the connection to the physics is lost. With 
voice maps, we can instead characterize phonation 
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sampled with adequate resolution and extent, it is 
possible to construct reproducibly the full 2D scalar 
field of any given metric, which is consistent for that 
person, in her current vocal status. That is the voice 
map. In this case, fo and SPL are seen as the indepen-
dent variables, and the feature of interest is the 
dependent variable. In fact, as will be shown, we are 
usually interested in multiple simultaneous features, or 
metrics, and in how these vary together across the 
voice range. Examples of acoustic metrics could be the 
jitter, the spectrum balance (SB), or the cepstrum peak 
prominence (CPP). If we acquire also the electroglotto-
gram, then EGG metrics could be for instance the EGG 
contact quotient (Qci) or the normalized peak EGG 
derivative (Q∆) [6]. For each metric, the result will be a 
sparse matrix of data with SPL (rounded to integer dB) 
indexing the rows, fo (rounded to integer semitones) 
indexing the columns, and in each element of the 
matrix some feature of the distribution of the metric 
(typically, its mean). Each element is called a cell. 

For visualization on the screen, the numerical values 
in the cells are translated to a colour scale. This creates 
an image in which each cell is a ‘pixel’. Our eyesight 
excels at discerning regions and especially gradients in 
images. On voice maps, such topological features 
represent aspects of vocal function. 

Note that the voice map contains no temporal infor-
mation; rather, each cell contains an accumulated result 
of many intermittent visits to that particular fo and SPL. 
This means that voice maps emphasize the overall 
condition of the vocal instrument and how it is being 
used, but tell nothing of what is being said or sung.  
 

IV. TO THE EXTREMES, OR NOT? 
 

The VRP gives information on the operating limits 
of the informant’s voice, which often is clinically 
useful information, and straightforward to interpret. 
Phonating at the extremes is revealing, but it is also an 
unfamiliar task that requires a precise protocol and 
takes time. The voice map, on the other hand, gives 
information on the voice quality within the bounds of 
whatever region that is relevant, such as habitual 
speech or singing. If that region is smaller than the 
VRP, acquisition can be quicker. If the protocol for 
acquiring a VRP is followed using a voice-mapping 
system, then the contour of the mapped region (‘the 
coastline of the island’) will be equivalent to a VRP.  
 

V. SYSTEM REQUIREMENTS 
 

Several technical conditions must be met if voice 
mapping is to work well. The dynamic range of the 
audio chain should be at least 100 dB, which mandates 
recording with a low-noise microphone and a free-
standing pro-quality 24-bit audio interface. Multiple 

display screens are helpful, especially if visual feed-
back is part of the procedure. A high-end personal 
computer is needed—a budget laptop will be too slow. 
A good loudspeaker and/or headphones are also 
needed. 

Although voice maps are typically made from the 
acoustic signal only [7], we have found that including 
also the EGG signal has great explanatory power. In 
particular, crossing the vocal fold contacting threshold 
has interpretable consequences also for the acoustic 
metrics. An EGG device is therefore part of the recom-
mended setup. For making voice maps, the EGG 
device should have an analog output that can be used 
in parallel with a studio quality microphone. We know 
of no commercial EGG device in which the built-in 
microphone channel has a sufficient dynamic range for 
making full-range voice maps.  

 
VI. ANALYSIS CONSIDERATIONS 

 
Looking at the different layers of a voice map, it 

becomes apparent that the co-variation between met-
rics is often high, but not complete. For instance, the 
acoustic crest factor tends to plays a major role in the 
north-west part of the phonated area, but not else-
where. One may then ask which metrics will contribute 
most usefully to general voice assessment, and whether 
some metrics are more relevant than others, to specific 
voice problems. This is ongoing work. It is clear that 
there exists no single ‘holy grail’ metric that alone will 
suffice to characterize vocal status over the full range.  

Much debate and effort has gone into trying to reach 
consensus on exactly how to define and compute parti-
cular voice metrics. Even seemingly straightforward 
metrics, such as period jitter [8] or the EGG contact 
quotient have given rise to very many definitions [9]. 
For complex metrics such as the CPP, it seems to us 
unlikely that full consensus on the definition and 
implementation can ever be reached. For instance, a 
sophisticated computation of the CPP can be arbitrarily 
complex in an off-line system, where response time is 
not critical; while for a real-time system, one may have 
to resort to approximations. Also, the instrumentation 
at hand and operator skills invariably introduce noise 
and idiosyncrasies of their own.  

Now, we propose that much, if not most, of the 
information that we seek about the voice lies in the 
topology of the metric maps, rather than in the absolute 
metric values. So, if instead we move our focus of 
attention, from absolute values to how metrics change 
over the voice range, then voice function is empha-
sized, and the exact definition, calibration and compu-
tation of a metric become less crucial. In other words, 
the important thing is not whether the CPP (for in-
stance) computes to 18.34 dB or 22.91 dB, but rather 
how it has changed across an intervention. 

 
 

Figure 1. FonaDyn is a public-domain system for real-time voice mapping that analyzes the voice and EGG signals 
in parallel. It has a large repertoire of voice metrics, computes pre-post difference maps, and clusters phonation types 
as well as EGG wave-shapes, automatically or guided by the user. All input and result files are in standard formats, 
to facilitate further processing. FonaDyn is in continued development by author S.T. For more information, and a 
free open-source download for Windows or Mac, visit https://www.kth.se/profile/stern. 

 
Since every cell of a voice map typically contains an 
average of tens or hundreds of observations, that differ-
ence can be statistically tested for every cell [5]. Where 
a few cells are vacant but surrounded, the map can be 
interpolated and smoothed, also saving acquisition 
time. We still require each metric to have a relationship 
to one or more physical entities that is systematic and 
unchanging—but not necessarily linear or monotonic. 
This leads us straight into the topic of clustering.  

VII. CLUSTERING OF METRICS 
 

For comparing VRPs across individuals, several 
studies have explored ways of normalizing VRP con-
tours, by translation and scaling, e.g., to percent of full 
range (for an overview, see [10]). Unfortunately, such 
transformations have the effect of warping the axes of 
the map; the connection to the physics is lost. With 
voice maps, we can instead characterize phonation 
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types with combinations of metrics, obtained by 
statistical clustering. For example, healthy breathy soft 
phonation typically has a low SB, a low CPP, a Qci of 
0.5 and a Q∆ just over 1; while healthy pressed loud 
phonation has a high SB, a high CPP, a Qci > 0.5 and a 
Q∆  > 5. Such combinations can be found automatically, 
and then used to classify previously unseen signals. 
The resulting categories are visualized with different 
colours on the voice map. For mapping, it is important 
not to include fo or SPL as clustering features, since the 
map itself already embodies them.  

By using a common clustering scheme based on nor-
mal voices to map pathological voices, it becomes easy 
to interpret the vocal status of the patient, and record-
ings of different patients can be compared. With the 
FonaDyn system (Figure 1), the clinician can also 
interactively define custom categories that are particu-
larly relevant to a specific patient’s voice disorder [11]. 
This further allows the cluster maps to represent quite 
closely the perceived character of a voice.  
 

VIII. CAN MACHINES LEARN FROM MAPS? 
 

The current upwelling of research based on AI and 
machine learning, while full of promising possibilities, 
also carries the risk that basic knowledge of voice pro-
duction will be downplayed or even ignored. It may be 
noted that the preprocessing of signals involved in 
making maps is well posed to give machine-learning 
models a head start, since the data is already reduced to 
a more compact form, and structured in a way that em-
phasizes the mechanisms of voice production. For 
instance, it seems likely that algorithms such as varia-
tional autoencoders, when applied to many maps, could 
uncover latent representations that correlate with the 
internal biomechanics, thus addressing the general 
inversion problem. Work along these lines has only 
just started. Of course, the voice map matrix represent-
ation is directly accessible to the vast toolboxes of 
legacy matrix algebra and image processing.  

 
IX. CONCLUSION  

 
We hope that others will be tempted to explore the 

rich world of voice mapping for their voice research. 
For a detailed position paper, please see [12]. While 
FonaDyn goes a long way, it is primarily a research 
tool. Hopefully, enough market pull will accumulate to 
resource the development and deployment of practical 
implementations for the clinic and the voice studio. 

If you find the prospect of voice mapping interest-
ing, you might want to join the group forum Voice 
Mapping Central [13], for more literature references, 
application notes and volunteered technical support, as 
well as other systems, and voice mappers with whom 
to chat.  
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     


     










     


     

     
German listeners accurately judged American speakers’ 
       
       
     

    




     
     

        


     

       

   
      
      
         
      
      
    
     
     
     
  







      

     
      


      
    
  

       

sustained vowel [a] (6 seconds), a read passage (“The 
North Wind and the Sun” by Aesop), and spontaneous 
    – 

        

















      






      
     








     

    
    

       
     
     


     










     


     

     
German listeners accurately judged American speakers’ 
       
       
     

    




     
     

        


     

       

   
      
      
         
      
      
    
     
     
     
  







      

     
      


      
    
  

       

sustained vowel [a] (6 seconds), a read passage (“The 
North Wind and the Sun” by Aesop), and spontaneous 
    – 

        













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

 

       
      
      


    













     

       
    
      
      
    

     



      

        


     

    

       



   





       


      

    


     

    
     
      



     





    
     
devoicing (e.g., [d] → [t], [b] → [p]). The stable 
        
sounds (e.g., [t] → [d]) and produced more forceful 

     

neurotic/introverted speaker’s speech featured dissonant 
        
     
stable/extroverted speaker’s speech included consonant 











      
      



        
       



    

impressions. The introverted speaker’s precise 
    
contrasted with the extroverted speaker’s dynamic pitch 



      



    
     

     



      
     
     
     
     
       


       

     


      
     
“meeting friends,” “going out”), participants were rated 
      


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     
    
      

     

     
      


    


    
     

     

      

    
      
      
     
     






      
“      
   ,”  

“
 ”, in   
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

 

       
      
      


    













     

       
    
      
      
    

     



      

        


     

    

       



   





       


      

    


     

    
     
      



     





    
     
devoicing (e.g., [d] → [t], [b] → [p]). The stable 
        
sounds (e.g., [t] → [d]) and produced more forceful 

     

neurotic/introverted speaker’s speech featured dissonant 
        
     
stable/extroverted speaker’s speech included consonant 











      
      



        
       



    

impressions. The introverted speaker’s precise 
    
contrasted with the extroverted speaker’s dynamic pitch 



      



    
     

     



      
     
     
     
     
       


       

     


      
     
“meeting friends,” “going out”), participants were rated 
      





      

      



      




       
     

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      

    
      
      
     
     






      
“      
   ,”  

“
 ”, in   
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

        
Friederici, “Musical syntax is processed in Broca's area: 
an MEG study,” 
–
        
     
    

       

     
      
    

] K.R. Scherer, “Social markers in speech,” 




     
–

] P. McAleer, A. Todorov, and P. Belin, “How do 
you say ‘Hello’? Personality impressions from brief 
novel voices,” 
   
   
     

] P. Belin, B. Boehme, and P. McAleer, “The sound 
    
perceived voice personality,” 

] S. Pearsell and D. Pape, “The effects of different 
       
speaker,”      

       
“Gemeinsame Kommunikationsstrategien von Sprache 
  –   
Grundfrequenzverlauf emotionaler Äußerungen,” in 
    
       
–
] M. Ploug and O. Niebuhr, “There is music in 
  –     
charisma,” in     
      

–
      
  


  

       
     –

  





      

     
   


     
   
   
    
     
      

    

    
    
     
      
    
    
     
      
      
     
       
     

    






     
    


      
     
      
       
     

     

 
     
 
      
    


      
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    

       

     
      
    

] K.R. Scherer, “Social markers in speech,” 




     
–

] P. McAleer, A. Todorov, and P. Belin, “How do 
you say ‘Hello’? Personality impressions from brief 
novel voices,” 
   
   
     

] P. Belin, B. Boehme, and P. McAleer, “The sound 
    
perceived voice personality,” 

] S. Pearsell and D. Pape, “The effects of different 
       
speaker,”      

       
“Gemeinsame Kommunikationsstrategien von Sprache 
  –   
Grundfrequenzverlauf emotionaler Äußerungen,” in 
    
       
–
] M. Ploug and O. Niebuhr, “There is music in 
  –     
charisma,” in     
      

–
      
  


  

       
     –

  





      

     
   


     
   
   
    
     
      

    

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







      


       


     

      
     

      















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
     

       
    
      
    


       
 

       


       
      

         
        
       
     

loudness, in quiet rooms, keeping the smartphone’s 
        
        
      
      
   
    
         
       
      
     
       
       
     



    

       
      
      
      
     

      
      
       




     


approximate the human auditory system’s response 

     
    

 
     
 
      
  
     

      

      

     α  
       
    
    
      
     
   
       
 
       
α





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 : Boxplots for the sustained vowels’ significant 
differences. A ● represents a p


       
     
      



 : Boxplots for the sustained vowels’ significant 
differences. A ● represents a p      

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       
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      
   
     
repeatability framework to study stressors’ influence 
     
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    
     
 –– 
     
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
     

       
    
      
    


       
 

       


       
      

         
        
       
     

loudness, in quiet rooms, keeping the smartphone’s 
        
        
      
      
   
    
         
       
      
     
       
       
     



    

       
      
      
      
     

      
      
       




     


approximate the human auditory system’s response 

     
    

 
     
 
      
  
     

      

      

     α  
       
    
    
      
     
   
       
 
       
α





      
        

      

      




 : Boxplots for the sustained vowels’ significant 
differences. A ● represents a p


       
     
      



 : Boxplots for the sustained vowels’ significant 
differences. A ● represents a p      


       

     

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       

    
      
     
        

      
       
       

       



   
     


      
      
       

      
      
    
    
     
 –– 
     
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      
     
 

unstable vocal folds’ adduction.    
     
     
     
       





     

      
the students’ stable personality traits. 
      

    
      

       
    
     
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     
      
     


      

] Kim, S., Kwon, N., …& Bartlett, M. (2020, July). 
       
      

] Olah, J., … & Cummins, N. (2023). Online speech 
      
     
     

] König, A., …& Robert, P. (2021). Measuring 
       
     
      


     
       

    …     
      
     

        
     

] Miller, J. D., … & Lynam, D. R. (2022). 
      
     
      

  
     
      





      

      
      
    
     
     
     
     
     
       

       
       
    

       



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       
         

     

      

        













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
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       
     

       


     
      
     
      
      

       


       


     






   

      

     

       
        

     
    
       
    


    
       

        
     
 
        

       
   
         
       


(α) of 0.050.









 


  

 
     














  












  

   














  












  

   














  












  

   














  

 









  

   
Caption: *p ≤ 0.050, **p ≤ 0.010, ***p ≤ 0.001; p
–

       
       
   
      

      
     
       
    



   

    
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
       



      
     
     

       




  
     



    
       
       
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       
     

       


     
      
     
      
      

       


       


     






   

      

     

       
        

     
    
       
    


    
       

        
     
 
        

       
   
         
       


(α) of 0.050.









 


  

 
     














  












  

   














  












  

   














  












  

   














  

 









  

   
Caption: *p ≤ 0.050, **p ≤ 0.010, ***p ≤ 0.001; p
–

       
       
   
      

      
     
       
    



   

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
       
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      
     
     

       




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
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     
     
    
      
    
   
    
      
    

       
      
    
      
        
      
     
    
 
       






     

    
        

      
      
 
      
      

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