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Abstract

Auditory feedback modulation (AFM) — altering how speakers hear their
own voice during phonation *_is a well-established method for investigating
vocal motor control. Healthy speakers typically respond to AFM with com-
pensatory adjustments in the opposite direction, such as lowering pitch in
response to upward pitch shifts. Whether hoarseness-induced auditory feed-
back elicits comparable compensatory (behaviour — specifically, vocal adjust-
ments that enhance acoustic voice quality = remains unknown. To address
this gap, the present study pursued two aims¢ (1) to introduce and evaluate a
real-time voice resynthesis system, VQ-Synth, designed to induce the percept
of hoarseness in otherwise healthy voices, and (2)%oftest whether hoarseness-
induced auditory feedback leads to compensatory improvements in acoustic
voice quality, measured by smoothed cepstral peak promiinence (CPPS). In
Study 1, participants rated recordings of their own voice’ processed with
four different resynthesis methods. Overall, the anti-peak-window method,
which inserted noise between the pitch-related amplitude peaks; produced
the strongest percept of dysphonia. In Study 2, this method was applied in
an AFM experiment to modulate voice quality in real-time. Participafts sus-
tained the vowel /a:/ 140 times. In the AFM group, auditory feedback was
modulated according to a phase design (baseline, ramp, hold, after), whereas
the control group received unaltered feedback throughout. CPPS in the AFM
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group increased significantly from baseline through ramp and hold and re-
mained elevated in the after phase, while there was no CPPS increase in the
control group. These results indicate that the improvement in acoustic voice
quality was not a practice effect but indeed driven by hoarseness-induced
AFM. Future work will explore V(Q-Synth’s potential in connected speech
and its application as a therapeutic tool for individuals with dysphonia.
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Modulation, Motor Learning

Introduction

When we speaks we rely on auditory and somatosensory feedback to com-
pare our intended vecaloutput with how we actually perceive our voice. !
If our brain detects a mismatch, corrective motor commands are sent to the
phonatory or articulatory muscles to compensate for it — a process governed
by vocal motor control. A tgmmon method for investigating speakers’ vo-
cal motor control involves modulating their auditory feedback, and studying
the resulting phonatory responsésy(sce Alves et al.3, for a scoping review).
In auditory feedback modulation (AFM)yparadigms, participants are asked
to phonate into a microphone and receivésan acoustically perturbed real-
time feedback of their voice through headphones.q Healthy speakers typically
compensate for this perturbation, modifying $heir voice in the opposite di-
rection.?

The pitch-shift reflex (PSR) is the most extenSively studied example of
such compensatory responses, elicited by upward or dewaward pitch shifts
in the auditory feedback.*® When a speaker’s pitch is shifted upward, they
typically compensate by lowering their pitch, and vice versas Such com-
pensatory responses may temporarily persist even after auditory feedback is
restored to normal (post-modulation effect).?® Similar responsesihaye been
observed for vocal loudness, with speakers speaking more softly when re-
ceiving louder feedback of their own voice through headphones.®® In PSR
research, the magnitude of pitch shifts applied often varies between 50 and
100 cents, with 100 cents corresponding to one semitone.*®1° Larger pitch
shifts often increase response magnitude, but this relationship is not strictly
linear. For example, Arbeiter et al.'! applied shifts of 700 cents and observed
responses of only about 11 cents, whereas other studies using shifts of just
50 cents reported responses ranging between 13 and 20 cents.®!°



Compensatory responses to AFM can be explained within the framework
of the Directions Into Velocities of Articulators (DIVA) model by Guen-
ther et al.»?!2. The DIVA model describes speech production as involving
the interaction of auditory and somatosensory feedback mechanisms with
feedforward control. The feedforward system generates motor commands
that control articulatory movements, while the feedback system monitors
the resulting output. The feedback system itself is further divided into au-
ditory amd somatosensory components. During speech production, motor
commandsyfrom the feedforward system are transmitted to the articulatory
and phonatory musculature, and the resulting auditory and somatosensory
feedback is compared against predicted feedback. If a mismatch is detected,
corrective motor cemmands are sent to the relevant muscles. Such corrective
adjustments manifest~as compensatory responses — that is, error corrections
aimed at achieving the phonatory or articulatory target. While this has
repeatedly been demonstrated in pitch- or amplitude shift paradigms, the
effects of perceiving a degraded voice quality via auditory feedback are still
unknown.

Part of the reason might be that{in contrast to the unidimensional param-
eters of pitch and amplitude, véice  ghiality is a multidimensional construct
that includes a broader range of audifery features.!® Kreiman et al.'* de-
scribe voice quality as the auditory coletiring of a person’s voice, shaped
by different configurations of the larynx and Voeal tract, which allows the
speaker to be distinguished from others. Voi€edquality is primarily an au-
ditoryperceptual phenomenon.'® Healthy voices’are: generally perceived as
clear and resonant, whereas disordered voices are chafacterised by hoarse-
ness (dysphonia).'® More specifically, the quality of @ dysphonic voice can
be described and assessed in terms of roughness, breathinessypasthenia, and
strain'®. In line with the predictions of the DIVA model*%'% " we propose
that degrading a speaker’s voice in the auditory feedback could€licit com-
pensatory adjustments that promote more efficient and physiologicalyvoice
use, manifested as improved voice quality. If confirmed, this finding could
have significant implications for voice training and therapy.

Voice disorders affect a substantial portion of the population, particu-
larly professional voice users (e.g., teachers, singers, lawyers), with preva-
lence reaching 44 %.'7 In a study involving over 14,000 US teachers in the
Miami region, Rosow et al.'® assessed the economic impact of voice disor-
ders using a self-administered survey. The study found that voice-related
absenteeism cost society an estimated $1 billion, and the financial burden of



presenteeism (the impact of voice disorders on work productivity) amounted
to approximately $300 million. Beyond the personal and economic effects,
voice disorders can also negatively influence listeners, leading to reduced cog-
nitive performance and greater listening effort. 22 One of the most common
types of voice disorders, observed in approximately 30 % of voice patients,
is primary muscle tension dysphonia (MTD).? In primary MTD, the vocal
folds age structurally normal, but their vibration is disrupted by excessive,
imbalaneeéd muscular activity.?* Traditionally, primary MTD is treated with
voice thefapy,'® which includes exercises aimed at reducing tension and im-
proving vécalfunction. If tailored to support these therapy goals, AFM could
provide a rendote option, allowing patients to practice and enhance their voice
quality beyond traditional clinical settings.

However, becatiseof its multidimensional nature, generating an authen-
tic hoarse voice quality for real-time AFM is challenging. Previous attempts
to “hoarsify” a voice — by.altering jitter, shimmer, spectral decay, or adding
noise — have, to the best of our knowledge, all been implemented offline. 2527
In the absence of a real-time solution, we developed VQ-Synth, a voice resyn-
thesis system whose primary functien is to induce or amplify hoarseness in
speaker’s auditory feedback. Implemented in the Kiel Real-Time Application
Toolkit (KiRAT; https://kirat.de/), Vi@-Synth has evolved from its original
offline version?” to offer real-time functionality, enabling direct perturbation
of voice quality with a minimal hardware précéssing delay of 3.5 ms and an
overall system delay of approximately 16 ms. In térms of hardware, VQ-Synth
consists of a microphone to capture the speaker’s voice, a low-latency audio
interface to route the voice signal to a computer or laptop for processing,
headphones to deliver the modified feedback to the partigipant, and a screen
to present instructions (see supplementary Figure S.1). For signal processing
(see supplementary Figure S.2), linear prediction (LP) is used to,ebtain the
error signal (which is the difference of the short term predicted’amnd, original
speech signal), from which pitch related amplitude peaks are detéctéd; ad-
ditional noise is then generated based on this information and added back
to the error signal at various signal-to-noise ratios (SNRs). Here, the ratio
is defined based on the original speech signal in contrast to the noise that
has been intentionally added. Before being played back to the participant
via headphones, the recombined signal can be further modified by adjusting
the spectral decay per octave (SDO) to enhance the perceptual dampening
of the output signal.
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Figure S.1. Illustration of the V@Q-Synth system in use. es indicate the key processing steps: voice
capture, resynthesis and manipulation to induce hoarse i real-time playback through headphones.
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Figure S.2. Block diagram of the VQ-Synth system. The incoming voice signal s(n) undergoes
preprocessing and linear prediction analysis to extract the error signal e(n). Additional noise is generated
and added to e(n) at various signal-to-noise ratios. The signal is then resynthesized and modified via
spectral decay before being presented as y(n).

When analysing phonatory responses to AFM, a speaker’s voice quality
can be characterised using a range of acoustic voice parameters (e.g., jitter,
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shimmer, harmonics-to-noise ratio)?, with cepstral peak prominence (CPP)
currently regarded as especially reliable.?? 32 Derived from the cepstrum (the
inverse Fourier transform of the logarithm of a signal’s spectrum), CPP mea-
sures the strength of harmonic structure relative to noise, with lower values
indicating reduced periodicity and higher values reflecting a clearer, more
harmonic voice quality. CPP is typically extended to smoothed cepstral
peak prominence (CPPS), which averages cepstral magnitudes across time
and ueffencies to minimise the effects of short-term fluctuations.®® Support-
ing its value as a measure of voice quality, CPPS has been found to show
strong cofrelations with auditory perceptual measures of hoarseness, includ-
ing breathine$s, roughness, and strain.®? To distinguish between healthy and
dysphonic voiceg based on CPPS measures from sustained vowels calculated
with Praat?®3, Murtowet al.?! reported a cutoff of 14.5 dB CPPS. Importantly,
when analysing and‘intérpreting CPP or CPPS, it should be considered that
the values can be influenced by multiple factors; they are generally higher for
vowels than for continuousfspeech,3!:3* higher in male than female voices,3!:3
higher for louder versus softef voice SPL,3¢ and may also vary depending on
the software algorithms used.3%33

Despite CPPS is now a well-éstabliShed measure of acoustic voice quality,
a gap remains in evaluating CPPS changes in response to AFM. We are aware
of only one study that has investigated thishissue.3” Specifically, Schenck et
al.?” explored the impact of loudness and piteh $hifts on healthy participants’
changes in acoustic voice quality. Their findings@howed no significant effect
of pitch shifts, and while loudness shifts produced @ relative increase in CPPS,
the direction of the voice adaptation varied across participants and could
not be tied to upward or downward shifts. In light of‘these mixed findings,
and given our assumption that phonatory compensation primiarily relates to
the specific voice characteristic being modified, we sought to'move beyond
pitch and loudness. Thus, we investigated the impact of hoarsenesssinduced
auditory feedback on CPPS.

Research intent

In a series of two studies, our aim was to carry out an auditory-perceptual
evaluation of the VQ-Synth system and then apply it in the context of AFM.
Specifically, Study 1 evaluated VQ-Synth’s ability to induce perceived hoarse-
ness in healthy speakers listening to pre-recorded, modified vowels from their
own voice, while Study 2 examined the effect of real-time, hoarseness-induced
auditory feedback on acoustic voice quality, as measured by CPPS.



In Study 1, participants first recorded a sustained vowel /a:/, which was
subsequently manipulated using four resynthesis methods that differed in how
noise was added to the signal. In a listening task, participants then repeatedly
rated the perceived voice quality of their unaltered and manipulated vowel
samples on visual analogue scales. We hypothesised that the manipulated
samples would be judged as more impaired, breathy, strained, asthenic, and
hoarsehan unaltered controls (H1.1). As a side effect of voice manipulation,
we also_ énticipated the manipulated samples to be judged as less natural
than thefeentrols (H1.2), as has previously bee observed.?%?” Furthermore,
we predicteddifferences between the resynthesis methods in their ability to
produce a dysphonic yet natural-sounding voice percept (H1.3). The most
suitable resynthésis method was selected for real-time AFM in Study 2.

Study 2 employed=a real-time AFM paradigm in form of a phase design.
Participants produced 440 repetitions of sustained /a:/-vowels, while their
auditory feedback was eithér unaltered or manipulated. In the AFM group,
feedback progressed in a fixed order through four phases: baseline (unal-
tered), ramp (stepwise modulation increase), hold (maximum modulation),
and after (unaltered). In the cont¥el group, feedback remained unchanged
throughout. For the AFM group, wefhypothesised that hoarseness-induced
auditory feedback would significantly dngrease CPPS compared to baseline
(H2.1). We also expected CPPS to be highier in the hold phase compared
to the ramp phase (H2.2). Finally, we anticipated a post-modulation effect,
with higher CPPS in the after phase comparédse, baseline (H2.3). For the
control group, we did not expect CPPS to vary across the trials corresponding
to the different phases.

Study 1

This study focused on an auditory-perceptual evaluation of thes¥Q)-Synth
system, assessing its effectiveness in inducing a dysphonic voice pefcept. To
this end, voice resynthesis was performed offline, and participants listened to
and rated both unaltered and modified recordings of their own voice.

Method

Participants

Study 1 included 36 participants (25 @, 11 &'), aged between 19 and 42
years (M = 24, SD = 6), mainly psychology students at RWTH Aachen



University. All met the following inclusion criteria: <1 voice symptom (self-
administered vocal health questionnaire; supplementary material T.1), no
self-reported cold in the past 14 days, an Acoustic Voice Quality Index
(AVQI) score below 3.05 (German cut-off, indicating healthy voice qual-
ity®®), normal hearing (< 20dB HL between 500 Hz and 4 kHz; pure-tone
audiometry screening, Auritech ear 3.0), C2-level German proficiency (self-
report)y and normal or corrected-to-normal vision (self-report). Of an ini-
tial gample of 56 participants, 20 were excluded for symptoms of dysphonia
(n = 10){hearing loss (n = 5), technical problems (n = 3), or participant
attrition {nf= 2). Ethical approval was obtained from the Ethics Com-
mittee of the Kaculty of Arts and Humanities at RWTH Aachen University
(ref. 2023 18 EB# _eRWTH Aachen). Participants provided informed con-
sent prior to the study and were reimbursed with €10 or one course credit.

Task

Participants’ task was towisten to pre-recorded samples of their own sus-
tained /a:/-vowel (unaltered or manipulated according to four different resyn-
thesis methods described below) amnd, provide voice quality ratings after each
sample. Using visual analogue 8calesg,they rated each sample across 6 di-
mensions: vocal health (0 = impaired, 200 = healthy), naturalness (0 =
synthetic,100 = natural), hoarseness*(Q" & hoarse, 100 = clear), strain
(0 = strained, 100 = ef fortless), astheniaf(0, &= weak, 100 = resonant),
and breathiness (0 = breathy, 100 = notbreathy). Each sample could be
replayed by the participant as many times as they wished.

Technical set-up

VQ)-Synth was used to generate 24 resynthesis conditions from four meth-
ods, each differing in how noise was integrated with the error(signal. Based
on the temporal structure of the vocal fold cycle, we applied fous methods to
introduce noise at specific areas order aligned to specific points. Neisezregions
were shaped and positioned using a Blackmann window, with adjustments
in height, width, and alignment to the pitch peaks in the error signal. We
chose this approach to simulate the physiological mechanisms typically un-
derlying hoarseness, such as incomplete glottal closure or irregular vocal fold
vibration, which cause audible turbulent airflow and air leakage.® The anti-
peak-window method added noise between peaks; the peak-window method
added it around peaks; the peak-window-+noise method combined constant
average and peak-related noise; and the short-term-envelope method corre-
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Figure 1: Comparison of the four resynthesis methods for moise addition. The LP error
signal is shown in blue; orange lines indicate waveforms multiplied by noise to modulate
the voice signal.

lated noise with signal amplitude. For a direct comparison ofgthésé@methods,
see Figure 1. For each method, the six conditions were generated Hypcombin-
ing different SNRs (12-26 dB) and SDOs (0 or 2 dB, starting at*1000, Hz).

Prior to the experiment, participants’ voice was recorded using a DPA
4066 headset microphone (2.5 cm from the mouth), and processed via an
RME Fireface UC sound card. Voice resynthesis was performed in KiRAT.
The unaltered and modified vowel samples were then embedded within the
listening task. The presentation level was set to 65 dBA, with stimuli pre-
sented via headphones (Sennheiser HD 280 Pro).



Procedure

The experiment took place in a soundproof booth and lasted about 45
minutes. After an introduction and eligibility screening, participants were
fitted with the headset microphone and headphones, then trained to produce
sustained /a:/ vowels at a constant pitch and amplitude. During the train-
ing phase, the experimenter — trained by a speech-language pathologist —
first demonstrated a stable vowel production as a model. Participants then
practiced’several productions, aiming for approximately 4-second vowels with
minimal#variation in loudness and pitch. Amplitude was monitored using a
sound leveldmeter (PCE-322A) positioned in front of the participant, and
practice continued until they could consistently maintain a sound pressure
level of 65 dBA (d=*24BA) at a mouth-microphone distance of 30 cm. Pitch
stability was assessedyby the experimenter, who provided verbal feedback
until the vowel productions were perceived as stable.

This training was followed by a voice recording of both a sustained vowel
/a:/ and a short phonetically balanced text. Both recordings were used to
determine the AVQI score as.part of the inclusion criteria. The sustained
vowel was additionally used to genérate the unaltered and manipulated voice
samples for the subsequent listeningdask. Voice resynthesis occurred auto-
matically in the background using VQ:Synth.

The main task, which involved listenifig to and rating the samples, con-
sisted of 27 randomised trials (preceded by fve pfactice trials), where partic-
ipants rated each voice sample following on-séreen instructions. Out of the
27 trials, three consisted of unaltered voice samples; while the remaining 24
were manipulated according to the resynthesis conditigns described above.

Statistical analysis

Data analysis was conducted in RStudio (4.4.2; R Core Team?). We
calculated a composite score from the voice-quality ratings to determine the
resynthesis method that most effectively induced dysphonia. Fach®zating
dimension contributed equally, resulting in a composite score between'0 and
100. For calculating the composite score, ratings on the visual analogue scales
were recoded so that the more impaired, hoarse, strained, asthenic, breathy,
and natural a sample was rated, the closer its score was to 100. Thus, higher
composite scores indicate samples reflecting better resynthesis performance
(i.e., a more dysphonic percept).

To assess the effect of the resynthesis methods, we fitted linear mixed-
effects models (LMMs) using the Ime4 package,® with method as a fixed
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factor and random intercepts for condition (nested in method) and partici-
pant. Additional random factors (AVQ], trial, age) did not improve model fit.
Diagnostic checks on the LMM confirmed that all model assumptions were
satisfied. Post-hoc analyses were conducted using the emmeans package,*!
with Tukey’s HSD adjustment for multiple comparisons.

Results

Rigwré 2 displays participants’ ratings of the unaltered (control) samples
and thogé modified according to the four resynthesis methods. As expected,
unaltered’samples were rated as relatively healthy, natural, clear, effortless,
resonant, and mot breathy (means: 69-78; SDs: 22-25). In contrast, altered
voices received rapings clustered nearer the centre of the scale (means: 39—
58; SDs: 28-29). Notably, for the anti-peak-window method, ratings shifted
further toward the impaired end of each scale — the direction targeted by our
manipulations.

Impaired- | -Healthy
Synthetic- -Natural
Hoarse- 2Clear Method
— Control
— Anti-peak-window
Short-term-envelope
Sr—— “Effortl — Peak-window-noise
traine ortless Peak-window
Asthenic- -Resonant
Breathy- -Not breathy

0 10 20 30 40 50 60 70 80 90 100
Rating

Figure 2: Semantic differential of participants’ auditory-perceptual ratings for unaltered
(control) and manipulated voice samples (anti-peak-window, short-term-envelope, peak-
window+noise, peak-window).
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This is also reflected in the composite scores, where the highest scores were
achieved with the anti-peak-window method (M = 52, SD = 14), followed by
the short-term-envelope (M = 49, SD = 15), peak-window+noise (M = 49,
SD = 15), and peak-window methods (M = 47, SD = 16). As expected,
composite scores were lowest for the control (M = 34, SD = 16), reflecting
normal unimpaired voice quality. The LMM revealed a significant effect of
resynthesis method on composite scores (x%(4) = 23.89, p < .001, 772 =
0.59)." PRost-hoc analyses showed that all four methods outperformed the
control (@lhyp's < .05) with no significant differences between them (p > .20).

In sumpgary, Study 1 showed that all resynthesis methods induced the
desired dysphenic-voice percept. Auditory-perceptual ratings indicated the
anti-peak-windo@wmethod was most effective. Although its advantage was
not statistically significant, we selected this method for Study 2 because it
was descriptively thesmost successful in inducing perceived dysphonia.

Study 2

This study examined the effectsof hoarseness-induced auditory feedback
on healthy speakers’ voice qualitye In, an auditory feedback task, partici-
pants repeatedly sustained vowels whide feedback followed a phased design
(baseline, ramp, hold, after). To account férppractice effects, a control group
completed the same task with consistently unaltered feedback.

Method

Participants

A new sample of participants was recruited for Studyr2, using the same
eligibility criteria as in Study 1. The AFM group consisted 0f'84 participants
(22 female, 12 male; age 19-35 years, M = 24, SD = 3), after exeluding 13
of the initial 47 due to dysphonia (n = 12) or technical issdcs™(n = 1).
The control group included 22 participants (16 female, 6 male;“agetl9-57
years, M = 24, 5D = 8) after excluding 12 of 34 due to dysphonia (# = 7),
technical issues (n = 4), or hearing loss (n = 1). Again, participants were
primarily psychology students who received €10 or a course credit. Informed
consent was obtained prior to the study. The study was approved by the
Ethics Committee of the Faculty of Arts and Humanities at RWTH Aachen
University (AFM group: ref. 2023 18 FB7 RWTH Aachen; control group:
ref. 2024 11 FB7 RWTH Aachen).
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Task

Participants were asked to sustain the vowel /a:/ for 4 seconds each for
a total of 140 trials (plus five practice). For the AFM group, the experi-
ment followed a phase design, similar to Stepp et al.#2. The first 20 trials
involved no feedback modulation (baseline), the subsequent 50 trials involved
a stepwise increase of modulation intensity, followed by 50 trials at maximum
modulation intensity (hold), and finally another phase of 20 trials with no
feedbackfmodulation (after). For the control group, the task was identical,
except that auditory feedback was kept unaltered for the entire 140 trials.

Technical setfup

During the experiment, participants’ voice was recorded using a DPA 4066
headset microphowe(2.5 cm mouth-microphone distance), and processed via
an RME Fireface UC Sound card. Auditory feedback was presented via
closed headphones (Senuheiser HD 280 Pro). Prior to the study, headphone
output was calibrated to approximately match participants’ own perceived
vocal intensity. Calibration was/performed using a dummy head (HMS I1.3)
inside a soundproof booth, whichaecorded the headphone signal. This was
compared to a speaker’s voice level(uixdBA) measured near the ears with a
class 2 sound level meter (PCE-322A) gwhile the speaker, positioned outside
the booth, repeatedly produced sustainéd(/a:/ vowels. Headphone gain was
adjusted until the levels were matched.

For the AFM group, auditory feedback wasfmodulated using the anti-
peak-window method (added noise between pitch related amplitude peaks)
in VQ-Synth. Following the unaltered baseline, the rammp phase involved a
stepwise decrease in SNR from +17 dB to +13 dB;"wath SDO held con-
stant at 2 dB. During the hold phase, maximum modulation®was applied at
+12 dB SNR and 2 dB SDO, after which the alteration returneéd«o zero in
the after phase. In the ramp and hold phases, AFM began quasiFrandomly
between 1.0 and 1.3 s after phonation onset, preceded by a 100 mS fade-in,
and was maintained until the end of each trial. For the control group, the
auditory feedback was unaltered throughout all trials. The experiment was
implemented in KiRAT allowing real-time modulation.

Procedure

The experiment was conducted in a soundproof booth (studiobox pre-
mium) and lasted approximately one hour. After eligibility screening, par-
ticipants were fitted with the headset microphone and headphones, trained
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to produce /a:/ at a constant pitch and amplitude, and recorded samples
for AVQI calculation. They then performed the main auditory feedback task
while seated in front of a computer screen that guided them through the
procedure. Voice input was recorded and digitised at 44.1 kHz with a 24 bit
resolution. Participants remained blind to the specific study aim until de-
briefing, being told only that the goal was to assess voice changes over time.

Analgsis

Towassess the effect of hoarseness-induced auditory feedback on CPPS,
we extracteds CPPS values from participants’ voice recordings using Parsel-
mouth, a Python interface to Praat.3**3 For trials with unaltered auditory
feedback (baseliue and after trials in the AFM group, and all trials in the con-
trol group), CPPSswas calculated from 2-s steady state mid-vowel portions.
In the AFM group’sramap and hold phases, CPPS was calculated from a 300-
ms window, following Séhenck et al.3”. This analysis window was chosen to
span 100-400 ms after modulation onset, based on PSR research indicating
that phonatory responses d6 floté6ccur within the first 100 ms. 31944

Statistical analysis was conducted in RStudio (v4.4.2; R Core Team®).
Using the lme4 package,® threedliMMs were fitted: one assessing the effect
of phase on CPPS in the AFM group, one in the control group, and a third
evaluating the phase-by-group interactiondon standardised CPPS (z-scored
calculated within each group, M = 0,SP £,1) across all data to ensure
group differences reflect true effects. In additiondo phase, we included gen-
der as a fixed effect to control for male—female differences. All participants
self-identified as male or female; none reported a non-binary gender. Random
effects — participant ID, AVQI score, trial, RMS input (260tsmean-square am-
plitude of participants’ voice input), fy input (mean fy in, pasticipants’ voice
input), jitter input (refers to the degree of frequency fluctudtions in the voice
input), and shimmer input (refers to the degree of amplitude fluctuations in
the voice input) — were sequentially added to the LMMs and only.zétained if
they significantly improved the model fit, which was assessed through¢likeli-
hood ratio tests. The final LMMs were specified as:

CPPSarm ~ Phase + Gender + (1 | Trial) + (1 | RMSinput) + (1 | fo_input) + (1 | Jitterinpus) + (1 | ID)
Cppscontrol ~ Phase + Gender + (1 | Trial) + (1 | RMSinput) + (1 | fOiinput) + (1 | Jitterinput) + (1 | ID)
CPPSgtandardised ~ Phase*Group + Gender + (1 | RMSinput) + (1 | fo_input) + (1 | Jitterinput) + (1 | ID)

Diagnostic checks indicated that model assumptions were met by all three
LMMs. Post-hoc analyses were conducted as in Study 1.
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Table 1: Results from the LMM modelling the effect of phase (baseline, ramp, hold, after)
on CPPS estimates in Study 2’s AFM group

Effect Estimate SE  df t P

Intercept 14.44 0.31 35 46.97 < 0.001
Ramp 0.34 0.06 160 5.61 < 0.001
Hold 0.58 0.06 160 9.46 < 0.001
After 0.56 0.07 172 7.59 < 0.001

Gender(m)  2.60 051 32 512 <0.001

Note. Intefcept®= estimated CPPS for women in the baseline phase; Ramp, Hold, and
After = phase éffects relative to baseline; Gender(m) = relative CPPS increase for male
compared to femalg participants; Estimate = model coefficient; SE = standard error;
df = degrees of freedom: ¢ = t-statistic, p = p-value.

Results

The LMM modelling the data‘from the AFM group revealed a significant
effect of phase (baseline [trials 120, ramp |[trials 21-70], hold trials |71~
120], after [trials 121-140]) on CRPSgx*(3) = 100.21, p < .001, 2 = .37
(see Table 1 for a summary of the me@del output). Assessing this further,
pairwise comparisons showed that CPPS significantly increased from baseline
to ramp (A = 0.34, SE = 0.06, p < .001,"ds= 0:29), from baseline to hold
(A =0.58, SE =0.06,p < .001, d = 0.49), andfrem ramp to hold (A = 0.23,
SE = 0.05, p < .001, d = 0.20). Moreover, CPP§ rmained elevated in the
after phase, with a significant difference compared topbaseline (A = 0.56,
SE = 0.07, p < .001, d = 0.48) and no significant diffczence compared to
hold (p = .997). Notably, CPPS varied with gender, x*(Iy & 26, p < .001,
775 = .45, with higher values in males compared to females (A& 2:60, SE =
0.51, p < .001, d = 2.20). Descriptive CPPS values per phase wétes baseline
M = 15.39, SD = 2.70; ramp M = 15.71, SD = 2.92; hold M+=¢15.93,
SD = 3.03; after M =15.91, SD = 2.94. The CPPS trajectory is visualised
in Figure 3, showing mean CPPS across all 140 trials with a LOESS curve
(locally weighted polynomial regression) and shaded 95% confidence interval.

In the control group, where auditory feedback remained unaltered through-
out the experiment, mean CPPS per phase were relatively stable across
baseline (M = 16.08, SD = 2.70), ramp (M = 16.02, SD = 2.92), and
hold (M = 16.13, SD = 3.03), and slightly decreased in the after phase
(M =15.92, SD = 2.94). The LMM revealed a significant but small effect of
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phase on CPPS, \%(3) = 8.08, p = .044, 77% = .05, with pairwise comparisons
indicating that CPPS decreased from hold to after (A = —0.26, SE = 0.09,
p = .027, d = 0.21), while all other comparisons were not statistically sig-
nificant (p > .19). Again, CPPS varied with gender, x?(1) = 5.7, p = .017,
7> = .23, with higher values in males compared to females (see Table 2).

Finally, our LMM based on standardised CPPS from both groups (AFM
and control) revealed a small but significant phase-by-group interaction,
F(3,6647) = 15.74, p < .001, 2 = .007 (see Table 3). Figure 4 illustrates this
interactiony, demonstrating the distinct trajectories of standardised CPPS as
a functiont ofegroup and phase: in the AFM group, CPPS increased from
baseline to ramp, peaked during hold, and remained high in after, whereas
in the control groupe CPPS showed no increase during ramp and hold and
even decreased in after. Reflecting the results of the group-separated LMMs,
standardised CPPS"wa$ higher in males than females, F'(1,51.5) = 28.69,
p < .001, 775 = .36.

Table 2: Results from the LMM modelling the effect of phase (baseline, ramp, hold, after)
on CPPS estimates in Study 2’s contrel group

Effect Estimate “Sk=, df t P
Intercept 15.12 0.62 420 24.55 < 0.001
Ramp -0.02 0.09 143, 50.27 0.784
Hold 0.05 0.09 1604 0.54  0.588
After -0.21 0.11 155" A.87 0.064

Gender(m) 2.81 1.18 19 239 0.027

Note. Intercept = estimated CPPS for women in the baseline phage; Ramp, Hold, and
After = phase effects relative to baseline; Gender(m) = relative CPPSfincrease for male
compared to female participants; Estimate = model coefficient; SE = standard error; df
= degrees of freedom; t = t-statistic, p = p-value.
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Figure 3: Changes in CPPS"agress experimental phases in Study 2’s AFM group. In
the baseline phase, auditory feedback was unaltered; the ramp phase involved a stepwise
increase of hoarseness; in the hold phase, the maximum level of hoarseness was applied;
and in the after phase, feedback returned“to its unaltered state.

Note. The LOESS line shows the smoothed CPRS trajectory across all trials. The early
rise (first 20 trials) may reflect both a practice éffect and smoothing over multiple
phases, which averages phase-specific changes.

Table 3: Fixed effects from LMM fitted by REML, showing the effect of phase and study
on standardised CPPS estimates

Effect Estimate SE df t D
Intercept -0.56 0.14 53 €3.92, <0.001
Group (Control) 0.20 020 54 1004 _0.321
Phase (Ramp) 0.15 0.02 7081 6.05 { _<'0.001
Phase (Hold) 0.26 0.03 7046 10.50 <0:001
Phase (After) 0.26 0.03 6525 8.53 < 0.001

Gender (Male) 1.09 020 51 536 <0.001

Group:Phase (Control:Ramp) -0.16 0.04 7154 -3.93 < 0.001

Group:Phase (Control:Hold) -0.23  0.04 6368 -5.68 < 0.001
(

Group:Phase (Control:After) -0.31 0.05 6750 -6.31 < 0.001

Note. The estimates refer to standardised CPPS (z-scores). The intercept represents the
reference group at baseline for female participants. Other terms indicate differences
between group, phase, or gender, as well as the group-by-phase interaction. Estimate =
model coefficient; SE = standard error; df :[,flegrees of freedom; t = t-statistic; p =
p-value.
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Figure 4: Interaction between groupy(AFM and control) and experimental phase (baseline,
ramp, hold, after), based on standardised €PPS values (z-scores).

Note. Considering that CPPS was z-scored within each group, the group-by-phase
interaction reflects differences in CPPS trajecteriéssacross phases, not baseline levels.

Discussion

While previous research has shown that pitch- and deddness-shifted AFM
can elicit compensatory vocal responses in healthy speakers, it has remained
unclear whether hoarseness alterations produce similar effectsgsWe have ad-
dressed this gap by developing, evaluating, and testing a novels#oice resyn-
thesis system, VQ-Synth, designed to induce hoarseness in speakets’auditory
feedback. Our findings suggest that VQ-Synth can induce the peréept of a
dysphonic voice and may also elicit compensatory vocal responses that en-
hance acoustic voice quality.

In Study 1, we compared four resynthesis methods (anti-peak-window,
short-term-envelope, peak-window+noise, and peak-window) in terms of their
effectiveness at inducing a dysphonic voice percept. Auditory—perceptual
ratings revealed that, relative to the control voice samples, all voice manip-
ulation methods increased perceived voice impairment, hoarseness, strain,
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asthenia, and breathiness. This supports our first hypothesis (H1.1) and in-
dicates that VQ-Synth meets its design goal. At the same time, consistent
with our second hypothesis (H1.2), manipulated samples were judged as less
natural than unaltered ones. Our third hypothesis (H1.3), which predicted
differences in the methods’ effectiveness at inducing perceived dysphonia,
was not confirmed. The anti-peak-window method produced the highest
composite score, indicating it was most effectively in generating perceived
hoargeness, but differences remained descriptive.

The samples manipulated with VQ-Synth were rated more dysphonic but
also less nattival compared to control samples, which aligns with earlier work
by Ruinskiy @t)al.?6 and Schiller et al.?”. Both of these studies aimed to
increase perceivédshearseness in prerecorded healthy — and, in the case of
Schiller et al.,?" alsemimpaired — voices, with perceptual effects evaluated
through listening experiments. In both studies, modified voices were rated
as hoarser but less naturalg’especially with stronger manipulations. Notably,
because VQ-Synth is designed for real-time AFM rather than offline ma-
nipulations, slight losses in natuiralness may be less problematic, assuming
that the altered feedback is integrated into ongoing self-monitoring rather
than perceived as an external stimmluSs This is supported by compensatory
responses in pitch-shift experiments® 8'which show that speakers automati-
cally correct perceived deviations in theizfown voice.

In Study 2, we assessed the effect of hoarseénéss-induced auditory feedback
on participants’ acoustic voice quality, measured wia CPPS. The anti-peak-
window method was used in a phased design. #or the AFM group — but
not the control group — we observed a significant inci€ase in CPPS during
the ramp and hold phases compared to baseline. Thissenfirms H2.1, in-
dicating that hoarseness-induced auditory feedback imprevedsacoustic voice
quality. Consistent with H2.2, we also found significantly higher® CPPS in
the hold phase compared to the ramp phase, reflecting stronger”effects at
higher modulation intensity. Finally, as predicted by H2.3, the"effect of
hoarseness-induced AFM even persisted into the after phase, refleéting a
post-modulation effect.

These findings can be interpreted in light of the DIVA model!*'? and pre-
vious pitch- and amplitude-shift experiments.*”? Consistent with the DIVA
model, the CPPS increase in response to hoarsified AFM suggest that par-
ticipants detected a mismatch between expected and perceived voice quality
which triggered updated motor commands to the laryngeal musculature to
reduce the discrepancy. These vocal motor adaptations may have involved
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physiological processes such as adjusting glottal closure to reduce phonation
noise, fine-tuning vocal fold tension, and regulating subglottal pressure —
processes that are often impaired in voice disorders (see e.g., Reiter et al.'?).

A comparison between the AFM and control groups confirmed that the
CPPS increase observed in the ramp and hold phases was not due to prac-
tice effects. In fact, the control group, which received unaltered auditory
feedbagk throughout the experiment, showed no CPPS improvement; their
CPPS even declined in trials corresponding to the after phase, suggesting
the onset’of vocal fatigue.*® In light of this, it is all the more notable that
the AFM¢group exhibited a post-modulation effect, with CPPS remaining
elevated in the.after phase. Similar post-modulation effects have previously
been observed in _piteh-shift experiments.®% Taken together, it appears that
hoarseness-induced amditory feedback not only improved acoustic voice qual-
ity but also counteraetgd_the vocal fatigue that tends to emerge toward the
end of a demanding vocalstask. This is crucial: if hoarseness-induced audi-
tory feedback enhances voice quality in healthy speakers, those with func-
tional voice disorders such as@®ITD could exhibit even greater improvements
due to their greater capacity forshange, a possibility that remains to be
investigated.

Despite these promising findings, several limitations of the present study
should be acknowledged. In Study 1, Seiné uncertainty remains regarding
the extent to which the different voice resyntheésis methods produced an au-
thentic dysphonic voice percept. This is reflegfed in participants’ ratings
for the altered voice qualities, which tended to cluster around the midpoint
of the visual analog scales — particularly for the short-term-envelope, peak-
window+noise, and peak-window methods. Two factorsmayyhave contributed
to this pattern. First, the participants were inexperieneed+raters, which,
despite receiving brief definitions of each perceptual dimension,®may have
caused uncertainty in how they rated the voice samples along €hese dimen-
sions. Second, the varying modulation intensities within each methed may
have promoted this central clustering, as the results were presentedéwithin
methods but averaged across the SNR and SDO conditions. In Study 2,
while the significant CPPS increase of 0.6 dB from baseline to hold rep-
resents a large and statistically significant effect, its perceptual relevance
remains unclear. Further research is needed both to determine which resyn-
thesis settings might elicit even larger CPPS increases, and to identify the
threshold at which such increases are subjectively perceived. For context,
Hofman et al.* reported that, in 22 patients with various voice disorders,
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average CPPS measured from sustained vowels increased from approximately
14.5 dB at baseline to 16.4 dB following voice therapy. As a last limitation,
we acknowledge that our Study 2 analysis does not account for potential
variation in individual response patterns to AFM. This would have required
a data stratification into different response types (compensatory, following,
and nil responses), which was beyond the scope of the present study. While
our cheice was to explore hoarseness-induced AFM effects at a more global
levelf delving deeper into individual response patterns is planned for future
works.

Our néxt'step will be to evaluate VQ-Synth’s performance in individuals
with dysphonia. Specifically, we aim to repeat Study 2 with participants with
MTD, a populatiow that has not yet been investigated in this context. Previ-
ous research usingéiteh-shifted AFM in individuals with MTD yielded mixed
results, with a study*by/Sonj et al.*® showing compensatory responses similar
to healthy talkers, with ¢ompensation magnitude being correlated with psy-
chological measures of deptéssion, while a study by Stepp et al.*? suggested
that phonatory responses may be less consistent than in healthy speakers. In
their study, only four of nine dysphenic participants compensated for pitch
shifts, while the remaining five followed the shift. Generalisation of these
results is limited by the small sample size ‘and the fact that pitch rather than
voice quality was altered.

In our future research, we will also validaté theé’system’s ability to hoarsify
voice in connected speech and consider analysing‘additional acoustic param-
eters (e.g., jitter, shimmer, or HNR; see e.g., Wathurst et al.?®) to evaluate
the speaker’s phonatory responses to hoarseness-inducéd auditory feedback.
Currently, VQ-Synth employs traditional signal processingyfor voice manip-
ulation rather than neural networks, because (1) it enables pfecise control of
acoustic features and (2) there is no sufficiently large dysphonic-yeice train-
ing dataset. Nevertheless, we have begun exploring neural nétwork-based
AFM approaches to induce hoarseness,*” which, while still in an earlystage,
may ultimately prove more effective. Ultimately, we envision VQ-Syath en-
hancing traditional voice therapy and aiding professional voice users, with
future research needed to explore if this potential can be realised.

Conclusion

In two studies, we evaluated the performance of the voice-resynthesis
system VQ)-Synth in inducing perceived hoarseness in healthy voices and

21



examined its effects within the context of auditory feedback modulation.
Our findings demonstrated that VQ-Synth achieves its design goal: espe-
cially under the anti-peak-window method — where noise was added between
amplitude-related pitch peaks — voice samples were judged as significantly
more dysphonic than unaltered control samples. A key advantage of VQ-
Synth over previous systems is its ability to alter voice quality in real-time.
When applied in an AFM experiment, feedback modulation using V@Q-Synth
resultfed4n compensatory responses towards improved acoustic voice qual-
ity, assesSed via CPPS. Future research will focus on refining VQ-Synth to
enhance respoense magnitude, validate its functionality in the context of con-
nected speechjand evaluate its potential to improve voice quality in individ-
uals with dysphonia.
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