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Abstract: Background: The assessment of voice quality can be evaluated perceptually with standard
clinical practice, also including acoustic evaluation of digital voice recordings to validate and further
interpret perceptual judgments. The goal of the present study was to determine the strongest acoustic
voice quality parameters for perceived hoarseness and breathiness when analyzing the sustained
vowel [a:] using a new clinical acoustic tool, the VOXplot software. Methods: A total of 218 voice
samples of individuals with and without voice disorders were applied to perceptual and acoustic
analyses. Overall, 13 single acoustic parameters were included to determine validity aspects in
relation to perceptions of hoarseness and breathiness. Results: Four single acoustic measures could
be clearly associated with perceptions of hoarseness or breathiness. For hoarseness, the harmonics-to-
noise ratio (HNR) and pitch perturbation quotient with a smoothing factor of five periods (PPQ5), and,
for breathiness, the smoothed cepstral peak prominence (CPPS) and the glottal-to-noise excitation
ratio (GNE) were shown to be highly valid, with a significant difference being demonstrated for each
of the other perceptual voice quality aspects. Conclusions: Two acoustic measures, the HNR and the
PPQ5, were both strongly associated with perceptions of hoarseness and were able to discriminate
hoarseness from breathiness with good confidence. Two other acoustic measures, the CPPS and the
GNE, were both strongly associated with perceptions of breathiness and were able to discriminate
breathiness from hoarseness with good confidence.

Keywords: voice quality analysis; voice diagnostic; acoustic measures; hoarseness; breathiness

1. Introduction

Standard clinical practice for the evaluation of voice disorders includes a battery
of multidimensional assessments (e.g., visual analysis, auditory-perceptual judgment,
aerodynamic analysis, acoustic analysis, and self-assessment [1]) aimed to describe and
diagnose the voice complaint. Voice disorders affect quality, volume, pitch, resonance,
flexibility, and/or stamina. These vocal changes are the manifestation of disordered
respiratory, laryngeal, and vocal tract functions, which might result, in many cases, from
heterogeneous local etiologies [2]. Many voice disorders are associated with abnormal
oscillation patterns of the vocal folds. The resulting voiced energy can vary as a function of
vibrational changes at different vocal fold areas, but especially at the free vocal fold margin.
Furthermore, the more a critical region of one vocal fold or both vocal folds are affected by
laryngeal pathology, the more variation in vocal sound energy and subsequent perceptions
of voice quality severity can be expected [3].

Although voice quality is not a clearly defined term, there are two general approaches
to evaluation [4]. First, the subjective approach of listening to the patient’s voice and
assigning a score to different perceptual domains is considered a gold standard approach
for perceptual voice analysis. Second, the use of an objective instrumental approach can be
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used, in which a specific computer algorithm is applied to recorded voice signals. Examples
of instrumental assessment of voice quality include analysis of the acoustic voice sound
signal and the inverse-filtered oral airflow signal or its derivative. Although many different
terms have been used to describe voice quality, a wide acceptance has been acknowledged
for terms such as hoarseness or overall voice quality, and major subtypes of the general
anomalies in voice quality such as breathiness, roughness, and strain [4,5].

An objective acoustic analysis of voice signals is the most commonly used instrumental
tool in clinical practice and research for objectively characterizing voice disorders [6]. Voice
signals can be analyzed acoustically in the domains of time, frequency, amplitude, and
quefrency. A large number of acoustic measures have been introduced and described to
objectively predict dysphonia types and severities. This is illustrated in a taxonomy by
Buder [6] with 15 signal-processing-based categories. The reliable and valid use of objective
acoustic analysis in research or clinical practice depends on specific requirements (e.g.,
hardware, software, and examination circumstances) to enable voice analysis with high
accuracy and reliability [4,7].

The quantification of voice quality with acoustic methods has traditionally been
analyzed on sustained vowels. Although the assessment of voice quality based on sustained
vowels (5V) does not necessarily correspond to that of continuous speech (CS) [8,9], acoustic
measures from sustained vowels are ubiquitous in research and clinical practice. Acoustic
parameters that correlate strongly with auditory-perceptual judgments are included in
two examples of multiparametric acoustic indices: the acoustic voice quality index (AVQI)
for the evaluation of hoarseness, and the acoustic breathiness index (ABI), which assesses
the hoarseness subtype, breathiness [10]. Both AVQI and ABI have been used with wide
international acceptance for research and clinical practice for a number of reasons: (a) their
multivariate constructs based on linear regression analysis that combines relevant acoustic
markers; (b) the inclusion of both continuous speech and sustained vowels in the acoustic
analysis; (c), signal processing that uses algorithms of the freeware Praat; and (d) a single
score ranging from 0 to 10 for the entire recording being analyzed (i.e., the higher AVQI or
ABI score, the more severe the related anomaly of voice quality, and vice versa) [10].

The acoustic measures of AVQI and ABI include smoothed cepstral peak prominence
(CPPS); harmonics-to-noise ratio (HNR); shimmer percentage; shimmer dB; general slope
of the spectrum (Slope); and tilt of the regression line through the spectrum (Tilt); jitter local;
glottal-to-noise excitation ratio with a maximum frequency of 4500 Hz (GNE); relative level
of high-frequency noise between energy from 0 to 6 kHz and energy from 6 to 10 kHz (HF
Noise); HNR by Dejonckere (HNR-D), which analyses the harmonic shape of the spectral
display by using the frequency bandwidth between 500 and 1500 Hz and a cepstrum
to determine FO, and thus locate the harmonic structure in the long-term average of the
spectrum; differences between the amplitude of the first and second harmonics in the
spectrum (H1H2); and period standard deviation (PSD).

Next to AVQI and ABI, a third multivariate index with a long tradition in the eval-
uation of overall voice quality on sustained vowels is the dysphonia severity index
(DSI) [11,12]. The DSI includes four voice parameters (jitter local; highest frequency and
lowest intensity of a voice range profile; and maximum phonation time), in which jitter
local is the only acoustic single parameter directly associated with voice quality. To use
the DSI with Praat algorithms for signal processing the pitch perturbation quotient was
considered in place of jitter local [13].

VOXplot (Lingphon, Straubenhardt, Germany; https://voxplot.lingphon.com, ac-
cessed on 11 June 2023) is a new freeware application for acoustic voice quality analysis
based on the Praat algorithms for signal processing. Whereas Praat is a versatile and
correspondingly complex software for acoustic analysis of arbitrary signals, VOXplot is
specifically tailored to the analysis of voice quality. With Praat, only the algorithms are
used, while the user interface of VOXplot is designed to meet the demands of standard-
ized and intuitive ease of use for clinicians and researchers. VOXplot covers the entire
workflow of acoustic voice quality assessment: recording and recording quality assess-
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ment, acoustic voice quality analysis, and generation of a concise PDF (or JPEG/PNG)
sheet with the analysis results. The core analysis of VOXplot is the voice quality analyses
of continuous speech and sustained vowels with AVQI and ABI. VOXplot is currently
available in 12 analysis languages for AVQI and ABI, which are based on more than one
decade of research knowledge [14,15]. The validation results of both indices relate only to
an objective evaluation of the hoarseness and breathiness levels for heterogeneous voice
disorders in comparison with vocally healthy volunteers with no further specification of a
specific disorder or vocal symptom. The usability of VOXplot is currently available in three
interface languages. Further details of sustained vowels can be analyzed qualitatively with
the narrowband spectrogram and quantitatively with single acoustic parameters.

As mentioned before, AVQI, ABI, and DSI are used in combination with highly
sensitive acoustic markers for the evaluation of hoarseness and breathiness. However, a
direct comparison of these objective metrics using the VOXplot application with perceptual
ratings of hoarseness or breathiness is missing. Therefore, the aim of this study was to
compare the concurrent validity and diagnostic validity outcomes of 13 single acoustic
voice quality measures between hoarseness and breathiness aspects on sustained vowels.

2. Materials and Methods
2.1. Participants

In the present study, the voice recordings and auditory-perceptual judgment of hoarse-
ness and breathiness acquired in a previous study [16] were applied to new analyses.
The group of dysphonic participants consisted of 175 patients with various organic and
nonorganic voice disorders and various degrees of dysphonia severity. The control group
of 43 vocally healthy volunteers reported no voice complaints, history of voice, speech, or
hearing problems, and no impact of voice problems as measured with the voice handicap
index [17].

Table 1 summarizes the demographic data and the types of dysphonia for the two
groups. For further details regarding the data and recording acquisition, and inclusion and
exclusion criteria, we refer to Barsties v. Latoszek et al. (2020) [16].

Table 1. Demographic data and types of voice disorders of the dysphonia and control groups.

Gender Age in Years
Group Type of Dysphonia Number
Female Male Mean SD
Carcinoma of head 55 13 42 61.25 10.18
and neck
Functional 38 2 12 5211 1648
dysphonia
Larynx carcinoma 28 1 27 69.96 9.05
Paralyses 25 14 11 63.36 16.09
Dvsphonia Nodules 8 5 3 33.25 19.43
y°p Reflux laryngitis 4 4 0 54.50 545
Group Can. f unkn
ancer of unFnown 4 2 2 61.00 8.21
primary syndrome
Mutational falsetto 3 0 3 15.67 3.06
Leukoplakia 2 0 2 57.00 8.49
Granuloma 2 0 2 42.00 11.31
Laryngitis 2 1 1 39.50 12.02
Parkinson’s 2 0 2 74.00 11.31
Polyp 1 0 1 60.00 -
Laryngeal trauma 1 0 1 78.00 -
Control None 43 23 20 26.79 7.06
group

Abbreviation. SD = standard deviation.

All the participants gave their informed consent for inclusion before they participated
in the study. The study was conducted in accordance with the Declaration of Helsinki, and
the protocol was approved by the Ethics Committee of Greifswald University (BB072/16).
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2.2. Auditory-Perceptual Judgment

For the auditory-perceptual judgment ratings, a panel of three male experts specialized
in voice disorders with experience ranging from 8 to 31 years was used. The GRBAS
scale was used for data collection. Each listener rated ordinally on a four-point scale the
hoarseness level, which is represented in the G-parameter (Grade), and the breathiness
severity, which is represented in the B-parameter (which represents the degree of the extent
of air leakage through the glottis).

For further details regarding the rating scale, rating procedure, anchor voices, reliabil-
ity results of the raters, and deviation of the rating level results from the expert panel for
hoarseness and breathiness, we refer to Barsties v. Latoszek et al. (2020) [16].

2.3. Acoustic Measurements

The acoustic analyses were conducted only on recordings of the sustained vowel [a:]
across 3 s of the mid-vowel segment from a single trial. The [a:] vowel was used as a typical
open front vowel for the clinical and scientific acoustic tasks, which is easily recognized
regardless of the native language, linguistic competence, or individual health problems
(e.g., hearing disorders) from the test person in comparison to other vowels [18,19]. These
sound files were applied to a new analysis using VOXplot. In total, 13 single voice quality
parameters were acquired from each recording, which are listed in Table 2.

Table 2. List of 13 acoustic measures for the voice quality evaluation.

Category Acoustic Measures Abbreviation

Smoothed cepstral peak prominence is the
distance between the first harmonic peak and
the point with equal quefrency on the CPPS (dB)
regression line through the smoothed
cepstrum.

Differences between the amplitudes of the first
and second harmonics in the spectrum. To
localize the first harmonic peak, a cepstrum
was performed for FO determination.

H1H2 (dB)

Relative level of high-frequency noise between
energy from 0 to 6 kHz and energy from 6 to HF-Noise (dB)
10 kHz.

Harmonics-to-noise ratio is the base
10 logarithm of the ratio between the periodic
energy and the noise energy, multiplied by
10 HNR.

HNR (dB)

Fourier and linear prediction Harmonics-to-noise ratio from Dejonckere and

coefficient spectra Lebacq, which analyzes the harmonic

emergence of the spectral display comprised
within the frequency bandwidth between

500 Hz and 1500 Hz. A cepstrum was

performed to determine F0 and thus to localize
the harmonic structure in the long-term
average spectrum.

HNR-D (dB)

General slope of the spectrum is defined as the
difference between the energy within
0-1000 Hz and the energy within Slope (dB)
1000-10,000 Hz of the long-term average
spectrum.

Tilt of the regression line through the spectrum
is the difference between the energy within
0-1000 Hz and the energy within 1000-10,000 Tilt (dB)
Hz of the trendline through the long-term
average spectrum.
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Table 2. Cont.

Category Acoustic Measures Abbreviation

Frequency of short-term the standard deviation of periods in which the
perturbation measures length of the sample is important for a valid

Period standard deviation is the variation in
PSD (ms)

computation of the standard deviation.

Frequency of short-term
perturbation measures

Two jitter variations:
Jitter local is the average difference between
successive periods, divided by the average
period.

Jitter local (%)

Jitter of the five-point period perturbation
quotient is the average absolute difference
between a period and the average of it and its PPQS5 (%)
four closest neighbors, divided by the average
period.

Two shimmer variations:
Shimmer local is the absolute mean difference

between the amplitudes of successive periods, Shimmer (%)

Amplitude of short-term divided by the average amplitude.

perturbations measures

Shimmer local dB is the base 10 logarithm of
the difference between the amplitudes of Shimmer (dB)
successive periods, multiplied by 20.

Combines spectral and The glottal-to-noise-excitation (GNE) ratio CNE
perturbation features with a maximum frequency of 4500 Hz.

2.4. Statistics

The association of the 13 acoustic parameters with the two auditory-perceptual evalu-
ations of hoarseness and breathiness from 218 recorded voice samples was investigated by
calculating Spearman’s rank correlation coefficients. An absolute correlation score of >0.70
is marked as a high relationship for the concurrent validity aspect between the acoustic
parameter and the perceived voice quality evaluation [20].

The Fisher r-to-z transformation was used to assess the statistical significance of the
two correlation coefficients from the outcomes of the acoustic parameter and perceived
hoarseness vs. perceived breathiness levels.

A receiver operating characteristic (ROC) curve was then generated in order to analyze
the diagnostic accuracy of the 13 acoustic metrics according to sensitivity (results of the
participants with hoarseness or breathiness) and specificity (results of participants without
hoarseness or breathiness). The power of the acoustic markers to discriminate between
the absence and presence of hoarseness or breathiness was estimated using the area under
the ROC curve (Aroc). An Aroc of >0.90 is considered to be exceptionally good; an Aroc
of <0.70 is considered to be low, and an Arpc of < 0.50 corresponds to a chance level of
diagnostic accuracy [21]. In order to find the optimal threshold value that best differentiates
between without and with hoarseness or breathiness, the Youden index (a measure that
uses a receiver operating characteristic to determine which threshold value is best suited to
distinguish two groups in a measurement) was calculated as sensitivity + specificity — 1.

The significant differences between the two ROC curves (calculated for hoarseness
and breathiness) of the acoustic measures were determined by the difference between the
areas under the curves [22].

The statistical analyses were performed using SPSS, version 23, for Windows (IBM
Corp., Armonk, NY, USA). The tests of significance between the two correlation coefficients
and between the areas under two independent ROC curves were analyzed on VassarStats
(R. Lowry, Vassar College, NY, USA, 1998-2023; http://vassarstats.net/, accessed on
11 June 2023). Results were considered statistically significant at p < 0.05.
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3. Results

Table 3 presents the validation outcomes for the 13 single acoustic voice quality
parameters in direct comparison to the auditory-perceptual ratings of hoarseness and
breathiness. The thresholds with sensitivity and specificity, based on the ROC statistics and
the Youden Index, are also listed in Table 3.

Table 3. Validation results of the 13 single acoustic voice quality parameters of the sustained vowel
phonation [a:].

Voice Quality Parameters Validation Parameters Hoarseness Breathiness
Correlation —0.76 * —0.81*
Aroc 0.823 * 0.915 **
CPPS (dB) Threshold 15.02 dB 14.47 dB
Sensitivity 84.7% 88.1%
Specificity 71.2% 81.7%
Correlation —0.70 —0.78 *
Aroc 0.798 * 0.886 *
GNE Threshold 091 0.89
Sensitivity 88.9% 91.7%
Specificity 62.3% 74.3%
Correlation 0.03 0.12
Aroc 0.448 0.584
H1H2 (dB) Threshold Chance—level based on Aroc 6.39 dB
Sensitivity Chance—level based on Aroc 40.4%
Specificity Chance—level based on Aroc 82.6%
Correlation —0.71* —0.56
ARroc 0.812 * 0.794 *
HNR (dB) Threshold 23.34 dB 23.34 dB
Sensitivity 90.3% 78.9%
Specificity 62.9% 68.5%
Correlation —0.57 —0.38
ARroc 0.760 * 0.701 *
HNR-D (dB) Threshold 31.77 dB 24.23 dB
Sensitivity 61.1% 77.1%
Specificity 80.8% 53.2%
Correlation —0.48 —0.49
ARroc 0.698 0.728 *
HF noise (dB) Threshold 2.28 dB 2.29 dB
Sensitivity 80.6% 77.1%
Specificity 54.1% 62.4%
Correlation 0.68 0.57
Aroc 0.839 * 0.808 *
Jitter local (%) Threshold 0.50% 0.57%
Sensitivity 70.8% 71.0%
Specificity 84.7% 78.0%
Correlation 0.71* 0.55
ARroc 0.833 * 0.799 *
PPQ5 (%) Threshold 0.29% 0.32%
Sensitivity 67.2% 67.0%
Specificity 84.5% 75.9%
Correlation 0.59 0.41
ARroc 0.802 * 0.730 *
PSD (ms) Threshold 0.00012 ms 0.00018 ms
Sensitivity 65.3% 50.5%
Specificity 81.9% 88.1%
Correlation 0.65 0.53
ARroc 0.773 * 0.780 *
Shimmer (%) Threshold 3.08% 3.58
Sensitivity 53.5% 57.0%
Specificity 91.7% 90.8%
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Table 3. Cont.

Voice Quality Parameters Validation Parameters Hoarseness Breathiness
Correlation 0.66 0.55
Agoc 0.783 * 0.786 *
Shimmer (dB) Threshold 0.27 dB 0.33 dB
Sensitivity 54.9% 57.9%
Specificity 91.7% 91.7%
Correlation —0.09 —0.11
Aroc 0.617 0.602
Slope (dB) Threshold —25.08 dB —25.34dB
Sensitivity 81.9% 80.7%
Specificity 39.7% 43.1%
Correlation 0.30 043
Aroc 0.592 0.673
Tilt (dB) Threshold —10.32dB —11.73dB
Sensitivity 34.9% 81.7%
Specificity 86.1% 46.8%

* High correlation or high Aroc indicating a marked relationship in concurrent validity or sufficient diagnostic
accuracy; ** exceptionally good diagnostic accuracy level. Darker grey boxes indicate nonsignificant differences of
p > 0.05 (corresponding to Fisher r-to-z transformation for correlation results and/or significant differences in
ROC results of Aroc)-

For hoarseness, a strong correlation was present for CPPS, HNR, and PPQ5. No
acoustic parameter reached an exceptionally good level of Aroc, and 4 of the 13 acoustic
parameters revealed a low level of Aroc, in which one of them was characterized by a
chance level in diagnostic accuracy (H1H2).

For breathiness, a strong correlation was present for CPPS and GNE. However, GNE
reached an exceptionally good Aroc result, and 9 of the remaining 12 acoustic parameters
had a strong level of diagnostic accuracy.

To assign a single acoustic voice quality parameter with high validity to a type of
voice abnormality, (a) the absolute correlation value and the Aroc had to be >0.70, and
(b) significant differences in validity performances between hoarseness and breathiness
must be obtained in the correlation results or the Arpoc outcomes. According to the results
listed in Table 3 for hoarseness, two acoustic parameters could be identified as highly
valid (HNR and PPQ5) in comparison to breathiness. For breathiness, two acoustic metrics
(CPPS and GNE) were also revealed to have outstanding validity results in comparison
to hoarseness.

4. Discussion

The aim of the present study was to investigate the validity of single acoustic pa-
rameters representing voice quality characteristics of hoarseness or breathiness in a direct
comparison of the auditory-perceptual voice quality ratings of those domains from sus-
tained vowel [a:] phonation. Although multiparametric models are preferred in highly
valid evaluations of hoarseness or breathiness [4,9,23,24], single acoustic parameters are
mostly used in clinical practice and recommended protocols for instrumental assessment
of voice [7]. The present study attempted to reveal the most relevant acoustic markers
for hoarseness and breathiness from a pool of metrics, which are already part of relevant
multiparametric models in the evaluation of voice quality, such as DSI, AVQI, and ABL

In general, the results from the initial AVQI and ABI studies were confirmed by the
present study, with comparable results to the correlation coefficients for hoarseness and
breathiness [9,24]. Although continuous speech was also considered in the voice quality
evaluation for AVQI and ABI, CPPS and HNR showed high agreement for hoarseness,
and CPPS and GNE presented the strongest results for breathiness. Because perceptions
of breathiness are associated with high irregularity in the acoustic spectrum (e.g., a lot
of spectral aperiodicity or noise), while perceptions of hoarseness can be associated with
multidimensional acoustic factors other than spectral aperiodicity, it was logical that the
discriminative ability of CPPS (which measures the periodicity in the acoustic spectrum)
for breathiness was significantly higher than for hoarseness in this study. Originally, CPPS
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was developed for the vocal quality abnormality of breathiness [25], in which breathiness
is a main subtype of hoarseness [24]. Just like GNE, which was also developed for the eval-
uation of breathiness [26], the present study confirmed its strength in the evaluation of this
voice quality aspect with significantly higher concurrent validity and diagnostic accuracy.

A clearer unique identifier for hoarseness versus breathiness was shown in this study
by the two parameters HNR and PPQS5. In the case of HNR, it is the second most important
acoustic parameter in the AVQI formula after CPPS, which is supported by the results of
this study [9]. The findings of this study suggest that HNR is a general parameter that does
not necessarily correspond to other strong breathiness measures such as CPPS or GNE.
Only PPQ5 achieved a sufficiently high agreement with hoarseness and was significantly
differentiated from breathiness in the current study. This result was contrary to the results
of the original study on AVQI by Maryn et al. (2010) [9]. Furthermore, in a meta-analysis
on the evaluation of hoarseness, jitter parameters generally ranked significantly lower
than spectral or cepstral parameters and some shimmer markers [27], but, according to the
present results, PPQ5 seems to be robust enough to assess hoarseness in the evaluation of
sustained vowels, which may explain why this parameter is included in the DSI formula.

The new developments based on the present study were updated in VOXplot and are
available from version 2.0 (see Figure 1).

VOXplot - Acoustic Voice Quality Profile
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Figure 1. VOXplot version 2.0: (a) the user interface for preparing the acoustic analysis of continuous
speech and/or sustained vowels selected in the English language with the analysis language German
for the thresholds evaluations of AVQI and ABI; (b) the outcome of the main voice quality parameters
in VOXplot, which are evaluated quantitatively and/or qualitatively for hoarseness and breathiness.
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5. Conclusions

For the voice quality evaluation on the sustained vowel HNR and PPQ5 (for hoarse-
ness), and CPPS and GNE (for breathiness) yielded the highest significant validity results
compared to each of the other voice quality aspect.” These four acoustic parameters should
have priority in the evaluation of hoarseness and breathiness and are prominently included
in VOXplot (e.g., in the voice quality circle plot).
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Abstract: Breathiness (perception of turbulence noise in the voice) is one of the major components
of hoarseness in dysphonic voices. This study aims to validate a multiparameter analysis tool, the
Acoustic Breathiness Index (ABI), for quantification of breathiness in the speaking voice, including
both sustained vowels and continuous speech. One hundred and eight speakers with dysphonia
(28 M, 80 F, mean age 50, SD 15.4 years) and 87 non-dysphonic controls (18 M, 69 F, mean age
42, SD 14 years) volunteered as participants. They read a standard text and sustained vowel /a:/.
Acoustic recordings were made using a head-mounted microphone. Acoustic samples were evaluated
perceptually by nine voice experts of different backgrounds (speech therapists, vocologists and
laryngologists). Breathiness (B) from the GRBAS scale was rated. Headphones were used in the
perceptual analysis. The dysphonic and non-dysphonic speakers differed significantly from each
other in the auditory perceptual evaluation of breathiness. A significant difference was also found for
ABI, which had a mean value of 2.26 (SD 1.15) for non-dysphonic and 3.07 (SD 1.75) for dysphonic
speakers. ABI correlated strongly with B (rs = 0.823, p = 0.01). ABI's power to distinguish the groups
was high (88.6%). The highest sensitivity and specificity of ABI (80%) was obtained at threshold value
2.68. ABl is a valid tool for differentiating breathiness in non-dysphonic and dysphonic speakers of
Finnish.

Keywords: dysphonia; hoarseness; GRBAS; acoustic noise detection

1. Introduction
1.1. What Is Breathiness

Breathiness is a characteristic in many disordered voices [1,2]. It occurs in organic voice
disorders as well as in functional or neurological voice disorders [1,3]. Some breathiness can
also be heard in the softly produced healthy voice, especially in women [4,5]. Breathiness
refers to the auditory perception of air turbulence and is caused by air leakage from the
glottis [6-8].

1.2. Perceptual Tools to Detect Breathiness

Many auditory perceptual tools have been developed to evaluate voice quality and
at the same time breathiness in the voice. These tools include, for example, the GRBAS
scale [6], the Australian Perceptual Voice Profile [9], the Swedish Stockholm Voice Eval-
uation [10], the CAPE-V (Consensus Auditory Perceptual Evaluation of Voice) [8] and
the Danish Dysphonia Assessment [11]. Although an experienced listener can estimate
the amount of breathiness in the voice by perceptual analysis, this is a subjective estima-
tion [12]. An objective measure to evaluate voice quality and the amount of breathiness is
needed, especially in clinical work and in the rehabilitation of patients with varying voice
disorders [13,14].
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1.3. Acoustic Tools to Detect Breathiness

Various signal analysis methods have been applied to predict perceived breathiness
from acoustic characteristics. All of the methods aim to measure the amount of periodic and
non-periodic components in a sound signal. These methods include, e.g., harmonic-to-noise
ratio (HNR) [15], noise-to-harmonic ratio (NHR), voice turbulence index and soft phonation
index [16,17], signal periodicity, first harmonic amplitude and spectral tilt and cepstral peak
prominence (CPP and its smoothed version CPPS) [1,18]. Periodicity or, rather, reduced
periodicity with increased jitter and shimmer (i.e., irregular variation in period duration
or amplitude, respectively) has been found to predict well perceived breathiness both in
non-dysphonic and in dysphonic voices [1,18]. On the other hand, jitter and shimmer are
characteristics that are related to irregular vocal fold vibration, whose main perceptual
correlate is “roughness” [6]. Furthermore, jitter, shimmer and spectrum based measures
of noise, like HNR, are affected by the pitch and intensity of the voice, which impairs
their reliability in dysphonia detection [19-21]. CPPS, which is based on the spectrum of
the logarithmic spectrum [18], is independent of pitch and intensity. It has been found to
show highest correlations with perceived hoarseness, roughness and breathiness [22,23].
Thus, there seemed to be a need to develop an index that would be able to focus more on
the acoustic characteristics of breathiness rather than those of roughness which refers to
irregular vocal fold vibration, and to distinguish non-dysphonic and dysphonic breathiness.
The Acoustic Breathiness Index (ABI) has been developed to meet these needs [12,24].

1.4. What Is ABI?

The ABI is a multidimensional method with nine separate acoustic measures for
detecting breathiness in the voice. Measures used in the ABI are smoothed cepstral peak
prominence (CPPs), jitter local (]it), glottal-to-noise excitation ratio (GNE), high frequency
noise of 6000 Hz (Hfno), harmonic-to-noise ratio of Dejonckere (HNR-D), the amplitude
difference between the first two harmonics (H1-H2), two measures of shimmer (Shim dB
and Shim%) and period standard deviation (PSD) [12]. CPPs is the distance between the
cepstral peak that corresponds to the first harmonic and the point with equal quefrency
(inverse of frequency) on the regression line through the smoothed cepstrum [12]. The
higher the value of CPPs, the more periodic, i.e., the clearer and more noiseless, the sound
is in terms of auditory perception. CPPs is affected by both turbulence noise and signal
perturbation (jitter and shimmer). Jit, i.e., jitter local, is the mean difference between
successive periods, divided by the average period length. GNE [25] indicates whether
a voice signal originates from vocal fold vibrations or from turbulent noise. GNE is
independent of jitter and shimmer. A clear, nonbreathy voice results in high GNE. Hfno
(up to 6000 Hz) indicates the spectral level difference between the ranges of 0-6 kHz and
6-10 kHz. A breathy voice with more noise in the high-frequency range has a smaller Hfno.
HNR-D from Dejonckere and Lebacq [26] analyses the harmonic structure against noise
in the long-term average spectrum in the formant zone between 500 Hz and 1500 Hz. A
cepstrum is calculated to determine FO. A higher value of HNR-D indicates a less breathy
voice. H1-H2, i.e., the difference in level between the first two harmonics, is greater in
breathy voices. Shimmer measures the amplitude perturbation through the difference
between successive periods divided by the mean amplitude. The value is calculated both
in dB and in percentages. PSD is a perturbation measure revealing the variation in the
standard deviation of periods [12].

Since the ABI is calculated from both sustained vowels and continuous speech, it
needs to be validated in different languages [24]. The ABI has so far been validated in
eight different languages, Dutch [12], German [24], Japanese [27], Korean [28], Brazilian
Portuguese [29], Spanish [30], South Indian [31] and Persian [32].

1.5. Aim and Research Questions of the Present Study

The present article introduces a study where we aimed to validate the ABI in a
Finnish speaking population. In this study, we sought an answer to two main questions:
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(1) Is the ABI a valid robust method to distinguish dysphonic breathy voice quality in a
Finnish speaking population? (2) What is the best threshold value for ABI analysis in a
Finnish speaking population?

2. Materials and Methods
2.1. Participants
The present study applied the ABI and auditory perceptual evaluation of breathiness

to 195 Finnish speaking participants. The voice material of this study is the same as in the
validation study of the Acoustic Voice Quality Index version 03.01 in Finnish.

2.2. Dysphonic Participants

One hundred and eight dysphonic participants were volunteer patients in the phoni-
atric department in the university hospital. Twenty-eight of the patients were males (mean
age 51 years, SD 13.8, range 19-75). Eighty of the patients were females (mean age 51 years,
SD 16.2, range 19-84). Table 1 shows the diagnoses of the participants.

Table 1. Number of dysphonic participants and their diagnoses.

Diagnosis Number

Functional dysphonia 30
Paralysis/paresis of vocal fold 23
Laryngeal dystonia 23
Other diseases of vocal fold or larynx/other
undefined dysphonia

Chronic laryngitis

Nodules

Larynx irritable with voice symptoms
Cough with voice symptoms

Polyp of vocal cord

Laryngeal spasm

Dysphagia with voice symptoms
Ehlers-Danlos syndrome

Larynx trauma

Total

ORrR,rRrRrRRrRNDOO 5

—_
3]

2.3. Non-Dysphonic Controls

Eighty-seven vocally healthy persons with no diagnosis of dysphonia participated
as controls. Eighteen of the participants were males (mean age 49 years, SD 9.9, range
32-60), and 69 were females (mean age 40 years, SD 14.5, range 19-67). Seventy-nine of the
healthy participants scored under 38 points on the VAPP questionnaire (Voice Activity and
Participation Profile) [33] and eight of them scored over 38 which has been considered the
threshold value for voice disorder [34]. However, all participants considered themselves to
be vocally healthy.

2.4. Recordings

All voice samples were recorded with an AKG C544L (AKG, Vienna, Austria) head-
mounted condenser microphone with the Focusrite iTrack Solo (Focusrite PLC, High
Wycombe, England) audio interface and using Praat software (version 6.2.23) in the com-
puter. The recording used a sampling frequency of 44.1 kHz and the amplitude resolution
was 16 bits. The distance of the microphone was 4 cm from the right side of the corner of
the mouth at an angle of 45 degrees. The distance and position of the microphone were
checked for each participant by measuring the distance from the corner of the mouth with
a ruler.

The voice material for the study was collected for patients and 49 vocally healthy
participants in a quiet treatment room at Tampere University Hospital. Thirty-eight of
the healthy voices were recorded in studio conditions at Tampere University. The mean
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signal-to-noise ratio of the recordings (i.e., the difference in level between the sample and
that of the background noise level) was 39.8 dB (SD 5.6 dB). In all samples the SNR was
well over the recommended norm of SNR > 30 dB, so it can be confirmed that the recording
conditions were acceptable.

2.5. Voice Samples

As voice samples, the standard text “Pohjantuuli ja aurinko” (North wind and the sun)
was read aloud and a sustained vowels [a:] was produced three times. The participants
were asked to use a voice pitch and intensity that suited them best, and the length of the
sustained vowel was suggested to be five seconds. The participants were asked to produce
the vowel in a spoken manner rather than singing.

For the ABI analysis the first 31 syllables from the read text and three seconds from
the middle of the second sustained vowel were used. In the Finnish AVQI validation study,
it was confirmed that 31 syllables of Finnish language text readings correspond on average
to three-second long vowels [35]. The confirmation of the 31 syllables was executed for
Finnish language the same way as described when finding out the syllable count of the
Dutch sample [36]. Therefore, the index to be obtained would consist of a balanced duration
of speech and sustained vowel phonation. For the analysis, connected speech sample was
marked “cs” and the three-second sustained vowel sample “sv”. The ABI analysis was
executed with VOXplot Acoustic Voice Quality Analysis software, version 2.0.0 [12,37]. The
equation to calculate the ABI in the VOXplot software was the one presented by Barsties v.
Latoszek et al. 2017 [12]: ABI = (5.0447740915 — [0.172 x CPPs] — [0.193 x Jit] — [1.283
x GNEmax — 4500 Hz] — [0.396 x Hno — 6000 Hz] + [0.01 x HNR -D] +[0.017 x H1 —
H2] + [1.473 x Shim — dB] — [0.088 x Shim] — [68.295 x PSD]) x 2.9257400394. The ABI
analysis gives the result of an index value between 0 and 10, a value of 0 meaning that
there is no breathy sound in the voice and the higher the index number, the breathier sound
there is in the voice sample.

2.6. Auditory—Perceptual Analysis

In order to validate the ABI analysis of the Finnish language, a listening analysis was
performed. Nine voice experts in the field of voice (three phoniatrician/otolaryngologists,
three speech therapists and three vocologists) listened to the voice samples and gave
their evaluation of B from the GRBAS scale [6]. The scale is from 0 to 3, 0 signifying “no
breathiness at all” and 3 signifying “very much breathiness” in the voice. The listening
samples consisted of 31 syllables of continuous speech from the beginning of the text
reading and three seconds of a sustained vowel. The length of one sample was thus
six seconds and there was a total of 220 samples. For the intra-rater reliability analysis,
25 samples were rated twice. Before the listening test, listeners’ ears were calibrated with
the anchor voice samples [38,39]. In the calibration, there were two anchor voice samples for
each category of the degree of breathiness 0-3, i.e., there were in total eight anchor samples.
The anchor voice samples were selected from the voice material of the present study
by one experienced speech therapist and one experienced vocologist. The listening test
was conducted on each listener’s own computer with around-ear headphones. Listeners
received the voice material and instructions for the listening analysis on a memory stick.
They were asked to make a judgement from a combination of continuous speech and
sustained vowel phonation and mark the results in an Excel table. During the listening
analysis the raters were able to listen to the samples as many times as they felt necessary;
moreover, they were asked to listen to the anchor voice samples at least once after every
32 samples. This was carried out to prevent the listeners from losing focus and straining
their hearing too much. Reminders about the anchors were marked in the Excel table as was
the instruction to take a short break after listening to 128 samples, about halfway through
the task. The interval for listening to the anchors was chosen on the basis of previous
listening analyses. The listening analysis took on average from two to three hours.
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2.7. Statistical Analysis

The statistical analysis was conducted using SPSS for Windows version 26 (IBM Corp.,
Armonk, NY, USA). All the results were considered statistically significant at p < 0.05. In
the Finnish validation of the ABI, first the intra-rater reliability of the perceptual raters
was analysed with the Cohen kappa (Ck) and secondly the raters” inter-rater reliability
was analysed with the Fleiss kappa (Fx) [40]. Raters with intra-rater reliability Cx > 0.41
were selected for inclusion in the study. The inter-rater reliability between the perceptual
rates was defined to be at least >>0.41 [40]. Next in the validation process, the relationship
between the mean values of ABI and the mean values of the perceptual evaluation of
breathiness were tested with the Spearman’s rank order correlation coefficient (rs, r2).
Finally, the diagnostic accuracy of the ABI was evaluated with ROC (receiver operating
characteristic) curve. The diagnostic accuracy was evaluated according to the sensitivity
of the ABI to distinguish between disordered voice and heathy voice, and specificity to
detect voices without breathiness. A nonbreathy voice was defined as a voice that received
a perceptual mean rating of B 0-0.49. Additionally, the ability of the ABI to distinguish
between normal and dysphonic breathiness was evaluated by the area under ROC curve
(Aroc)- The ROC curve and the Youden index were used to differentiate the best threshold
level for the ABI to differentiate healthy and dysphonic voices in the Finnish language.
Likelihood ratios (LR+ and LR—) were used to differentiate the probability of persons with
breathy voice having ABI value above the threshold level (LR+) or persons with nonbreathy
voice having ABI value below the threshold level. To define the optimal threshold level,
both the positive and negative likelihood ratio and the sensitivity /(1 — specificity) and
(1 — sensitivity /specificity were used).

3. Results
3.1. Reliability of the Perceptual Evaluation

The intra-rater reliability of the listening analysis of the breathiness in Ck was between
0.395 and 0.809. One rater, however, presented a Ck value lower than the acceptable
0.41 and was excluded from the analysis. The remaining eight raters reported Ck values
between 0.451 and 0.809. This group of eight raters showed reasonable inter-rater reliability
(Fk =0.435) and therefore the mean of their listening analysis represents the auditory
assessment of breathiness in this study. The mean distribution of the auditory perceptual
rating is seen in Figure 1. It is possible to deduce from Figure 1 that some breathiness was
also heard in some of the non-dysphonic voices.

Absolute frequency

000 050 100 1.50 200 250 300

Auditory-perceptual rating (B)

Figure 1. Frequency distribution of the mean breathiness by eight raters. Green colour on the graph
indicates those participants who did not have breathiness (mean 0-0.49) in their voices and blue
indicates those who were rated to have breathy voice quality (mean 0.50-3).
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Acoustic Breathiness Index

7.00

1.00

The listeners in this study represented three different occupational groups: phonia-

trician/otolaryngologists, speech therapists and vocologists. The vocologists” evaluation

differed significantly from that of the other two groups (Mann-Whitney U test, phoniatri-

cian/otolaryngologists vs. vocologists p = 0.002, speech therapists vs. vocologists p = 0.000).
Vocologists rated more breathiness in the voice than the raters in the other groups.

3.2. Results for the ABI and Perceptual Evaluation of Breathiness

ABI results correlated strongly with auditory perceptual rating of breathy voice quality
(Spearman’s rho 0.823, p = 0.01) (Figure 2). Non-dysphonic and dysphonic groups differed
significantly from each other in both ABI and perceptual results (Mann-Whitney test,
p <0.001) (Table 2).
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Figure 2. Scatter plot and the linear regression line between auditory—perceptual rating and ABI
results.

Table 2. Mean values of ABI and perceptual rating of breathiness in non-dysphonic (participants

with no diagnosis of dysphonia) and dysphonic groups (participants with diagnosis of dysphonia).

Comparison of the groups using Mann-Whitney U test.

N Mean SD Min  Max p-Value

ABI
Non-dysphonic 87 2.26 115 —-070 458 <0.001
Dysphonic 108 3.07 175 —091 938
Perceptually
assessed BNon-dysphonic 87 0.37 0.35 0 1.25 <0.001
Dysphonic 108 1.26 0.74 0 3
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3.3. Sensitivity and Specificity of ABI

The ability of the ABI to distinguish between breathy and nonbreathy voices was
evaluated with ROC analysis. Aroc = 0.886 (i.e., 88.6%) showed high discriminatory power
to distinguish nonbreathy voices from breathy voices (Figure 3). The highest Youden’s
index was 0.60, where the best sensitivity of 80% and specificity of 80% were obtained at
the cut point value 2.68. In the likelihood ratio the statistical guideline values were not
reached (likelihood ratios LR+ 4.00 and LR— 0.25). Table 3 shows the threshold values of
the eight previous ABI validation studies and the cut-point value of the Finnish validation
study, as well as the statistical values of sensitivity, specificity, likelihood ratios, and the
correlations between the ABI and the perceptual evaluation.

ROC Curve
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o0& |
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0.2

oo
00 0.2 04 06 08 1.0

1 - Specificity

Figure 3. ROC curve analysis illustrating the diagnostic accuracy of ABI, area under ROC curve =
88.6% (ARroc line blue, reference line red).

Table 3. The results of nine ABI-validated languages showing ABI thresholds, sensitivities, speci-
ficities, likelihood ratios, and correlation values rs between the ABI and perceptual evaluation of
breathiness (B).

ABI Correlation
Language Cut-Off Sensitivity % Specificity % LR+ LR— s between
Value ABI and B
Dutch 3.44 82 93 11.63 0.19 0.84
German 342 72 90 7.40 0.31 0.86
Japanese 3.44 76 94 8.09 0.13 0.89
Korean 3.69 88 86 6.47 0.14 0.87
Brazilian 313 88 91 ~003 0.13 0.87
Portuguese
Spanish 3.40 74 95 16.02 0.27 0.83
South Indian 3.66 62 95 12.19 2.48 0.76
Persian 2.97 70 87 5.44 0.35 0.74
Finnish 2.68 80 80 4.00 0.25 0.82
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4. Discussion

This study aimed to investigate whether the acoustic breathiness index (ABI) is a
valid and robust method to distinguish dysphonic breathiness from healthy voices in a
Finnish speaking population, and, if so, what the best threshold value for ABI would be.
These research questions are important; while breathiness is one of the main characteristics
in dysphonia and the first component of hoarseness [41], it is also frequently found in
the non-dysphonic population. This requires a more focused, multi-parameter tool for
the detection of true breathiness and to be able to distinguish dysphonic breathiness.
Breathiness appears to be perceived better in females’ voices but reduced loudness of voice
increases its presence in both genders [42]. It has been found to be related to perceptions of
femininity and attractiveness in female voice quality [5,43], and it may also be related to
attractiveness in male voices [44], although voice characteristics evoke different evaluations
in different cultures [45,46].

Some breathiness was perceived in some of the healthy voices in the present study.
This is to be expected, as breathiness is also a cultural characteristic. In particular, vocolo-
gists who work with normal and supranormal (trained) voices were more sensitive than
clinicians (phoniatrician/otolaryngologists and speech therapists) in rating breathiness.
The main reason for including raters from different professional groups was to get a larger
distribution of evaluations, which would also take into account the existence of some
breathiness in normal voices. Furthermore, breathiness was the only characteristic that was
rated in the present study; thus, the raters had to focus on this particular characteristic,
which the acoustic tool was also specifically developed to measure.

The results of the present study show that the dysphonic voices scored significantly
higher both on perceived breathiness and ABI, although the dysphonic group included
patients with very different diagnoses and thus with different acoustic characteristics.
This suggests that ABI measures what it is intended to measure. Perceived breathiness
correlated strongly with ABI (rs 0.823, p 0.01) suggesting the ecological validity of the
index. The discriminatory power of the ABI was high (88.6), showing that the method
successfully differentiated between the dysphonic and non-dysphonic groups. The highest
sensitivity (80%) and specificity (80%) in differentiation was obtained at ABI = 2.68. This
can be thus used as a threshold for the clinical analysis of breathiness in a Finnish speaking
population. Other studies [12,24,27-32] have reported slightly higher threshold values than
what was found in the present study (Table 3). The reason may be related to language and
cultural differences [29]. The Finnish language has a high prevalence of vowels, and a lack
of linguistically breathy vowels that occur for instance in Gujarati, Mon-Khmer and Jalapa
Mazatec [47], or sonorous fricatives. Finns may be more sensitive in perceiving breathi-
ness. It may be speculated whether there could be a connection to some earlier findings
where breathy voice quality seemed to convey an impression of emotional instability and
implausibility of the speaker among Finnish listeners [46,48].

The mean age in the dysphonic group of the present study was somewhat higher
than that of the non-dysphonic group and, in both groups, females were in the majority.
These characteristics reflect the clinical reality that dysphonic patients are typically not
very young and that females form the majority of voice patients [49-51]. However, earlier
findings have shown that the ABI is not significantly dependent on age or sex [22,27].

The use of only one perceptual variable in the listening evaluation may be seen as a
limitation in the study since then the presence of other potential characteristics of hoarseness
remain unknown. This is, however, the policy that other ABI validation studies have
adopted [12,24,28,30,32]. Further study of the average ABI results for different diagnostic
groups is warranted. This would require larger numbers of participants in different
diagnostic groups. Such a study should also address further the capability of listeners and
ABI to differentiate between breathiness and other components of dysphonia by including
other perceptual variables than merely the B.
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5. Conclusions

The present study showed that the ABI is a robust and valid tool for use with a
Finnish-speaking population. It distinguishes well between healthy and dysphonic voices.
The threshold value for breathiness in Finnish healthy and dysphonic voices was 2.68.
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Abstract: The study aimed to investigate and compare the accuracy and robustness of the multipara-
metric acoustic voice indices (MAVIs), namely the Dysphonia Severity Index (DSI), Acoustic Voice
Quality Index (AVQI), Acoustic Breathiness Index (ABI), and Voice Wellness Index (VWI) measures
in differentiating normal and dysphonic voices. The study group consisted of 129 adult individuals
including 49 with normal voices and 80 patients with pathological voices. The diagnostic accuracy
of the investigated MAVTI in differentiating between normal and pathological voices was assessed
using receiver operating characteristics (ROC). Moderate to strong positive linear correlations were
observed between different MAVIs. The ROC statistical analysis revealed that all used measurements
manifested in a high level of accuracy (area under the curve (AUC) of 0.80 and greater) and an
acceptable level of sensitivity and specificity in discriminating between normal and pathological
voices. However, with AUC 0.99, the VWI demonstrated the highest diagnostic accuracy. The
highest Youden index equaled 0.93, revealing that a VWI cut-off of 4.45 corresponds with highly
acceptable sensitivity (97.50%) and specificity (95.92%). In conclusion, the VWI was found to be
beneficial in describing differences in voice quality status and discriminating between normal and
dysphonic voices based on clinical diagnosis, i.e., dysphonia type, implying the VWI's reliable voice
screening potential.

Keywords: acoustic voice analysis; screening; DSI; AVQI; ABI; VWI

1. Introduction

A multidimensional approach is used in clinical practice to diagnose laryngeal/voice
abnormalities. This approach includes subjective evaluation of a voice both by the medical
professional and the patient, objective measurement of voice acoustics and voice aerody-
namics, and visualizing the larynx using video laryngostroboscopy (VLS) [1].

In this context, acoustic voice analysis plays a crucial role in the assessment of vocal
function and diagnostics in phoniatrics and laryngology [2]. Voice acoustic data are
noninvasive, reasonably easy-to-capture, and accurate biomarkers that also offer workable
and trustworthy options for dysphonia screening and monitoring. Therefore, measurement
of acoustic voice signals represents the most commonly used instrumental tool in clinical
practice and research for objectively and quantitative characterizing voice quality [3,4].

In the last decades, numerous acoustic analysis algorithms were developed to measure
the pitch, amplitude and waveform perturbation, and spectral and cepstral characteristics
of sound waves [2,5]. In order to address the limiting validity of a single acoustic parameter
in comparison to the multidimensionality of voice signals, researchers have created several
multiparametric acoustic voice indices (MAVIs) during the past few decades. These indices
assess and fuse multiple acoustic voice parameters based on the domains of time, frequency,
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amplitude, and quefrency while taking into consideration both sustained phonation and
connected speech and provide a single score that measures voice quality [6-8].

Nowadays, several MAVI models based on sustained vowels and continuous speech
have been introduced in research and clinical practice for the evaluation of voice quality:
the Dysphonia Severity Index (DSI), the Acoustic Voice Quality Index (AVQI), the Acoustic
Breathiness Index (ABI), and the Voice Wellness Index (VWI).

Wuyts et al.’s DSI model, presented in 2000, is a multivariate model that provides an
objective and quantitative indicator of overall voice quality by incorporating acoustic (jitter,
and the lowest intensity and highest fundamental frequency in the vocal range profile)
and aerodynamic (maximum phonation time of the vowel [a:]) markers [9]. DSI has been
regarded as a valuable and viable assessment for assessing overall voice quality, voice
treatment, vocal training, and phonosurgery results [10-17]. Additional research found con-
nections between the DSI and auditory-perceptual judgment and quality of life evaluation,
establishing the DSI as a valid approach for evaluating dysphonia severity [13-15,18-20].
The findings of the comparison research revealed that the DSI and AVQI’s performances
were comparable with an elevated degree of accuracy in distinguishing among normal and
dysphonic voices [21].

The DSI is originally scored from —5 to +5, in which an average subject with a normal
healthy voice has a score of +5, and —5 indicates a severely disordered voice [9]. However,
it should be noticed that the DSI value might vary across different geographic regions, age,
vocal performance, and ethnic groups [19,22-24]. In meta-analysis performed on a group of
healthy adult participants, the mean normative value of the DSI was +3.05 (the confidence
level was 2.13-3.98) [25].

The AVQI is a six-variable acoustic model developed by Maryn et al. in 2010 [26]
for the multiparametric measurement of voice quality concatenating both the sustained
vowel [a:] and the voiced parts of a continuous speech fragment. The equation of the
AVQI includes acoustic markers from time, frequency, and quefrency domains, and it is a
multidimensional representation of the dysphonia severity. The AVQI scores may range
from 0 to 10 points with a higher score indicating more severe dysphonia. Numerous
studies have confirmed the remarkable features of the AVQ], including its high consistency,
concurrent validity, test-retest reliability, high sensitivity to changes in voice quality brought
about by voice therapy, usefulness in differentiating between dysphonia severity levels
perceptually, and adequate diagnostic accuracy between normal and pathological voices
with good discriminatory power [27-30]. The AVQI values are independent of age and
gender, which expands the possibilities for the further generalization of this tool for
potential voice-screening applications [24]. In consequence, the AVQI is currently regarded
as a globally recognized multiparametric voice quality assessment instrument for clinical
and research applications [31-33].

The ABI is a multiparametric, nine-variable acoustic measure based on concatenated
samples of continuous speech and the sustained vowel /a/ to quantify the degree of
breathiness with a single score, and was developed by Barsties v Latoszek in 2017 [34]. The
ABI score ranges from 0 to 10, and the higher an ABI score, the more severe the breathiness,
and vice versa.

The ABI revealed highly reliable results in a test-retest measurement of vocally healthy
subjects [35]. The results of several studies confirmed the ABI as a robust and valid objective
measure for evaluating breathiness because ABI scores and perceived breathiness ratings
were shown to be strongly correlated; however, neither age and gender nor roughness
significantly affected the ABI in the evaluation of natural voices [4,36]. In addition, the ABI
also indicates highly sensitive therapy-related voice quality changes and, therefore, is useful
for therapy studies in order to more accurately characterize differences in voice quality
before and after treatment [4,37]. Also, the ABI appears to be relatively robust to phonetic
inter-language differences [38]. The diagnostic accuracy of the ABI in distinguishing
between normal and pathological voices revealed in different validation studies showed
high to very high results in terms of both sensitivity and specificity [37].
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The VWI integrates the voice-related data from two different information sources (i.e.,
acoustic voice analysis, such as the AVQI and Glottal Function Questionnaire (GFI), as
patient-reported outcome measures) and supports the concept that the voice assessment
process should consider the multidimensionality involved in the manifestation of voice
disorders. The VWTI is the equalizing proportion summation of the AVQI and GFI scores [39].
The VWI scores may range from 0 to 20 points with a higher score indicating more severe
dysphonia. The results of the recent study showed that VWI application represents an
accurate and reliable tool for voice quality measurement and normal versus pathological
voice screening, manifesting in excellent diagnostic accuracy (AUC = 0.972) and the best
balance between sensitivity (94.15%) and specificity (95.72%) [39].

The GFI questionnaire was developed by Bach et al. in 2005 [40]. It can be used as a
compounding part of the VWI and represents a concise (four-item) and reliable symptom-
based self-administered tool, which is focused on the functional aspects of voice disorder
and easily comprehensible. Its purpose is to assess the extent of vocal dysfunction in
adults. The GFI scores may range from 0 to 20 points with a higher score indicating more
severe vocal dysfunction. The later studies revealed the GFI cut-off score of >3.0 points
distinguishing dysphonic patients from healthy normal voice controls with a high level of
sensitivity and specificity [41]. Additionally, the dysphonia screening potential of GFI was
revealed by merging separate acoustic voice parameters with responses to GFI questions
and combining AVQI and GFI measurements [42].

The examination of comparison research data indicated equal findings for the DSI
and AVQI in terms of identifying normal and dysphonic voice, although the AVQI had
greater validity features. Based on auditory-perceptual judgment, the research team con-
cluded that the AVQI appears to be useful in defining variations in vocal quality state
and distinguishing between normal and dysphonic voices [21]. However, the consequent
study yielded that both these MAVIs can also differentiate between vocally healthy and
voice-disordered subjects in comparison with the dysphonia classification based on the
diagnosis of laryngeal disorder, thus enabling the quantification of abnormality [43]. In
2023, Penido et al. evaluated the AVQI, ABI, and DSI for speech-language pathologist
decision-making in the assessment of teachers’ voice complications. The findings of their
study revealed that the AVQI, ABI, and DSI are measures that may provide substantial
voice information and assist vocal healthcare providers in deciding on whether instructors
should be professionally limited in their vocal activities [30].

However, the comparison of the MAVI in respect to the voice screening problem has
not been tested before. Therefore, the aim of the study was to investigate and compare
the accuracy and robustness of the multiparametric acoustic voice indices, the VWI, AVQ]I,
ABI, and DSI measures in differentiating between normal and dysphonic voices.

2. Materials and Methods

The examinations of study participants took place at the Department of Otolaryngol-
ogy, Lithuanian University of Health Sciences, Kaunas, Lithuania. All data from individuals
with voice disorders were collected before any treatment, constituting the baseline. In-
formed consent was obtained from all the participants before their involvement in the study.

The inclusion criteria for the normal voice subgroup were as follows: (a) self-perceived
normal voice with no voiced-related complaints, (b) absence of chronic laryngeal dis-
eases or voice disorders history, (c) absence of pathological laryngeal alterations based on
video videolaryngostroboscopy (VLS), and (d) evaluation of voice samples as normal by
a laryngologist.

The pathological voice subgroup included a variety of laryngeal diseases and voice
disturbances, notably benign and malignant mass lesions of the vocal folds and unilateral
vocal fold paralysis. The inclusion criteria for this subgroup were: (a) complaints of
voice disorders, (b) voice assessed as pathological by a laryngologist, (c) presence of
laryngoscopically positive signs, and (d) histologically verified diagnosis in cases of mass
lesions of the vocal folds.

24



J. Clin. Med. 2024, 13, 99

The diagnosis of voice disorders relied on clinical examination (complaints and his-
tory), VLS, and histological verification of excised mass lesions of the vocal folds. Positive
laryngoscopic findings comprised vocal fold hypertrophy, paralysis, and benign and ma-
lignant mass lesions of the vocal folds. Endolaryngeal microsurgical interventions were
performed on subjects with mass lesions, and the diagnosis was verified by histological
evaluation of the excised tissue. The final diagnosis was used to assess the diagnostic
accuracy of the investigated MAVI in distinguishing among normal and pathological
voice participants.

2.1. Glottal Function Index Questionnaire

Each participant of the study (normal and pathological voice subgroups) filled in the
GFI questionnaire at the baseline, i.e., pre-treatment, along with voice recordings.

2.2. Voice Recordings

Voice recordings from the research participants were collected using a studio oral
cardioid AKG Perception 220 microphone (AKG Acoustics, Vienna, Austria) in a T-series
soundproof room for auditory assessment (T-room, CATegner AB, Bromma, Sweden).
The microphone was set 10.0 cm away from the lips, maintaining a 90° microphone-to-
mouth angle. Every individual was assigned two voice tasks that were recorded digitally.
The challenges included phonating the vowel sound [a:] for at least 4 s and reciting a
phonetically balanced text fragment in Lithuanian “Turéjo senelé Zila oZeli” (“The granny
had a small grey goat”). The respondents were told to execute both voice activities at their
personal volume and pitch. These narrations were recorded using the Audacity audio
recording application (https:/ /www.audacityteam.org/, accessed on 11 October 2023), at a
sampling rate of 44.1 kHz and saved for storage on the computer’s hard disk drive in a
16-bit resolution uncompressed “wav” audio file format.

2.3. DSI Estimation

The DSI was calculated using the Voice Diagnostic Center (VDS) (lingWAVES software,
version 2.5, WEVOSYS, Forchheim, Germany). Firstly, the jitter percentage was calculated
using a sustained vowel [a:] of no less than 2 s. Secondly, following maximal inhalation,
maximal phonation duration was determined for vowel [a:] sustained for as long as feasible
at a usual pitch and loudness. Thirdly, the individuals’ voice range profiles were established.
Only the lowest intensity (Ilow) and highest frequency (Fhigh) of the vocal range profiles
were used to calculate the DSI. Lastly, the DSI was determined using lingWaves VDC
Vospector analysis depending on the weighted combination of the highest frequency in
Hz (FoHigh), lowest intensity in dBA (I-low), maximum phonation time in seconds (MPT),
and jitter percentage.

2.4. AVQI Estimation

The Praat application (version 5.3.57; https:/ /www.fon.hum.uva.nl/praat/, accessed
on 11 October 2023) was used for processing the speech recordings for AVQI estima-
tions. The speech recordings were combined in the following sequence: text segment, 2 s
pause, 3 s sustained vowel/a/segment. The AVQI script version 02.02 designed for the
Praat application was utilized for the acoustic analysis https://www.vvl.be/documenten-
en-paginas/praat-script-avqi-v0203?download=AcousticVoiceQualityIndexv.02.03.txt, ac-
cessed 11 October 2023 [6].

2.5. ABI Estimation

For ABI calculations, the signal processing of the voice samples was conducted using the
Praat software (version 5.4.22; https:/ /www.fon.hum.uva.nl/praat/, accessed on 11 October
2023). The voice samples were analyzed using the ABI script developed for the Praat program
(version 5.4.22): https:/ /www.jvoice.org/cms/10.1016/j,jvoice.2016.11.017 /attachment/c1
56729a-af1a-4973-b77d-940ccb085145/mmcl.docx, accessed on 11 October 2023 [4].
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2.6. VWI Estimation

The “Voice Wellness Index” application for use both with iOS and Android operating
devices was utilized for WVI estimation [39]. This application allows voice recording,
automatically extracting acoustic voice features consisting of the AVQI, the GFI measures,
and displaying the VWI result alongside a recommendation to the user.

2.7. Statistical Analysis

The statistical analysis was conducted using IBM SPSS Statistics for Windows, ver-
sion 28.0.1.1 (Armonk, NY, USA: IBM Corp.) and MedCalc Version 20.118 (Ostend, Belgium,
BE: MedCalc Software Ltd.). The chosen level of statistical significance was set at 0.05.

To assess the data distribution, the normality law was examined using the Shapiro-Wilk
test of normality, along with the calculation of coefficients of skewness and kurtosis. In
cases of normally distributed data, a Student’s t-test was employed to test the equality of
means. An analysis of variance (ANOVA) was utilized to ascertain significant differences
among the multiple means of independent groups [44].

The linear relationship between variables obtained from continuous scales was evalu-
ated using Pearson’s correlation coefficient. To evaluate optimum sensitivity and specificity
at appropriate cut-off values, receiver operating characteristic (ROC) curves were con-
structed. To assess discriminatory accuracy, the “area under the ROC curve” (AUC) was
used. An AUC of more than 0.90 was deemed excellent, an AUC of less than 0.70 was
considered low, and an AUC of less than 0.50 showed chance-level accuracy for diagnosis.

A pairwise analysis, as reported by De Long et al., was used to determine whether
there were statistically significant variations among two or more factors when defining
normal/pathological voices [45].

3. Results
3.1. Study Group

The research cohort comprised 129 adults, with 58 men and 71 women. The average
age of the participants was 42.32 years (SD 14.83). Within the study, a subgroup of normal
voices comprised 49 healthy volunteers (16 men and 33 women) with an average age of
31.69 years (SD 9.89). Conversely, the pathological voice subgroup consisted of 80 patients
(42 men and 38 women) with an average age of 48.83 years (standard deviation 13.6).
This subgroup presented a range of laryngeal diseases and associated voice disruptions,
including benign and malignant mass lesions of the vocal folds and unilateral paralysis of
the vocal folds.

The demographic data of the study group and diagnoses of the pathological voice
subgroup are presented in Table 1.

Findings from prior research indicated no significant correlations between the subjects
age, sex, AVQI, and ABI measurements [31,36]. However, DSI values were found to
be unrelated to sex but showed a slight correlation with age [43]. Consequently, in the
current study, the control and patient groups were deemed appropriate for analyzing
the investigated MAVI data, even though these groups were not matched in terms of sex
and age.

’

Table 1. Demographic data of the study group.

. . Age
Diagnosis n
Mean SD
Normal voice 49 31.69 9.89
Mass lesions of the vocal folds (vocal fold polyp, 49 44.39 124

nodules, cyst, granuloma)
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Table 1. Cont.

. . Age
Diagnosis n
Mean SD

Vocal fold cancer (T1-2NOMO) 11 65.09 7.71
Chronic hyperplastic laryngitis 10 55.9 7.34
Unilateral vocal fold paralysis 6 40.83 12.77
Bilateral vocal fold paralysis 4 52.75 12.61
Total 129 42.32 14.83

Abbreviation: SD—standard deviation.

3.2. MAVI Evaluation Outcomes

The statistical analysis of the mean MAVI scores demonstrated significant differences
(p = 0.001) between the normal and pathological voice groups. The specific details regarding
the mean scores for various MAVIs are presented in Table 2.

Table 2. Mean MAVI scores in normal and pathological voice groups.

MAVI Voice Group n F Mean Std. Deviation  p

Normal voice 49 3.28 1.17

Acoustic Breathiness Index - 18.59 0.01
Pathological 80 5.33 2.08
) ) Normal 49 6.28 222

Dysphonia Severity Index 0.03 0.01
Pathological 80 —0.49 5.83
i i Normal 49 2.09 0.77

Acou.stlc Voice 30.78 0.01
Quality Index Pathological 80 4.26 1.80
Normal 49 2.53 1.14

Voice Wellness Index - 3541 0.01
Pathological 80 9.29 3.01

Abbreviations: MAVI—Multiparametric Acoustic Voice Index; F—degrees of freedom.

Table 2 demonstrates the separate MAVI scores for the normal and pathological
voice groups. The findings indicate that the normal voice group exhibited statistically
significantly lower mean scores when compared to the pathological voice group.

Moderate to strong positive linear correlations were observed between different
MAVIs. Pearson’s correlation coefficients ranged from 0.446 to 0.881 and can be observed

in Table 3.

Table 3. Correlations between different MAVI scores.

MAVI Acoustic Breathiness Dysphonia Acoustic Voice Voice Wellness
Index Severity Index Quality Index Index

Acoustic Breathiness Index 1 0.45* 0.88 * 0.72*

Dysphonia Severity Index 0.45* 1 0.56 * 0.54*

Acoustic Voice Quality Index 0.88 * 0.56 * 1 0.76 *

Voice Wellness Index 0.72* 0.54* 0.76 * 1

*—Correlations are significant at the 0.01 level (2-tailed), Abbreviation: MAVI—Multiparametric Acoustic Voice Index.

3.3. Normal vs. Pathological Voice Diagnostic Accuracy of the Investigated MAVI

The ROC analysis was employed to assess the diagnostic accuracy of the investigated
MAVI in distinguishing between normal and pathological voices. The ROC curves were
visually examined to identify the optimal cut-off scores based on general interpretation

guidelines [46]. Figure 1 displays the ROC curves for reference.
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Figure 1. ROC curves illustrating the diagnostic accuracy of the Acoustic Breathiness Index (ABI),
Acoustic Voice Quality Index (AVQI), Dysphonia Severity Index (DSI), and Voice Wellness Index
(VWI) in discriminating between normal/pathological voices.

As depicted in Figure 1, the ROC curves generated from various MAVI values pre-
dominantly occupy the upper portion of the graph, surpassing the middle reference line.
This observation distinctly underscores the commendable capability of the investigated
MAVI in effectively distinguishing between normal and pathological voices. Notably, the
VWI scores exhibited the largest area under the curve, indicating a higher predictive value
and greater accuracy of this index in discerning between the normal and pathological
voice groups.

The results of the detailed comparative ROC statistical analysis and the descriptive
outcomes of the MAVI between normal and pathological voice groups are presented in
Table 4.

Table 4. ROC statistics illustrating the accuracy of the different MAVIs in differentiating between
normal and pathological voices.

MAVI AUC Cut-off Sensitivity % Specificity % Youden-Index]
Acoustic Breathiness Index 0.80 4.87 61.25 95.92 0.57
Dysphonia Severity Index 0.85 —4.3 61.25 100 0.61
Acoustic Voice Quality Index 0.87 3.27 71.25 93.88 0.65
Voice Wellness Index 0.99 4.45 97.50 95.92 0.93

Abbreviations: ROC—Receiver Operating Curve; MAVI—Multiparametric Acoustic Voice Index; AUC—area
under the curve.

Table 4 provides an overview of the statistics concerning the MAVI's ability to effec-
tively differentiate between normal and pathological voice groups, yielding the following
outcomes. The ROC statistical analysis indicated that all employed measurements exhibited
a high accuracy (AUC of 0.80 and greater) and an acceptable balance of sensitivity and
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specificity in distinguishing between normal and pathological voices. The VWI, with an
AUC of 0.99, demonstrated the highest diagnostic accuracy based on clinical diagnosis,
specifically the dysphonia type. The highest Youden index, reaching 0.93, indicated a VWI
cut-off of 4.45 corresponds to highly acceptable sensitivity (97.50%) and specificity (95.92%).
Other MAVIs displayed AUCs ranging from 0.80 to 0.87, sensitivities from 61.25% to 71.25%,
specificities from 95.92% to 100%, and Youden indices from 0.57 to 0.65, respectively. A
further pairwise comparison of the AUC differences of separate MAVIs in discriminating
between normal and pathological voices is presented in Table 5.

Table 5. A pairwise comparison of the AUC’s differences of separate MAVIs in discriminating
between normal and pathological voices.

MAVI Acoustic Breathiness Dysphonia Acoustic Voice Voice Wellness
Index Severity Index Quality Index Index

Acoustic Breathiness Index - 0.053 0.073 * 0.198 *

Dysphonia Severity Index 0.053 - 0.02 0.145*%

Acoustic Voice Quality Index 0.073 * 0.02 - 0.125*

Voice Wellness Index 0.198 * 0.145 * 0.125* -

*—Significance level p < 0.01 level, Abbreviation: MAVI—Multiparametric Acoustic Voice Index.

As demonstrated in Table 5, the pairwise comparison of the significance of the differ-
ences between the AUCs of separate MAVIs, as described by DeLong et al., revealed that
considering the AUCs, the VWI showed the statistically significantly highest difference
when compared to the other MAVIs used in this study.

4. Discussion

For the very first time in a single research project and for exactly the same cohort
of participants, the reliability of the multiparametric acoustic voice indices, the VWI,
AVQI, ABI, and DSI measures in discriminating between normal and diseased voices
was investigated in this study. Clinical evaluation, i.e., the findings of the examination
of complaints, history, subjective voice assessment, laryngeal imaging, and histological
research, was used to identify a p pathological voice. Strict standards for a normal voice
were established. As a result, although diverse kinds of dysphonia were addressed, correct
categorization between vocally healthy and voice-disordered participants was evaluated in
the current investigation.

The results of this study, related to the ROC analysis, indicated that all four inves-
tigated indices, the VWI, AVQI, ABI, and DSI, revealed good discrimination between
individuals with normal and pathological voices as determined via the clinical diagnosis of
laryngeal disorder. However, among the four investigated indices, the VWI achieved an
AUC of 0.99, sensitivity of 97.50%, and specificity of 95.92%, which showed greater power
for reaching this goal. Thus, the comparative analysis of the results of the present study
highlighted the significantly higher level of accuracy of the VWI in differentiating between
normal and pathological voices, suggesting the reliable voice screening potential of the
VWL

These outcomes, to some extent, can be considered as predictable and comprehensible.
The current findings are consistent with the statement in the literature that amalgamating
acoustic voice analysis and the results of a patient’s self-assessment provides complemen-
tary information that increases the strength, and reinforces the importance, of multidimen-
sional assessment, thereby investigating different aspects of a voice disorder [33,42,47].

The results of the present study demonstrated the significantly higher power of the
VWI obtained from voice recordings using a studio microphone to discriminate between
normal and pathological voices compared to that of the DSI. The DSI is primarily regarded
as an indicator of vocal function, and it is assumed to more accurately represent the
capabilities or limits in vocal functioning, and it can be used as a universal measure of
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vocal performance and/or voice dysfunction [30]. The DSI includes just one acoustic
parameter linked to voice quality (jitter percentage), and three other variables relating
to voice performance and functionality: maximum phonation time, softest magnitude,
and a higher frequency. The AVQI relies on six acoustic voice quality indicators and is
regarded as being a superior indicator of overall voice quality [6], whereas the ABI relies
on nine acoustic voice quality indicators and is better suited to identifying breathiness in
voice quality, especially in cases of vocal fold nodules, paralysis, or paresis of the recurrent
laryngeal nerve, and vocal fold bowing corresponding to presbyphonia [38].

In clinical practice, it is probable that people with or without laryngoscopic abnormal-
ities cannot always be accurately classified by using auditory perceptual assessment or
using acoustic parameters that have been validated as measures of perceived dysphonia
severity. However, it is widely recognized from clinical experience that individuals exhibit-
ing laryngoscopically aberrant symptoms can, in turn, produce a perceptually “normal”
voice, and vice versa. This may be explained by the observation that the existence of a mass
lesion or other structural variation in the vocal folds does not always result in dysphonia as
perceived or as measured by acoustics, particularly if the lesion’s location has little bearing
on the vocal folds’ vibratory characteristics. The VWI, which incorporates two sources of
data known as the AVQI and GFI, guarantees that both of these modalities give related but
distinct kinds of discriminating information useful for differentiating between healthy and
pathological voices and boosts classification performance.

It is important to note that, despite the relative ease and consistency of DSI registra-
tion, this technique necessitates the assistance of a professionally qualified speech therapist
or phoniatrician. As a result, DSI estimation cannot be automated and completed as a
vocal “self-assessment” by a person. As a result, despite a lengthy tradition of evaluating
the overall quality of a voice based on sustained vowels, this DSI registration peculiarity
reduces the DSI’s potential utility for voice pathology screening purposes. The multivariate
structures of the VWI, AVQI, and ABI, on the other hand, depend on a linear regression
model which incorporates pertinent acoustic parameters; they consist of both continu-
ous speech and sustained vowel sounds in the acoustic evaluation, and the processing
of signals employs freeware Praat algorithms, and can thus be standardized and made
automated. This has already been realized in several applications available for AVQI esti-
mation: VoiceEvalU8 [48], A Comprehensive Application for Grading Severity of Voice [29],
VoiceScreen, version 4.4.22 [49], and ABI assessment: VOXplot, version 2.0 [50]. As a result,
the registration of the AVQI, ABI, and VWI as an “ecologically valid” MAVI may be readily
accomplished using specific programs, even without the presence of trained staff, allowing
individuals to self-assess their voice quality. Consequently, these MAVIs suggest reliable
voice screening options. Moreover, the VWI application provides recommendations to
users based on the test results.

Merging the data from the two information sources has additional benefits for the
VWI as the suitable method for differentiating between voice quality groups with and
without disorders. The significant aspect of the VW1 is its relatively high discrimination
power based on the GFI data. Therefore, this sensor-independent data source with such
a strong discrimination strength lessens the possibility of acoustic parameter-dependent
variances resulting from variations in smartphone microphones and balances the effects of
the two compounding parts (AVQI and GFI) on the VWI score. When using various voice
recording devices, like various cellphones or other mobile communication devices, this
capability is crucial.

Several of the current study’s limitations must be taken into account. The study group
of individuals with clinically discriminative organic laryngeal diseases and voice disorders
served as the basis for the current study’s findings. In order to maximize the comparability
of various MAVIs, more research is needed of a broad range of vocal disorders, including
functional voice disorders. The voice recordings for the current investigation were made
in a soundproof room. Nevertheless, in actual clinical settings with background noise,
the omnidirectional inbuilt microphones in cellphones might produce different outcomes.
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Therefore, additional research is needed to assess how well the various MAVI applications
work with various cellphones in a real-world clinical scenario, as well as the effects of the
microphone’s peculiarities and the speech recording environment.

5. Conclusions

All MAVIs used in this study, namely the DSI, AVQI, ABI, and VWI, displayed good
accuracy in distinguishing between normal and dysphonic voices. The VWI, on the other
hand, yielded greater validity characteristics. As a result, the VWI appears to be useful in
defining changes in voice quality status and distinguishing between normal and dysphonic
voices based on clinical diagnosis, i.e., the dysphonia type, implying the VWI's trustworthy
voice screening capability.
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Abstract: The aim of the study was to develop a universal-platform-based (UPB) application suitable
for different smartphones for estimation of the Acoustic Voice Quality Index (AVQI) and evaluate its
reliability in AVQI measurements and normal and pathological voice differentiation. Our study group
consisted of 135 adult individuals, including 49 with normal voices and 86 patients with pathological
voices. The developed UPB “Voice Screen” application installed on five iOS and Android smartphones
was used for AVQI estimation. The AVQI measures calculated from voice recordings obtained from a
reference studio microphone were compared with AVQI results obtained using smartphones. The
diagnostic accuracy of differentiating normal and pathological voices was evaluated by applying
receiver-operating characteristics. One-way ANOVA analysis did not detect statistically significant
differences between mean AVQI scores revealed using a studio microphone and different smartphones
(F=0.759; p = 0.58). Almost perfect direct linear correlations (r = 0.991-0.987) were observed between
the AVQI results obtained with a studio microphone and different smartphones. An acceptable level
of precision of the AVQI in discriminating between normal and pathological voices was yielded,
with areas under the curve (AUC) displaying 0.834-0.862. There were no statistically significant
differences between the AUCs (p > 0.05) obtained from studio and smartphones” microphones. The
significant difference revealed between the AUCs was only 0.028. The UPB “Voice Screen” application
represented an accurate and robust tool for voice quality measurements and normal vs. pathological
voice screening purposes, demonstrating the potential to be used by patients and clinicians for voice
assessment, employing both iOS and Android smartphones.

Keywords: voice screen app; dysphonia screening; AVQI; smartphones

1. Introduction

Mobile communication devices such as smartphones or tablets are widely available to
most of the global population, with the number of smartphone subscriptions expected to
reach about 7145 billion by 2024 [1]. The increasing number of validated applications for
smartphones in the field of general otorhinolaryngology and especially in a field related
to voice assessment and management of voice disorders is permanently monitored in the
literature [2-6]. Advances in smartphone technology and microphone quality offer an
affordable and accessible alternative to studio microphones traditionally used for speech
analysis, thus providing an effective tool for assessing, detecting, and caring for voice
disorders [7-9].

The combination of variables in smartphone hardware and software may lead to dif-
ferences between voice quality measures. Whether acoustic voice features recorded using
smartphones sufficiently match the current gold standard for remote monitoring and clini-
cal assessment with a studio microphone remains uncertain [7,10,11]. Some controversies
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on this matter in the literature still exist. Several studies found that smartphone-provided
voice recordings and derived acoustic voice quality parameters are comparable to those de-
rived using standard studio microphones [8,12-14]. Seung Jin Lee et al. found a significant
correlation of several selected acoustic measures and no difference in the diagnostic ability
between the Computerized Speech Lab and smartphone devices, although differences
in several measures and higher cut-off scores of the smartphone were noted. Authors
concluded that smartphones could be used as a screening tool for voice disorders [15]. On
the other hand, using some other acoustic voice quality parameters could be discourag-
ing [16]. Two recent studies found that none of the studied smartphones could replace
the professional microphone in a voice recording to evaluate the six parameters analyzed,
except for fy and jitter. Moreover, passing a voice signal through a telecom channel induced
both filter and noise effects which significantly impacted common acoustic voice quality
measures [17,18].

Nowadays, multiparametric models for voice quality assessment are generally ac-
cepted to be more reliable and valid than single-parameter measures because they demon-
strate stronger correlations with auditory—perceptual voice evaluation and are more repre-
sentative of daily use patterns. For example, the Acoustic Voice Quality Index (AVQI) is
a six-variable acoustic model for the multiparametric measurement, evaluating both the
voiced parts of a continuous speech fragment and a sustained vowel (a:), developed by
Maryn et al. in 2010 [19,20].

Multiple studies across different languages have attested to the reliability of the AVQI
as a clinical voice quality evaluation tool. High consistency, concurrent validity, test—
retest reliability, high sensitivity to voice quality changes through voice therapy, utility in
discriminating across the perceptual levels of dysphonia severity, and adequate diagnostic
accuracy with good discriminatory power of the AVQI in differentiating between normal
and abnormal voice qualities were observed [20-27]. It is noteworthy that several studies
have reported that sex and age do not affect the overall AVQI value, thus proving the
perspectives for further generalization of this objective and quantitative voice quality
measurement [27-30]. Therefore, nowadays, AVQI is considered a recognized-around-the-
globe multiparametric construct of voice quality assessment for its clinical and research
applications [31-33].

Several previous studies have proved the suitability of using smartphone voice record-
ings performed both in acoustically treated sound-proof rooms or in ordinary users’ en-
vironments to estimate the AVQI [4,9,11,14,27,34]. However, just a few studies in the
literature provide data about AVQI realization using different applications for mobile
communication devices [4,9,27]. The study by Grillo et al. in 2020 presented an application
(VoiceEvalU8) that provided an automatic option for the reliable calculation of several
acoustic voice measures and AVQIs on iOS and Android smartphones using the Praat
source code and algorithms [4]. A user-friendly application/graphical user interface for the
Kannada-speaking population was proposed by Shabnam et al. in 2022. The application
provided a simplified output for AVQI cut-off values to depict the AVQI-based severity of
dysphonia, which could be comprehendible by patients with voice disorders and health
professionals [27]. The multilingual “Voice Screen” application developed by Uloza et al.
allowed voice recording in clinical settings, automatically extracting acoustic voice features,
estimating the AVQI result and displaying it alongside a recommendation to the user [9].
However, the “Voice Screen” application runs the iOS operating system, and that feature
limits the usability only to iPhones, tablets, etc.

The results of the studies mentioned above enabled us to presume the feasibility of
voice recordings captured with different smartphones for the estimation of AVQI. Conse-
quently, the current research was designed to answer the following questions regarding the
possibility of a smartphone-based “Voice Screen” application for AVQI estimation: (1) are
the average AVQI values estimated by different smartphones consistent and comparable,
and (2) are the diagnostic accuracy properties of different smartphone-estimated AVQIs
relevant to differentiate normal and pathological voices? We hypothesize that using dif-
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ferent smartphones for voice recordings and estimations of AVQI will be feasible for the
quantitative voice assessment.

Therefore, the present study aimed to develop a universal-platform-based (UPB)
application suitable for different smartphones for the estimation of AVQI and evaluate its
reliability in AVQI measurements and normal/pathological voice differentiation.

2. Materials and Methods

All subjects gave their informed consent for inclusion before they participated in the
study. The study was conducted in accordance with the Declaration of Helsinki of 1975,
and the protocol was approved by the Kaunas Regional Ethics Committee for Biomedical
Research (2022-04-20 No. BE-2-49).

The study group consisted of 135 adult individuals: 58 men and 77 women. The mean
age of the study group was 42.9 (SD 15.26) years. They were all examined at the Department
of Otolaryngology of the Lithuanian University of Health Sciences, Kaunas, Lithuania.
The pathological voice subgroup consisted of 86 patients: 42 men and 44 women, with a
mean age of 50.8 years (SD 14.3). They presented with a relatively common and clinically
discriminative group of laryngeal diseases and related voice disturbances, i.e., benign and
malignant mass lesions of the vocal folds and unilateral paralysis of the vocal fold. The
normal voice subgroup consisted of 49 selected healthy volunteer individuals: 16 men and
33 women, mean age 31.69 (SD 9.89) years. This subgroup was collected following three
criteria to define a vocally healthy subject: (1) all selected subjects considered their voice as
normal and had no actual voice complaints and no history of chronic laryngeal diseases or
voice disorders; (2) no pathological alterations in the larynx of the healthy subjects were
found during video laryngoscopy; and (3) all these voice samples were evaluated as normal
voices by otolaryngologists working in the field of voice. Demographic data of the study
group and diagnoses of the pathological voice subgroup are presented in Table 1.

Table 1. Demographic data of the study group.

Diagnosis n Age

Mean SD

Normal voice 49 31.69 9.89

Mass lesions of vocal folds 49 44.39 124
Vocal fold cancer 11 65.09 7.71
Chronic hyperplastic laryngitis 10 55.9 7.34
Unilateral vocal fold paralysis 6 40.83 12.77
Bilateral vocal folds paralysis 4 52.75 12.61
Functional dysphonia 2 39 24.04
Reflux laryngitis 2 57 15.56
Parkinson’s disease 2 71.5 9.19
Total 135 42.92 15.26

Abbreviation: SD—standard deviation.

No correlations between the subject’s age, sex, and AVQI measurements were found
in the previous study [28]. Therefore, in the present study, the control and patient groups
were considered suitable for AVQI-related data analysis, despite these groups not being
matched by sex and age.

2.1. Original Voice Recordings

Voice samples from each subject were recorded in a T-series sound-proof room for
hearing testing (T-room, CATegner AB, Bromma, Sweden) using a studio oral cardioid
AKG Perception 220 microphone (AKG Acoustics, Vienna, Austria). The microphone was
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placed at a 10.0 cm distance from the mouth, keeping a 90° microphone-to-mouth angle.
Each participant was asked to complete two vocal tasks, which were digitally recorded.
The tasks consisted of (1) sustaining phonation of the vowel sound (a:) for at least 4 s
duration and (2) reading a phonetically balanced text segment in Lithuanian “Turéjo senelé
Zila oZeli” (“The granny had a small grey goat”). The participants completed both vocal
tasks at a personally comfortable loudness and pitch. All voice recordings were captured
with Audacity recording software (https:/ /www.audacityteam.org/, accessed on 30 May
2023) at a sampling frequency of 44.1 kHz and exported in a 16-bit depth lossless “wav”
audio file format onto the computer’s hard disk drive (HDD).

2.2. Auditory-Perceptual Evaluation

Five experienced physicians-laryngologists, who were all native Lithuanians, served
as the rater panel. Blind to all relevant information regarding the subject (i.e., identity,
age, gender, diagnosis, and disposition of the voice samples), they performed auditory—
perceptual evaluations to quantify the vocal deviations, judging the voice samples into
four ordinal severity classes of grade from the GRBAS scale (i.e., 0 = normal, 1 = slight,
2 = moderate, 3 = severe dysphonia) [35]. A detailed description of the auditory—perceptual
evaluation is presented elsewhere [22].

2.3. Transmitting Studio Microphone Voice Recordings to Smartphones

The impact on voice recordings caused by technical differences in studio and smart-
phone microphones was averted by applying the filtration (equalization) of the already
recorded flat frequency audio using the data from the smartphone frequency response
curves. The filtered result would represent audio recorded with the selected smartphone.
Using this method, the only variable affected was the frequency response, keeping other
variables, i.e., room reflections, distance to the microphone, directionality, user loudness,
and other variables, constant. Ableton DAW (digital audio workstation) was implemented
as an editing environment, and the VST (virtual studio plugin) plugin MFreeformEqualizer
by MeldaProduction (https:/ /www.meldaproduction.com/MFreeformEqualizer/features,
accessed on 4 June 2023) was used to import the frequency response datasets and equalize
the frequencies according to the required frequency response. The MFreeformEqualizer
filter quality was set to the extreme (highest available), with 0% curve smoothing. All the
audio files were then re-exported as 44,100 Hz 16-bit wav files. With this method, the digital
voice recordings obtained with a studio microphone were directly transmitted to different
smartphones for analysis, avoiding not only the surrounding environment’s impact but
also ideally synchronizing all voice samples throughout all devices without the need for
additional audio synchronization methods to ensure that the exact same parts of vowels
and speech were used for each smartphone’s analysis.

2.4. AVQI Estimation

For AVQI calculations, the signal processing of the voice samples was performed
in the Praat software (version 5.3.57; https:/ /www.fon.hum.uva.nl/praat/, accessed on
4 June 2023). Only voiced parts of the continuous speech were manually extracted and
concatenated to the medial 3 s of the sustained (a) phonation. The voice samples were
concatenated for auditory—perceptual judgment in the following order: text segment, a
2 s pause, followed by a 3 s sustained vowel /a/ segment. This chain of signals was
used for acoustic analysis with the AVQI script version 02.02 developed for the program
Praat https:/ /www.vvl.be/documenten-en-paginas/praat-script-avqi-v0203?download=
AcousticVoiceQualityIndexv.02.03.txt, accessed on 4 June 2023.

2.5. Development of a Universal-Platform-Based “Voice Screen” Application for Automated
AVQI Estimation

The “Voice Screen” application for use with iOS operating devices was developed in
the initial stage. Background noise monitoring, voice recording, and developed automated
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AVQI calculations were implemented in the application. Consequently, the “Voice Screen”
application allowed voice recording, automatically extracted acoustic voice features, and
displayed the AVQI result alongside a recommendation to the user [9].

The upgraded UPB version of the “Voice Screen” application, suitable for iOS and
Android devices, was elaborated in the next stage. In this case, the calculation of the AVQI
and its characteristics was performed on the server; therefore, the computationally costly
sound processing was not dependent on the user’s device’s computational capabilities. We
used the Flutter framework (https://flutter.dev/, accessed on 4 June 2023) to create our
client application. It allowed for compiling applications for different platforms (devices
and their operating systems) from a single code base. The framework ensured that the
same algorithms ran on different devices and that no new software errors were introduced
while porting the application. Currently, our application works with both iOS and Android
devices. Figure 1 shows the structure of the system. The numbers in the picture depict the
flow of the operations.
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Figure 1. Structure of the system and flow of the operations.

In the first step, the given smartphone (iOS or Android) records sound waves acquired
while saying given phrases aloud. The sound waves are preprocessed (see Step 1 in Figure 1)
in real-time. The preprocessing aims to clean the sound waves from pauses and ensure the
minimum amount of sound suitable for further analysis. Step 2 sends the preprocessed
sound wave to the server for further analysis. The server runs a Linux operating system
and provides web services for software in Python. That software is based on the Praat
(https:/ /www.fon.hum.uva.nl/praat/, accessed on 4 June 2023) application ported into a
Python library by the Parselmouth project (https://parselmouth.readthedocs.io/, accessed
on 4 June 2023). We use this library to calculate AVQI and other sound characteristics used
in AVQI calculation. In Step 3, the AVQI index and the related data are returned to the
smartphone and displayed to the user. Step 4 is optional. If the user chooses to save the
results, the sound waves and calculated characteristics are saved into the server’s database.
No personal data relating to a specific person with the calculated AVQI and its parameters
is saved on a server.

In the present study, the UPB “Voice Screen” application was installed on five different
smartphones (namely, iPhone Pro Max 13, iPhone SE (iOS operating system), OnePlus
9 PRO, Samsung S22 Ultra, Huawei P50 pro (Android operating system)) used for AVQI
estimation. The AVQI measures estimated with the “Voice Screen” application from voice
recordings obtained from a flat frequency response studio microphone AKG Perception
220 were compared with AVQI results obtained using these smartphone devices.

2.6. Statistical Analysis

Statistical analysis was performed using IBM SPSS Statistics for Windows, version
20.0 (IBM Corp., Armonk, NY, USA) and MedCalc Version 20.118 (MedCalc Software Ltd.,
Ostend, Belgium). The chosen level of statistical significance was 0.05.
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The data distribution was determined according to the normality law by applying the
Shapiro-Wilk test of normality and calculating the coefficients of skewness and kurtosis.
Student’s t-test was used to test the equality of means in normally distributed data [36]. An
analysis of variance (ANOVA) was employed to determine if there were significant differ-
ences between the multiple means of the independent groups [37]. Cronbach’s alpha was
used to measure the internal consistency of measures [38]. Pearson’s correlation coefficient
was applied to assess the linear relationship between variables obtained from continuous
scales. Spearman’s correlation coefficient was used to determine the relationship in ordinal
results. Receiver operating characteristic (ROC) curves were used to obtain the optimal
sensitivity and specificity at optimal AVQI cut-off points. The “area under the ROC curve”
(AUC) served to calculate the possible discriminatory accuracy of AVQI performed with
a studio microphone and different smartphones. A pairwise comparison of ROC curves,
as described by De Long et al., was used to determine if there was a statistically signifi-
cant difference between two or more variables when categorizing normal/pathological
voices [39].

3. Results
3.1. Raters’ Perceptual Evaluation Outcomes

The rater panel demonstrated excellent inter-rater agreement (Cronbach’s « = 0.967)
with a mean intra-class correlation coefficient of 0.967 between five raters (from 0.961
to 0.973).

3.2. AVQI Evaluation Outcomes

An individual smartphone AVQI evaluation displayed excellent agreement by achiev-
ing a Cronbach’s alpha of 0.984. The inter-smartphone AVQI measurements’ reliability was
excellent, with an average Intra-class Correlation Coefficient (ICC) of 0.983 (ranging from
0.979 to 0.987).

The mean AVQI scores provided by different smartphones and a studio microphone
can be observed in Table 2.

Table 2. Comparison of the mean AVQI results obtained with different smartphones and studio microphone.

Microphone n Mean AVOQI Std. Deviation F p

AKG Perception 220 3.43 1.83
iPhone SE 3.56 1.86
iPhone Pro Max 13 3.16 1.83

135 0.759 0.58
Huawei P50 pro 3.37 1.96
Samsung S22 Ultra 3.52 1.93
OnePlus 9 PRO 3.42 1.86

Abbreviation: AVQI—acoustic voice quality index.

As shown in Table 2, the one-way ANOVA analysis did not detect statistically sig-
nificant differences between mean AVQI scores revealed using different smartphones
(F =0.759; p = 0.58). Further Bonferroni analysis reaffirmed the lack of difference between
the AVQI scores obtained from different smartphones (p = 1.0, estimated Bonferroni’s p for
statistically significant difference p = 0.01). The mean AVQI differences ranged from 0.01 to
0.4 points when comparing different smartphones.

Almost perfect direct linear correlations were observed between the AVQI results
obtained with a studio microphone and different smartphones. Pearson’s correlation
coefficients ranged from 0.991 to 0.987 and can be observed in Table 3.

The relationships between the AVQI scores obtained with a studio microphone and
different smartphones are graphically presented in Figure 2.
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Table 3. Correlations of AVQI scores obtained with studio microphone and different smartphones.

Microphones iPhone SE  iPhone Pro Max13  Huawei P50 pro = Samsung S22 Ultra  OnePlus 9 PRO
r 0.991 0.987 0.970 0.979 0.992
AKG
Perception 220 p 0.001 0.001 0.001 0.001 0.001
n 135 135 135 135 135

Abbreviations: r—Pearsons’s correlation coefficient; p—statistical significance.
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Figure 2. Scatterplot illustrating the correlation between the AVQI results obtained from the studio
and different smartphones with a 95% confidence interval.

As demonstrated in Figure 2, it is evident that AVQI results obtained with different
smartphones closely resemble the AVQI results obtained with a studio microphone, with
very few data points outside of the 95% confidence interval (R? = 0.961). Therefore, it is
safe to conclude that the AVQI scores obtained with smartphones are directly compatible
with the ones obtained with the reference studio microphone.

3.3. The Normal vs. Pathological Voice Diagnostic Accuracy of the AVQI Using Different Smartphones

First, the ROC curves of AVQI obtained from a studio microphone and different
smartphone voice recordings were inspected visually to identify optimum cut-off scores
according to general interpretation guidelines [40]. All of the ROC curves were visually al-
most identical and occupied the largest part of the graph, clearly revealing their respectable
power to discriminate between normal and pathological voices (Figure 3).

Second, as revealed by the AUC statistics analysis, a high level of precision of the
AVOQI in discriminating between normal and pathological voices was yielded with the
suggested AUC = 0.800 threshold. The results of the ROC statistical analysis are presented
in Table 4.
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Figure 3. ROC curves illustrating the diagnostic accuracy of studio and different smartphone
microphones in discriminating normal/pathological voices.

Table 4. Statistics illustrating the accuracy the AVQI differentiating normal and pathological voices
recorded using studio and different smartphones” microphones.

AVQI AUC Cut-Off  Sensitivity %  Specificity % Youden-Index]
AKG Perception 220  0.834 3.27 93.88 68.18 0.62
iPhone SE 0.844 3.23 91.84 70.45 0.62
iPhone Pro Max 13 0.858 2.14 81.63 82.95 0.65
Huawei P50 pro 0.835 3.08 93.88 70.45 0.64
Samsung S22 Ultra 0.862 293 89.8 73.86 0.64
OnePlus 9 PRO 0.86 2.3 79.59 84.09 0.64

Abbreviations: AVQI acoustic voice quality index, AUC area under the curve.

As demonstrated in Table 4, the ROC analysis determined the optimal AVQI cut-off
values for distinguishing between normal and pathological voices for each smartphone. All
employed microphones passed the proposed 0.8 AUC threshold and revealed an acceptable
Youden-index value.

Third, a pairwise comparison of the significance of the differences between the AUCs
revealed in the present study is presented in Table 5.

Table 5. A pairwise comparison of the significance of differences between the AUCs.

AKG . iPhone Pro Huawei Samsung OnePlus

P Perception 220 iPhone SE Max 13 P50 Pro $22 Ultra 9 Pro

AKG Perception 220 - 0.163 0.099 0.966 0.11 0.086

iPhone SE 0.163 - 0.367 0.579 0.282 0.863

iPhone Pro Max 13 0.099 0.367 - 0.268 0.718 0.863

Huawei P50 pro 0.966 0.579 0.268 - 0.223 0.256

Samsung S22 Ultra 0.11 0.282 0.718 0.223 - 0.863
OnePlus 9 PRO 0.086 0.863 0.863 0.256 0.863 -

Abbreviations: AUC area under the curve.
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As shown in Table 5, a comparison of the AUCs-dependent ROC curves (AVQI
measurements obtained from studio microphone and different smartphones), according
to the test of DeLong et al., confirmed no statistically significant differences between the
AUC:s (p > 0.05). The most considerable observed difference between the AUCs was only
0.028. These results confirmed the compatible results of the AVQI’s diagnostic accuracy in
differentiating normal vs. pathological voices when using voice recordings from a studio
microphone and different smartphones.

4. Discussion

In the present study, the novel UPB “Voice Screen” application for the estimation of
AVQI and detection of voice deteriorations in patients with various voice disorders and
healthy controls was tested for the first time simultaneously with different smartphones.
The AVQI was chosen for voice quality assessment because of some essential favorable
features of this multiparametric measurement: the less vulnerability of the AVQI to environ-
mental noise compared to other complex acoustic markers and the robustness of the AVQI
regarding the interaction between acoustic voice quality measurements and room acous-
tics; there were no significant differences within subjects for both women and men when
comparing the AVQI across different voice analysis programs [11,14,41]. Another essential
attribute of the AVQI is that Praat is the only freely available program that estimates the
AVQI. That eliminates the impact of possible software differences on AVQI computation.

In the present study, the results of the ANOVA analysis did not detect statistically
significant differences between mean AVQI scores revealed using different smartphones
(F=0.759; p = 0.58). Moreover, the mean AVQI differences ranged from 0.01 to 0.4 points
when comparing AVQI estimated with different smartphones, thus establishing a low level
of variability. This corresponded with a value of 0.54 for the absolute retest difference
of AVQI values proposed by Barsties and Maryn in 2013 [20,42]. Consequently, these
outcomes of AVQI measurements with different smartphones were considered neither
statistically nor clinically significant, justifying the possibility of practical use of the UPB
“Voice Screen” app.

The correlation analysis showed that all AVQI measurements were highly correlated
(Pearson’s r ranged from 0.991 to 0.987) across the devices used in the present study.
This concurred with the literature data on the high correlation between acoustic voice
features derived from studio microphones and smartphones and examined both for control
participants and synthesized voice data [7,12-14].

Furthermore, analysis of the results revealed that the AVQI showed a remarkable
ability to discriminate between normal and pathological voices as determined by auditory-
perceptual judgment. The ROC analysis determined the optimal AVQI cut-off values for
distinguishing between normal and pathological voices for each smartphone used. A re-
markable precision of AVQI in discriminating between normal and pathological voices
was yielded (AUC 0.834-0.862), resulting in an acceptable balance between sensitivity
and specificity. These findings suggested that the AVQI was a reliable tool in differentiat-
ing normal/pathological voices independently of the voice recordings from tested studio
microphones and different smartphones. The comparison of the AUC-dependent ROC
curves (AVQI measurements obtained from studio microphone and different smartphones)
demonstrated no statistically significant differences between the AUCs (p > 0.05), with the
largest revealed difference between the AUCs of only 0.028. These results confirmed the
compatible results of the AVQI diagnostic accuracy in differentiating normal vs. pathologi-
cal voices when using voice recordings from studio microphone and different smartphones
and presented remarkable importance from a practical point of view.

Several limitations of the present study have to be considered. Despite the encouraging
results of the AVQI measurements, some individual discrepancies between AVQI results
revealed with different smartphones still exist. Therefore, further research in a wide
diversity of voice pathologies, including functional voice disorders, is needed to ensure
the maximum comparability of acoustic voice features derived from voice recordings
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Abstract: Background: Previous studies have assessed the capability of PRAAT for acoustic voice
analysis in total laryngectomized (TL) patients, although this software was designed for acoustic
analysis of laryngeal voice. Recently, we have witnessed the development of specialized acoustic
analysis software, Tracheoesophageal Voice Analysis (TEVA). This study aims to compare the analysis
with both programs in TL patients. Methods: Observational analytical study of 34 TL patients where
a quantitative acoustic analysis was performed for stable phonation with vowels [a] and [i] as well as
spectrographic characterization using the TEVA and PRAAT software. Results: The Voice Handicap
Index (VHI-10) showed a mean score of 11.29 £ 11.16 points, categorized as a moderate handicap.
TEVA analysis found lower values in the fundamental frequency vs. PRAAT (p < 0.05). A significant
increase in shimmer values was observed with TEVA (>20%). No significant differences were found
between spectrographic analysis with TEVA and PRAAT. Conclusions: Tracheoesophageal speech is
an alaryngeal voice, characterized by a higher degree of irregularity and noise compared to laryngeal
speech. Consequently, it necessitates a more tailored approach using objective assessment tools
adapted to these distinct features, like TEVA, that are designed specifically for TL patients. This study
provides statistical evidence supporting its reliability and suitability for the evaluation and tracking

of tracheoesophageal speakers.
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1. Introduction

The PRAAT software represents a prominent tool in contemporary objective acoustic
analysis. Developed by Boersma and Weenik, this software enables the comprehensive
analysis, synthesis, and manipulation of acoustic signals related to vocalization, achieved
through the systematic adjustment of various parameters for the extraction of speech
data and the evaluation of vocal quality [1]. PRAAT is a program designed especially for
research in phonetics and to offer a tool to carry out general acoustic analysis of voice and

speech as well as to use it for educational purposes.
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Normally, the program is used under laryngeal speech conditions with rhythmic,
periodic, and harmonic vocal fold movements.

The loss of vocal capacity in laryngectomized patients is a significant consequence
of the total removal of the larynx, a critical structure for speech production. This surgical
procedure compelled the laryngectomized patients to seek alternatives, such as tracheoe-
sophageal speech (TES) or the use of voice prostheses (VP), to regain verbal communication
that would lack the harmony and periodic vibration produced by the vocal folds [2]. The
loss of natural voice is a complex emotional and functional transition for these patients,
and vocal rehabilitation plays a crucial role in their adaptation to this new reality. The
quality of voice in total laryngectomized (TL) patients relying on TES is intrinsically tied to
the characteristics of the neo-glottis. Variability in the functioning of the neo-glottis and
the vibration of the pharyngoesophageal tract following medical interventions, including
surgery and radiation therapy (RT), results in substantial disparities in speech intelligibility
and quality [3,4].

Previous studies have assessed the capability of PRAAT for acoustic voice analysis in
TL patients. However, due to the subjective differences and phonatory physiology vari-
ances between patients with a larynx and those without, these findings appear to be less
representative of vocal acoustics research [2,5]. For this reason, recent years have witnessed
the development of specialized acoustic analysis software, such as Tracheoesophageal
Voice Analysis (TEVA) [6]. This program was conceived to support the education, re-
habilitation, and research endeavors of professionals working with TES and to benefit
patients employing VP. The TEVA software is an integrated component within the phonetic
analysis platform PRAAT, built upon the acoustic analysis framework outlined by Van As-
Brooks, which categorizes voices based on phonation stability, duration, and the presence
or absence of harmonics [3,7].

The difficulty of studying the speech of LT patients lies in the instability and irregular-
ity of phonation, which is why precise and individualized calibrations and adjustments are
required to obtain reliable results.

In acoustic signal typing, the voice characteristics are determined using acoustic
analysis of speech. The typing is based on both visual inspection of plots of these analysis
parameters and quantitative measures of a short (if possible, at least 2 s long) stretch of
“stable” speech.

TEVA is a tool based on PRAAT software and designed for the specific analysis of
patients with TES. Currently, there are not any studies comparing both analysis programs
in laryngectomized patients. The aim of the study is to compare both acoustic analysis soft-
ware in an attempt to find distinctions that will increase knowledge about transesophageal
voice and thus improve education and rehabilitation for this type of patient.

2. Materials and Methods
2.1. Study Design

An observational analytical cohort study of TL patients recruited consecutively from
the outpatient otorhinolaryngology clinics of a tertiary university hospital as they attended
to routine follow-up from February 2019 to 2022. All patients were informed and invited to
participate. The study was approved by the hospital’s ethics committee (2022/094) and
informed consent was obtained in all cases.

The objective of the study was to know if the results obtained with the TEVA program
compared with PRAAT were more similar to what was initially expected. We would expect
to find lower fundamental frequency values, as tracheoesophageal voices apparently sub-
jectively seem to have. Also, with a higher frequency and amplitude variation component
(jitter and shimmer). Apparently, at the beginning of the process, the differences in intensity
should not be very striking between both programs.
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2.2. Inclusion and Exclusion Criteria

The study exclusively involved voluntary participants who were users of Provox
Vega® and met specific eligibility criteria.

The Provox Vega® prosthesis is a silicone device with a double flap that is placed on
the tracheoesophageal wall. This prosthesis allows the passage of air from the trachea to the
esophagus in a unidirectional way, so that the air vibrating in the pharyngoesophageal tract
and the neopharynx generates the voice that is subsequently modulated and articulated
in the oral cavity. Additionally, the valve prevents the passage of food or liquids from the
esophagus to the trachea.

These criteria included being aged 18 or older, having undergone a total laryngectomy
at least 3 months prior, having completed radiotherapy or chemotherapy (if applicable)
at least 3 months ago, receiving treatment with proton-pump inhibitors, and having at
least 3 months of experience using the Provox Vega®. Individuals were excluded from
participation if they had medical conditions that prevented them from using the Provox sys-
tem, had recurrent or metastatic diseases, had undergone a total or partial pharyngectomy,
utilized alternative phonation methods instead of a voice prosthesis, experienced functional
incapacity to independently maintain the voice prosthesis, or had impaired cognitive abili-
ties. The presence or type of cervical dissection, as well as the type of tracheoesophageal
puncture (primary or secondary), did not constitute an exclusion criterion.

The patients included had received phonatory rehabilitation from speech therapy.
They had a pre-surgical evaluation, and later, after the intervention, they were evaluated
even before discharge, normally 10 days after surgery. After discharge, the phonatory
rehabilitation work continued in the speech therapy consultation.

In total, 47 patients were invited to participate; 6 patients who met the criteria refused
to participate in the study because they did not want to participate in it. The main reason
for not wanting to be included was the extension of the consultation by approximately
30—45 min to carry out the speech study.

Finally, 34 patients who fulfilled the criteria were included in the study:.

At the time of the assessment, seven patients did not use the Provox System, which
is the reason why they were excluded from the study. In all of these patients, a tracheoe-
sophageal puncture (1st or 2nd) was performed, but due to complications related to it
(mainly wide phonatory fistula with extrusions or ingestions of the prosthesis), it was
finally decided to close the tracheoesophageal fistula, so at the time of assessment in
consultation, it was not possible to include them in the study since the speech with the
tracheoesophageal voice could not be recorded.

2.3. Collected Variables

Throughout the study, every patient received an anterograde voice prosthesis (VP)
insertion, and their speech was evaluated while they manually occluded the stoma using
a heat and moisture exchanger device. The assessment of the patients was carried out
by both an otolaryngologist and a speech therapist. The following descriptive variables
were recorded: age, months since surgery, complementary treatment with RT, primary
or secondary tracheoesophageal puncture (TEP), number of VP (model), number of VP
replacements, presence of pulmonary pathology or concomitant swallowing problems, and
pharyngeal closure technique.

A perceptual analysis with the GRBAS scale (grade, roughness, breathiness, asthenia,
strain) was carried out after reading a fragment of “Platero y Yo” (J.R. Jiménez) and the
validated and adapted questionnaire Voice Handicap Index 10 (VHI-10) in Spanish [8].

The GRBAS was assessed on a 4-point scale (0 = normal, 1 = slight, 2 = moderate,
3 = extreme). The numbers included in the results are the total addition of the 5 variables
included (GRBAS).

The included text is a fragment of “Platero y yo”. It consists of 104 words with
important phonetic richness and is widely used in subjective evaluations of the voice in the
Spanish language.
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The patient was recorded on 3 occasions, with the examiner selecting the best of the 3
attempts and evaluating the GRBAS scale at that time.

The assessment is carried out by two examiners independently, comparing one by
one the results obtained for each item of GRBAS. If there are differences between the data
recorded by each examiner, it is evaluated jointly to reach a common value according to the
arguments of each one in a consensual way.

A subjective visual and acoustic adjustment was performed by viewing the spectro-
gram of the most stable segments of speech, lasting at least two seconds if possible. After
this adjustment, the quantitative acoustic variables investigated were average sound pres-
sure level (SPL) (dB), maximum SPL (dB), fundamental frequency (F0O) Hz, jitter frequency
disturbance, shimmer amplitude disturbance, and harmonic to noise ratio (HNR) for stable
phonation of at least 2 s with vowels [a] and [i].

The variables were analyzed automatically with both of the software algorithms, and
the numerical values were recorded for each of them.

The narrowband spectrographic characterization was developed according to spectro-
gram criteria [3].

The acoustic analysis was carried out using the NKI TE-Voice Analysis tool (TEVA)
E5C4E4ADC5 2015-05-11T10:38:35Z software version and the PRAAT® 6.1.08 software
version on a Hewlett-Packard computer (Intel® Core™ i5-4570SCPU 2.90Ghz) with an
EliteDisplay® E231 monitor and Condenser® SF-666 microphone.

2.4. Recording Environment

All participants were recorded under the same conditions in a 4 x 3 m soundproof
room with the Condenser® SF-666 microphone.

The microphone was calibrated with the PRAAT program, first performing phonation
as soft as possible, with a whisper, and then performing phonation with a sustained vowel
at a higher pitch, checking in the PRAAT sound recorder that the sound meter was not
present at too high a threshold (red/yellow color). If it is yellow or red, the microphone was
moved a little further away from the mouth to avoid a high component of noise [9]. The
angle between the microphone and the mouth was around 45°, and the distance between
them was 5-10 cm [9].

Finally, the SPL measurement was carried out using a mobile app (Niosh Sound Level
Meter App). The mobile phone with the SPL app was placed about 30 cm in front of the
mouth, and it is displayed to show how many dB the device measures, comparing with
the result that was marked in the PRAAT of the same person performing a phonation with
the phoneme [a] in the usual tone and, if possible, for a duration of 5 s. It was recorded
in PRAAT and compared with the dB of the mobile app measurement. Adjusting the
difference in dB obtained between both (adding or subtracting the dB that differs between
the PRAAT and the SPL meter, taking the SPL meter as a more reliable reference).

Three attempts were made to record each phoneme [a] and [i], emitting a phonation
for as long as possible in the usual conversational tone. The best of the 3 recordings was
selected for each phoneme based on the existence or not and stability of a pitch curve, the
dispersion of the formants, the noise, and the distribution of the pulses in the spectrogram.
Visualizing these characteristics of regularity in the path of the sound wave, the 2 s of the
recording that showed the most stable parameters, with less noise and dispersion of the
sample, were identified, which were those that were included as a study sample to carry
out the instrumental study.

Signal typing was categorized based on the visual characteristics observed in the
narrowband spectrogram.

For TEVA, there are three options to adjust the pitch: a low and high pitch cutoff (300
and 600 Hz). We took a high-pitched cutoff (until 600 Hz). For PRAAT, we use a manual
range of 30-600 Hz.

For the selection of vocal fragments for vocal analysis, the most stable parts were
chosen, >2 s, with the largest component of visible, clear harmonics.
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For the spectrographic analysis for both programs, the visualization of the narrow
band spectrogram was carried out based on the Yanagihara classification [10].

- TypeI: The regular harmonic components are mixed with the noise component, chiefly
in the formant region of the vowels.

- TypeIl: The noise components in the second formants predominate over the harmonic
components, and slight additional noise components appear in the high-frequency
region above 3000 Hz.

- Type III: The second formants are totally replaced by noise components, and the
additional noise components above 3000 Hz further intensify their energy and expand
their range.

- TypeIV: The second formants are replaced by noise components, and even the first
formants of all vowels often lose their periodic components, which are supplemented
by noise components. In addition, more intensified, high-frequency additional noise
components are seen.

The detection of the formants was carried out one by one, and a manual adjustment of
the phonatory intervals was made with greater stability and with more horizontal tracings
in the spectrogram.

Above all, the difficulty was in cases in which the first formant was close to FO.

In TEVA, for example, a stable [a] sound will show a smooth spectrogram with many
harmonics as horizontal lines. The more harmonics are clearly visible, the better the voice is.

2.5. Statistical Analysis

Statistical analysis was conducted using Stata 14.2 for Windows (StataCorp, LLC.,
College Station, TX, USA). Two-tailed statistical tests were employed, and a 95% confidence
interval was utilized. Normality was assessed through the Kolmogorov—-Smirnov test, while
variances were examined using the Levene test. Quantitative variables were presented as
mean = standard deviation (SD) and median when applicable. Group mean comparisons
were carried out using the Student’s t-test, Mann-Whitney test, ANOVA, or Kruskal-Wallis
test as appropriate. Qualitative variables were represented as frequency and percentage.
Group differences were assessed through the chi-square test, Fisher’s exact test, or their
respective variants when suitable.

3. Results
3.1. Descriptive Analysis

A total of 34 patients were included (Table 1). All were men with a mean age of
63.41 £ 9.55 years (Table 2). With regard to the type of surgery performed, the most
frequent intervention was TL with bilateral neck dissection in 21 patients (63.6%). The
most frequent tumor locations were the glottis and supraglottic areas, with 20 patients
affected (10 in each location, 30.3%, respectively), followed by the transglottic in 8 patients
(24.2%). The pathological TNM in most cases was advanced stages T3-T4, with 30 patients
(85.7%). The most commonly performed pharyngeal suture technique was a T-closure,
to which a Tapia corset was added in 12 patients (35.30%), followed by a Hormaeche
closure in 10 patients (29.4%). The remaining 12 patients (35.30%) were classified as others
(including the association of the T-closure with other techniques, such as discontinuous
closure, closure over a salivary tube, or a microvascular flap). More than half of the patients
(n =20, 58.8%) received adjunctive treatment with RT, with a mean of 54.62 Gy =+ 4.43.
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Table 1. Descriptive analysis.

Variables Subgroups N (%)
Surgery Type TL! + BFND 2 21 (63.6)
TL + FLND 3 + RRND 4 13
TL + BFEND + RFFF ® 2(6.1)
TL + BEND 3(9.1)
TL + RLND ¢ + FRND 7 2(6.1)
TL + FLND 309.1)
TL + RRND 13)
Tumor location Transglottic 8(24.2)
Supraglottic 10 (30.3)
Glottic 10 (30.3)
Hypopharynx 5(15.2)
pTNM T4N1 2(7.1)
T3N1 2(7.1)
T4NO 3(10.7)
T2NO 4(14.3)
T3N2 10 (35.7)
T3NO 6(21.4)
T4N2 1(3.6)
TEP 8 Primary 20 (58.8)
Secondary 14 (41.2)
N. of voice prosthesis 8 17 (50)
6 11 (32.4)
4 5(14.7)
10 1(2.9)
Radiotherapy treatment Yes 20 (58.8)
No 14 (41.2)
Pulmonary pathology Yes 11 (32.4)
No 23 (67.6)
Dysphagia No 34 (100)
Pharyngeal closure T + Tapia corset 12 (35.3)
Hormaeche 12 (35.3)
Others 10 (29.4)

1 TL, total laryngectomy; 2 BEND, bilateral functional neck dissection; > FLND, functional left neck dissection;
4 RRND, radical right neck dissection; 5 RFFF, radial forearm free flap; 6 RLND, radical left neck dissection;
7 FRND, functional right neck dissection; 8 TEP, tracheoesophageal puncture.

Table 2. Descriptive analysis of continuous variables, subjective characterization of TES, and formants
of [a] and [i] with PRAAT.

Mean Median ]g::/?gtai:'l Min Max

Age (years) 6341 62.50 9.55 48.00 89.0

Number of VP ! replacements 4.12 3.00 3.68 1.00 17.0
Gy 2 of RT 8 received 54.62 54.00 4.43 46.00 64.0
GRBAS * 7.35 7.50 3.36 1.00 14.0

VHI ® 11.29 6.50 11.16 0.00 34.0

[a] Phonation time (s) 13.16 13.13 5.89 3.20 243
[a] 1° formant Frequency (F1)(Hz) 835.42 826.84 118.08 627.49 1059.1
[a] 2° formant Frequency (F2)(Hz) 1560.44 1553.92 209.94 1205.41 2272.2
[a] 3° formant Frequency (F3)(Hz) 2955.33 2948.03 242.54 2429.03 3477.7

[i] Phonation time (s) 12.11 11.15 5.84 2.89 25.6
[i] 1° formant Frequency (F1)(Hz) 472.86 388.39 210.93 283.26 1074.5
[i] 2° formant Frequency (F2)(Hz) 2450.03 2454.26 211.79 1838.55 2826.2
[i] 3° formant Frequency (F3)(Hz) 3112.98 3102.33 180.60 2865.25 3711.3

1 VP, voice prosthesis; 2 Gy, gray; 3 RT, radiotherapy; 4 GRBAS scale (grade, roughness, breathiness, asthenia,
strain), 5 Voice Handicap Index.

A primary TEP was performed in 20 patients (58.8%) and a secondary TEP in 14 patients
(41.2%). In most cases of secondary TEP, a previous primary TEP was performed (71.42%).

51



J. Clin. Med. 2024, 13, 3748

The second intervention was due to local complications of the TEP or its closure. The number
of the VP placed at the moment of study in most cases was Provox No. 8 (50%). The second
most frequent was Provox No. 6 (32.35%).

3.2. Vocal Analysis
3.2.1. Subjective Analysis

The mean score of the GRBAS scale was 7.35 &+ 3.35. Self-perception by the pa-
tients, evaluated with the Voice Handicap Index (VHI-10) test, showed a mean score of
11.29 £ 11.16 points, categorized as moderate handicap (Table 2).

3.2.2. Acoustic Analysis

The acoustic analysis comparing the TEVA and PRAAT programs for the phonemes
[a] and [i] is summarized in Table 3. In all cases, differences were found in the acoustic
analysis results between TEVA and PRAAT, except for Shimmer [a].

In the acoustic analysis of the [a] phoneme, the jitter analysis obtained an average of
2.09% with TEVA and 2.86% with PRAAT.

In the variation component of the amplitude studied with the shimmer of the [a]
phoneme, the value is larger with the TEVA (mean 25.6%) compared to the PRAAT, which
obtained a mean value of 15%.

The mean and maximum [a] frequencies have similar values, especially in the results
of average intensity (TEVA 64.1 dB vs. PRAAT 63.9 dB). In the case of the maximum
intensity, there was a greater difference (TEVA 74.8 dB vs. PRAAT 66.9 dB).

The mean fundamental frequency differs between both softwares, with the average in
the analysis with TEVA being 105 Hz and with PRAAT being 275 Hz.

Finally, regarding [a] HNR, results with similar figures were obtained with both
softwares (TEVA 3.36 dB vs. PRAAT 3.49 dB).

Table 3. Comparison of the results obtained in the instrumental analysis with the PRAAT and TEVA
for the different variables (jitter, shimmer, mean and maximum intensity, fundamental frequency,
and harmonic to noise ratio (HNR) obtained with the phonemes [a] and [i] with a microphone and
mouth distance between 5 and 10 cm.

TEVA ! PRAAT Value
Mean + SD Median Range Mean £ SD Median Range P

[a] Jitter (%) 2.09 + 3.34 15 0.3-20 2.86 + 2.61 1.75 034-919  <0.001

[a] Shimmer (%) 256 + 12.8 213 8.70-57.3 15 + 5.86 15.8 0.5-26.3 0213

[a] N:;;)‘ SPL 64.1 + 6.22 64 50.6-785  63.9 4 7.08 63.9 51-81 <0.001

[a] Maximum SPL (dB) 74.8 +10.1 73.1 548914 669+ 6.95 66.7 549-831  <0.001

[a] Fundamental frequency 105 + 41.7 9% 49-215 275 + 83 115 584264  <0.001
(Fo) (Hz)

[a] HNR 2 (dB) 3.36 + 2.12 2.75 0.5-8 3.49 + 2.36 3.13 0.07-7.99  <0.001

[i] Jitter (%) 1.57 + 1.66 0.85 0.2-6.5 2.8 + 2.54 1.82 029-11.1  <0.001

[i] Shimmer (%) 224+ 124 17.9 41-522 149 +427 16 483219  <0.001

[il Mea(‘;]‘;;te“my 63.3 + 5.75 62.5 49.3-76.1 62 + 6.24 61.7 48.4-748  <0.001

[il Maximum intensity (dB) 66.9 + 6.52 66.8 499-80.8 648 +59 64.5 51.1-764  <0.001

[il Fundamental frequency 109 + 47.5 93 59-240 142 + 117 90.3 54.8-635 <0.001
(F0) (Hz)

[il HNR (dB) 5.46 + 2.67 5.05 09-11.1 456 4247 42 1.39-109  <0.001

1 TEVA, Tracheoesophageal Voice Analysis; 2 HNR, harmonic to noise ratio.
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Regarding the acoustic analysis of the [i] phoneme, in this case, in the jitter value,
there is a greater difference in the obtained result (TEVA 1.57% vs. PRAAT 2.8%).

The result of shimmer in the [i] phoneme, as occurred in the [a] analysis, is higher
with the TEVA analysis, 22.4% vs. PRAAT 14.9%.

In the case of [i], the average and maximum intensities are much greater, even TEVA
at 63.3 dB and 66.9 dB (mean and maximum, respectively) vs. PRAAT at 62 dB and 64.8 dB.

In relation to the fundamental frequency, statistically significant differences were also
found (TEVA 109 Hz vs. PRAAT 142 Hz).

Finally, the [i] HNR was higher with TEVA at 5.46 dB vs. PRAAT at 4.56 dB.

Regarding the spectrographic analysis, no significant differences were found between
both softwares, TEVA vs. PRAAT (Figure 1 and Table 4).

Table 4. Spectrogram analysis with TEVA and PRAAT (Yanagihara classification).

Grade I Grade II Grade III Grade IV

N (%) N (%) N (%) N (%) p-Value
TEVA 14412  10(294)  4(118) 6 (17.6) o1
[a] PRAAT  15(441) 15 (44.1) 3(8.8) 1(2.9) 0.20
. TEVA 8 (23.5) 15@441)  8(235) 3(8.8) "
i PRAAT  13(382)  15(441)  5(147) 1(29) 0.

50001

4000

3000

Frequency (Hz)

2000

1000

Time (s) Time (s)

(a) (b)

Figure 1. TEVA spectrographic analysis of [a] and [i]. Manually adjusted and selected sample in a
sustained vowel of two-second duration. The stability and sharpness of the harmonics and formants
are appreciated. (a) [a] Phoneme; (b) [i] phoneme.

4. Discussion

Acoustic signal typing and analysis is used in laryngeal voice and is often recorded
with PRAAT software [11,12]. However, standard acoustic voice analyses are not always
suitable to measure substitute voices because speech originating in the vibrating pharyngo-
esophageal segment, as TES, is known to contain more noise components and less regularity
than laryngeal voice [2,13]. Therefore, the acoustic analysis of the tracheoesophageal voice
continues to be a challenge today. Specific programs have been developed for TES [3,4].
This involved categorizing tracheoesophageal voices into four subtypes based on visual
assessment of the acoustic content of narrow-band spectrograms supported by written
guidelines [3,14,15].

Most of the recent studies demonstrate the superiority of the results obtained from
instrumental and subjective acoustic analysis in patients using VP compared to other types
of phonatory rehabilitation [16]. Recent reviews also demonstrated the best results in
subjective questionnaires analyzing vocal quality, intelligibility, and quality of life [17].
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Despite TEVA being a tool based on PRAAT, there are currently no studies comparing
both analysis methods in laryngectomized patients. This study aims to conduct a compara-
tive analysis of both objective acoustic analysis programs, with the objective of discerning
any distinctions that may determine the suitability of one program over the other for the
investigation of phonatory quality in TL patients.

In relation to the results obtained in our study in the VHI survey, an average of 11.29
was observed, classified as moderate handicap, but very close to a mild handicap value
(less than 10 points) [18]. These results demonstrate the great satisfaction of patients with
their speech rehabilitation method. The lower values in the fundamental frequency with
the TEVA analysis are notable, considering that they are subjectively perceived as deep
voices; therefore, these results are more in line with reality.

Regarding the speech stability values, the jitter evaluates the variation of the FO
between one cycle and the next [8,18,19]. The adaptation of the acoustic study to TES
patients with TEVA demonstrates values closer to normalcy (<1%) for both phonemes
[a] and [i] (2.09% and 1.57%, respectively) compared with the study with PRAAT (2.86%
and 2.8%). Another equilibrium value is the shimmer parameter, which evaluates the
variability of the amplitude from cycle to cycle and is inversely related to vocal intensity.
For laryngeal voice (normal shimmer value <7%), the speech intensity during conversation
is between 75 and 80 dB and depends on variables such as subglottal pressure, glottal
closure, and respiratory capacity [18]. TL patients lose their laryngeal functions, and the
airflow regulation needed for speech emission is worse. Furthermore, these patients, with
a history of a smoking habit in most cases, usually have smaller lung capacities because of
their respiratory pathology. For this reason, TL patients have intensity numbers lower than
normal, considerably increasing shimmer values.

Despite the differences observed in our study in the formant analysis carried out with
TEVA and PRAAT, no statistically significant differences were found, as were expected.
It is worth noting the higher number of patients in IIl and IV grades for the [a] phoneme
with TEVA (29.4%) than with PRAAT (11.7%). The same occurs for the phoneme [i] (TEVA
n =11; 32.3% vs. PRAAT n = 6; 17.6%). This fact can be explained because with TEVA, a
more specific TES analysis is carried out, in which a less stable voice is identified and has
fewer harmonic components than in the spectrographic analysis with PRAAT [3].

Tracheoesophageal speech (TES) seems to be more comparable to healthy speech, but it
is necessary to go one step further to more precisely categorize this type of voice [2,7,11-14].
Therefore, analysis with a specific program for TES, such as TEVA, is more suitable for
voices with VP since the adjustment of parameters for alaryngeal voices with a greater
noise component is more accurate.

In the statistical analysis, significant results were observed in most of the variables.
This means that the differences are not simply due to chance, and there are changes or
differences between the two.

The difference between both programs that makes us think that TEVA is more specific
and better adjusted to the characteristics of TES patients is that it categorizes the TES voices
based on Van As-Brooks classification, keeping in mind the specific phonation stability,
duration, and the presence or absence of harmonics in these kinds of voices.

On the other hand, PRAAT is a program designed for the analysis of laryngeal voices,
with many of its algorithms focused on the fundamental frequency, which is much more
irregular in patients with TES, so the analysis of these voices may be less adjusted to reality.

That is why, with exactly the same samples being studied, the TEVA software seems
more adapted to the characteristics of laryngectomized patients who use TES. Furthermore,
the results obtained with the TEVA are more similar to those expected initially, as we have
commented before, especially in terms of fundamental frequency and amplitude variation.

The acoustic analysis was performed by individualizing each patient and adjusting
the study to obtain the different variables in the most reliable way possible. For this reason,
we believe that the values are as correct as possible.
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5. Conclusions

In our study, the instrumental acoustic variables comparing the PRAAT and TEVA
programs demonstrate with statistically significant evidence that the TEVA program could
adjust more precisely and reliably to patients with alaryngeal voices who use TES. The
differences observed between both types of software may be due to a better adjustment of
the automatic parameters in the TEVA, and both may be complementary to categorize these
types of voices in a more complete way. Furthermore, it would be interesting to expand the
study sample, including patients of both genders, and try to improve the acoustic signal
typing and objective vocal analysis of this type of patient.
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Abstract: To date, no established protocol exists for measuring functional voice changes in singers
with subclinical singing-voice complaints. Hence, these may go undiagnosed until they progress
into greater severity. This exploratory study sought to (1) determine which scale items in the
self-perceptual Evaluation of Ability to Sing Easily (EASE) are associated with instrumental voice
measures, and (2) construct as proof-of-concept an instrumental index related to singers’ perceptions
of their vocal function and health status. Eighteen classical singers were acoustically recorded in a
controlled environment singing an /a/ vowel using soft phonation. Aerodynamic data were collected
during a softly sung /papapapapapapa/ task with the KayPENTAX Phonatory Aerodynamic System.
Using multi and univariate linear regression techniques, CPPS, vibrato jitter, vibrato shimmer,
and an efficiency ratio (SPL/Pg,) were included in a significant model (p < 0.001) explaining
62.4% of variance in participants’ composite scores of three scale items related to vocal fatigue.
The instrumental index showed a significant association (p = 0.001) with the EASE vocal fatigue
subscale overall. Findings illustrate that an aeroacoustic instrumental index may be useful for
monitoring functional changes in the singing voice as part of a multidimensional diagnostic approach
to preventative and rehabilitative voice healthcare for professional singing-voice users.

Keywords: functional diagnostics; preventative healthcare; self-perception; vocal fatigue; singing
voice analysis

1. Introduction

The human voice is a versatile instrument that allows for the transmission of complex
data including societal traditions, histories, codes, and emotions. Only small changes in
voice production are needed to produce great shifts in intent and meaning. Professional
singers rely on subtle and nuanced changes in voice function that require mobile, robust,
and healthy vocal folds. Deterioration in voice production may significantly impact quality
of life when a singer’s voice is affected by organic (structural or neurological) or functional
disorders [1-3]. Reputation in the artistic community and ability to earn a livelihood can
also be negatively affected [4].

For voice researchers, clinicians, and pedagogues, singing-voice analysis presents
unique challenges. Many of the widely used voice assessment techniques (e.g., local pitch
and amplitude perturbation measures) rely on methods that may not be robust to singing-
voice variables such as wide ranges in f,, intensity, or vibrato characteristics (e.g., [5-9]).
Additionally, traditional clinical voice analysis tasks (e.g., sustained vowels and reading
passages at a comfortable pitch and intensity) do not incorporate the singing voice or
consider singing-specific phenomena such as registration events or vibrato characteristics.
While some may reason that speech samples are sufficient for all voice analyses, the
analogous idea of analyzing task-specific movements of elite athletes without having them
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perform tasks relevant to their professional context is incongruous. If a singer presents
with a singing-voice complaint, their singing voice should be analyzed.

Non-traumatic (i.e., not caused by a specific injury or event) clinical voice disorders
(e.g., muscle tension dysphonia or nodules) are preceded by functional changes that increase
risk of vocal injury [10,11]. Even without clear visual findings, maladaptive changes in
vocal function result in inefficiencies and discomfort that are readily perceived by the
trained voice user [12,13]. Therefore, determining biomarkers of early functional voice
disorder is critical for preventative and habilitative healthcare for professional singing-
voice users. Instruments that can measure functional changes in the singing voice related
to singing-voice complaints may improve methods for monitoring vocal health through
periods of hormonal or physiological change or periods of increased vocal demand (e.g.,
intense performance runs or leading up to performance exams). Patel et al. [14] recommend
protocols for speech analysis but do not comment on the singing voice or the unique
challenges related to singing voice analysis. To date no standardized protocol exists for
quantitative singing-voice analysis in a clinical context, suggesting that these subclinical
voice complaints must progress into greater severity before treatment is offered, i.e., when
potential livelihood is impacted.

The Evaluation of Ability to Sing Easily (EASE) [15] was developed in acknowledge-
ment of the unique voice complaints experienced by singers. The EASE is a self-rating
scale consisting of three subscales that should be scored and interpreted separately: Vo-
cal Fatigue (VF), Pathological Risk Indicators (PRI), and Voice Concerns (VC). The final
instrument is a 22-item questionnaire using the four-point Likert-type responses Not at
all (1); Mildly (2); Moderately (3); and Extremely (4). Appendix A provides a full list of
the 22 items. Phyland (2014, unpublished data) reported good internal consistency for
each subscale (Cronbach’s « all > 0.8) and statistically significant correlations (p < 0.001)
between each of the subscales. The EASE has shown promise in distinguishing between
healthy and disordered singers and appears to be sensitive to subtle functional changes
perceived by professional and semi-professional voice users [16-20]. The EASE is unique
in that it was constructed to measure self-perceived vocal status without the assumption of
voice disorder or injury [15,21], making it a particularly relevant tool for use with singers
with subclinical voice complaints. While it has recently been recommended as part of a
multidisciplinary approach when working with singers in the voice clinic [22], few studies
have explored associations between EASE subscale items and instrumental voice measures.

1.1. Instrumental Analysis of the Singing Voice

Although there are many acoustic measures to choose from for speech-level analysis,
fewer have proven efficacy for use with sung samples. Inverse filtering is a useful method
for extracting voice-source information for both spoken and sung samples. The non-
invasive nature of inverse filtering an acoustic signal allows singers to perform sung vocal
tasks generally unencumbered. Inverse filters (or antiresonances) are used to counteract
the vocal-tract transfer function, leaving only the estimated voice-source spectrum and the
flow-glottogram (FLOGG). The normalized amplitude quotient (NAQ) is one parameter
that can be calculated from the FLOGG and its first derivative [23,24]. It reflects the degree
and quality of glottal closure related to phonation type, from breathy to pressed, and
between singing styles [23,25-28]. The NAQ operates in the amplitude domain and hence
is less affected by glottal event delineation [23,29]. As the NAQ infers glottal configuration
related to phonation type, there may be an association between EASE subscale scores and
NAQ values. One limitation is that the successful extraction of the FLOGG depends on
accurate determination of the first two formants (F;,). Conveniently, the inverse filter
module of Sopran [30] contains a real-time display of the FLOGG as the inverse filters are
applied, allowing the user to adjust the frequencies to ‘tune’ the inverse filters to achieve a
ripple-free closed phase in the FLOGG and a smooth source-spectrum tilt with no large
dips surrounding the formants.
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Relative average perturbation (RAP, %) and amplitude perturbation quotient 3 (APQ3,
%) quantify pitch and amplitude perturbation in the glottal cycle, smoothed across three
consecutive periods. They have been used successfully with singing voice samples [31,32]
and are not widely affected by changes in f,, intensity, or vibrato extent (VE) as are local
jitter and shimmer (Baker et al., in review). An increase in EASE subscale scores may also
be reflected in increased in RAP, APQ3, or both.

Smoothed cepstral peak prominence (CPPS) reflects the dB difference between the
cepstral peak (most prominent rahmonic in the cepstrum), and a linear regression line at the
same quefrency (ms). CPPS successfully discriminates between dysphonic and normophonic
voices and has shown sensitivity to breathiness in normophonic speakers [33-37]. As CPPS
is robust to factors such as environmental noise and microphone selection [38], it may be a
useful clinical tool for tracking subtle changes in the singing voice. After controlling for the
effects of f, and intensity [7,39], a decrease in CPPS values may be associated with elevated
EAGSE subscale scores.

The ubiquity of vibrato in the Western classical singing voice (WCSV) makes it a highly
relevant candidate for singing-voice analysis in classically trained singers. Systematic con-
temporary commercial music (CCM) voice pedagogy is relatively young [40,41]. However,
the present authors note growing consensus among practitioners that, while stylistic choices
may influence vibrato characteristics, a well-balanced ‘neutral” vocal production (i.e., not
shaped by stylistic voice effects) that includes a stable and free vibrato should be a goal
for CCM singers, from which artistry can be shaped. Stability in vibrato rate (VR) and VE
is dependent on stable oscillatory mechanisms and fine intralaryngeal muscle coordina-
tion [42-44]. Morelli and colleagues [45] presented the BioVoice voice-analysis software that
includes two measures for singing voice vibrato perturbation analysis: vibrato jitter and
vibrato shimmer (hereafter Vji and Vgpip,). Like the well-known jitter and shimmer mea-
sures that measure frequency and amplitude perturbation in the acoustic waveform, Vi
and Vgpim quantify perturbation in the f, vibrato waveform of a sung sample (for Vj;; and
Vshim equations see [46]). Vibrato is a multidimensional phenomenon that includes cyclical
muscular contractions producing a quasi-sinusoidal f,, oscillation. As such, inefficiencies in
function or structural changes in the vocal folds are likely to result in decreased stability
of VR and VE. Thus, the severity of singer-perceived voice complaints may increase with
higher V]itt and VShim-

Aerodynamic measures provide complementary data to acoustic analyses that have
clear physiological attributes. The Phonatory Aerodynamic System (PAS) [47] provides
information on inferred subglottal pressure (Psy,; cm HyO, measured from intra-oral
pressure during a /p/ occlusion), airflow during voicing (1/s), and sound-pressure-level
(SPL [dB]). These data can be used to calculate various efficiency ratios. As described by
Toles et al. [48], the SPL-to-Pg,y, ratio decreases with incomplete adduction, perhaps due to
functional or structural changes [49,50]. Thus, lower efficiency ratios may be associated
with higher EASE subscale values. In this study, the ratio used will be referred to as
Efficiency Ratio (ER), and is defined in Equation (1):

SPL dB
= )

ER=c— = ——
PSub cm H2O

While the measures explored here are not exhaustive, they offer complementary data
on vocal function, can be successfully computed from sung samples, and can be easily
implemented using existing tools in clinical and research contexts.

1.2. The Present Study

To date little research has been carried out exploring the links between instrumental
voice measures and singers’ perceptions of their own vocal function and health. These are
needed to help determine biomarkers that indicate at-risk vocal function in professional
singing-voice users with voice complaints and are critical for developing evidence-based
preventative and rehabilitative healthcare approaches for singers.
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The present exploratory study sought to (1) examine associations between selected
acoustic and aerodynamic instrumental measures and the individual scale items of the
EASE, and (2) to develop as proof-of-concept a multi-instrumental quantitative index of
biomarkers that is sensitive to singers’ self-perceived vocal function and health status.
Instrumental measures were selected a priori based on their suitability for singing voice
analysis and proven efficacy for tracking functional changes in voice behavior. We pre-
dicted that higher EASE item values would be associated with reduced vocal stability and
efficiency as gauged through acoustic and aerodynamic voice measures.

2. Materials and Methods
2.1. Participants

A cross-sectional cohort of healthy cisgender male and female singers was recruited by
a third party from the University of Auckland, School of Music Classical Voice Department.
As the trans voice presents unique variations in function and may be structurally altered
by hormonal or surgical intervention [51-54], only cisgender singers were included in
this study. However, further specific research on non-binary and trans voice is needed.
All singers were classically trained and had experience performing in solo, choral, and
ensemble contexts. Data were collected between March and August 2022.

The singers were first asked to complete one online questionnaire which included the
Singing-Voice Handicap Index-10 (SVHI-10) as a screening tool [55], and demographic data
including self-reported ethnicity, stage of study, and total years of training. Participants
were asked to disclose any previously diagnosed vocal injury or hearing loss and were
seen by a laryngologist to assess vocal health and function. Female participants’ recording
sessions were scheduled to avoid the pre and perimenstrual period [56-58].

2.2. Acoustic and Aerodynamic Recordings

Each participant was first given five minutes alone in a sound-treated room to warm up
their singing voice [59,60] and was asked to perform warmup tasks as if they were preparing
for a solo performance. Following the warmup, participants were seated in the room with
the researcher for recording. A headset omnidirectional condenser microphone (AKG HC
577L; AKG Acoustics, Vienna, Austria) positioned 7 cm adjacent (45°) to the right of the
participant’s mouth was used to capture the acoustic voice signal. The microphone was
connected to a MacBook Pro running PRAAT v. 6.2.16 [61] via a pre-amplifier (MobilePre
[MK II]; M-Audio, Rhode Island, USA). All recordings were captured at a 44.1 kHz sample
rate. Participants were asked to sustain an /a/ vowel at any comfortable pitch and intensity,
during which the C-weighted SPL was measured using an SPL-meter held adjacent to the
microphone position. The SPL (Lceq) was announced by the researcher into the microphone
to use later for dB SPL signal calibration before acoustic analyses [62].

Aerodynamic measurements were made using the PAS, a handheld device containing
a transducer system that records airflow (through a mask), intra-oral pressure (through an
intra-oral tube), and an acoustic signal. The microphone is fixed at a standard distance of
approximately 15 cm from the mouth (5 cm preset position). Flow (1/s), pressure (cm H,O),
and SPL (dB) data were captured simultaneously in real time during the consonant-vowel
(CV) train /papapapapapapa/.

2.3. Sung Tasks

Following warmup and calibration, participants were asked to sing a quiet /a/ vowel
using their usual performance technique on C4 (261.63 Hz, low voice types) or C5 (523.25 Hz,
high voice types). The starting f,, for each task was sounded on a digital keyboard before each
attempt. Singers were asked to ensure the tone was sung as quietly as possible, whilst main-
taining a solo-performance standard of volume, i.e., not a whisper. Soft (but not whispered)
phonation requires a fine balance of Pg,, and glottal adduction [63-65], and therefore may be
more useful in demonstrating vocal-fold related issues such as fatigue or oedema, which can
be disguised by louder voicing, when the vocal-folds are more tightly adducted. High voice
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types were also asked to sing the same vowel on C4, which could be used later during inverse
filtering as an approximate reference for F1 and F; if necessary. After these tasks, participants
completed the full EASE based on their voice production during the warmup and recording
session only.

Following the acoustic recordings and completion of the EASE, participants were
instructed how to use the PAS device. They were then asked to sing the CV train /papa-
papapapapa/ on C4 (261.63 Hz, low voice types) or C5 (523.25 Hz, high voice types) in
one breath as quietly as possible without whispering, in a similar manner to the acoustic
recording. Raw data were visually inspected to ensure that the intra-oral pressure value
returned to 0 cm HpO during vowel phonation. The first and last utterances were discarded,
and the averaged numerical data of the remaining five utterances were saved to a text file.

2.4. Acoustic Data Processing

Each participant’s acoustic recording was saved in its entirety as a .wav file. Tasks
were then separated and saved as individual files for analysis. The most stable medial five-
second portion of the soft phonation sung task was used for acoustic analysis. Selections
were made at the nearest zero-crossings and were checked for clipping, distortion, or
extraneous noise aurally and through spectrographic review.

The trimmed acoustic signal was imported into Sopran [30] and calibrated with respect
to SPL using the calibration tone collected at the time of recording [62]. The NAQ was
obtained by first re-sampling the signal to 16 kHz, then inverse filtering the most stable
one-second portion of the sung tone. As all singers performed an /a/ vowel, a reasonable
estimate of the locations of F; and F, was possible based on a priori knowledge [66—68].
The inverse filters were tuned to obtain a waveform ideally with a ripple-free zero-flow
phase in the FLOGG and a source-spectrum slope free from peaks or troughs surrounding
formants [26,69,70]. If a zero-phase was not apparent (likely due to incomplete glottal
closure), the inverse-filtered spectrum and negative peak of the flow derivative were used
as guides for filter tuning [69,70]. If necessary, the C4 tone produced by the high voice type
singers was used as a starting point for tuning formant frequencies. All data were checked
for outliers and the process was repeated if a participant’s NAQ values were well outside
previously reported norms, i.e., 0.1-0.3 [23,25,29].

The CPPS was calculated in PRAAT v.6.2.16 [61] using the “To PowerCepstrum’ and
‘Get CPPS’ functions as described in earlier works [9,71,72]. All settings were kept as
standard [61] apart from ‘Peak search pitch range (Hz)" which was increased to 1000 Hz to
ensure the f,, of all tasks were well accommodated [7]. The RAP and APQ3 were obtained
in the ‘voice report’ function of PRAAT using standard settings. The freeware BioVoice [45]
was used to calculate two measures of vibrato regularity for each signal: Vj;; and Vgpim.
Numerical results were saved in an Excel file after automatic analysis and then integrated
into the combined data set.

2.5. Statistical Analyses

Data were statistically analyzed in RStudio v. 4.2.1 [73]. Box plots and histograms
were used to explore the data and determine the presence of outliers. Multicollinearity was
assessed using the variance inflation factor (VIF; Equation (2)), whereby each predictor
variable was entered into a separate multiple linear regression model as the dependent
variable and tested against the other predictors [74,75]. The VIF numerical threshold for

variable inclusion was <5 [75].
1
— _ 2

Multivariate regression and Pillai’s trace with backward elimination were used to
determine which instrumental measures (i.e., NAQ, RAP, APQ3, CPPS, Vjit, Vghim, and
ER) were associated with the individual EASE scale items. This approach allowed for the
joint estimation of all coefficients and the evaluation of single effects in relation to all others.
A composite score was then calculated from these scale items. Kendall’s tau-b was used to

VIF
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determine the strength of association between the reduced-item scale and the VF, PRI, and
VC subscales of the original EASE tool, respectively. To reduce the effect of possible Type-II
errors arising from a small sample, the significance level was set at 0.10.

Predictor variables with a VIF < 5 were included in regression models [76], as well as
gender, age, years of training, f,, and SPL. Multiple linear regression was carried out using
a backward elimination iterative method where predictor variables were systematically
removed from the model using the largest p-value as criteria for exclusion in each iteration.
The process was repeated until only predictor variables with p-values less than 0.10 were
included [74,75]. Finally, multivariate normality was confirmed through non-significant
skewness and kurtosis in the models’ residuals and Mahalanobis’ distances [77,78].

3. Results

Nineteen singers volunteered for participation (soprano [7], mezzo-soprano [1], alto [1],
tenor [4], baritone [5], and bass [1]). The mean SVHI-10 score (M = 10.89; SD = 5.28) was
higher than norms recorded by Sobol et al. [79], and one participant disclosed a history of
diagnosed vocal injury. Their data was excluded from the ensuing analyses. The remain-
ing 18 participants underwent visual inspection of the vocal folds by a laryngologist and
were free of functional or organic voice disorder. Participants’ mean age was 26.61 years
(SD =8.94, range = 19 to 59 years). Reported ethnicities included European (2), NZ Euro-
pean (9), Asian (3), Maori (3), and Pasifika (1). Mean years of lessons at a tertiary level was
9.94 (SD =7.67, range =1 to 37 years). Table 1 shows the descriptive statistics for included
instrumental variables. In testing for multicollinearity, only RAP had a VIF greater than 5
and so was removed from ensuing analyses.

Table 1. Descriptive Statistics (N = 18) for All Included Instrumental Variables.

Measure Min Max Mean SD
NAQ ([1/s]?) 0.131 0.301 0.209 0.042
RAP (%) 0.032 0.448 0.129 0.124
APQ3 (%) 0.204 1.83 0.727 0.418
CPPS (dB) 11.58 18.02 14.40 1.88
Viiet (%) 243 37.30 11.59 8.59
Vhim % 11.40 47.95 27.27 11.55
ER (dB/cm

H,0) 7.78 15.90 10.74 2.34

Note. NAQ: Normalized Amplitude Quotient. RAP: Relative Average Perturbation. APQ3: Amplitude Perturba-
tion Quotient 3. CPPS: Smoothed Cepstral Peak Prominence. Vji: Vibrato Jitter. Vgpim: Vibrato Shimmer. ER:
Efficiency Ratio.

Multivariate regression with backwards elimination revealed three scale items that
were significantly associated (p < 0.10) with instrumental measures: Q1 ‘My voice is husky’;
Q2 ‘My voice is dry/scratchy’; and Q11 ‘My top notes are breathy’. No age, gender, or
training effects were found. The composite values for these three scale items are henceforth
referred to as the EASE-3. The EASE-3 had a mean value of 5.17 (range = 3 to 8, SD = 1.65)
out of a possible 12, where 3 indicates no difficulty at all and 12 indicates an extreme level
of difficulty. Construct validity was tested against the original EASE VF, PRI, and VC
subscales using Kendall’s tau-b. A strong, statistically significant associations were seen
between the VF subscales and the EASE-3 (1 = 0.742, p < 0.0001). The PRI subscale was
moderately associated with the EASE-3 (7 = 0.324, p = 0.089). No correlation was found
between the VC subscale and the EASE-3 (7 = 0.046, p > 0.10).

Using Pillai’s trace tests with backwards elimination, four significant coefficients’
estimates were revealed (all V > 0.55, p < 0.05), corresponding to the explanatory variables
CPPS, Vijitt, Vshim, ER. A univariate model including these measures showed a good fit for
the EASE-3 data and was statistically significant, adjusted R? = 0.624, p < 0.01. Residual
skewness and kurtosis for this model were non-significant (p > 0.05) and Mahalanobis’
distance was below the critical D? value of 27.69 (12.88, p < 0.01). Signal SPL (dB), f,, age,
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gender, and years of training showed no contribution in explaining variance, p > 0.10. The
regression model for the EASE-3 is shown in Table 2. The regression equation is presented
in Equation (3). Values derived from the model had a strong correlation with the original
VF subscale (T = 0.575, p = 0.001), a moderate correlation with the PRI subscale T = 0.295,
p = 0.098), and no correlation with the VC subscale (7 = 0.070, p > 0.10).

9 = 14.0114 — 0.41753 % CPPS + 0.10822 % Vj;s; + 0.1164 # Vi, — 0.6764 * ER  (3)

Table 2. Regression Model for the EASE-3.

Estimate Std. Error T Value Sig.
Intercept 14.0114 2.93662 4.771 <0.000 ***
CPPS (dB) —0.41753 0.17085 —2.444 0.029 *
Viiet (%) 0.10822 0.03039 3.561 0.003 **
Vshim (%) 0.1164 0.02927 3.977 0.002 **
ER (dB/cm H,O) —0.6764 0.14007 —4.829 <0.000 ***
Residual std. error: 1.014 on 13 df Adjusted R? = 0.624
F-statistic: 8.064 on 4 and 13 df p =0.001696 **

Note. EASE-3: Evaluation of Ability to Sing Easily-3. CPPS: Smoothed cepstral peak prominence. Vj;: Vibrato
jitter. Vghim,: Vibrato shimmer. ER: Efficiency ratio. Significance: *** p < 0.001, ** p < 0.01, * p < 0.05.

4. Discussion

Trained signers are sensitive to subtle changes in voice function that may not be
apparent under visual examination. This does not mean, however, that these complaints
should be taken lightly or dismissed; these subclinical functional changes may be precursors
to developing functional or organic voice disorders such as muscle-tension dysphonia
or space-occupying mass (e.g., nodules). To date, no established clinical protocols exist
for working with the singing voice, and few studies have considered the suitability of
traditional voice analysis techniques for singing voice analysis. This suggests that a singer’s
voice complaint must increase in severity (i.e., into dysphonia) before it is quantitatively
measurable using clinical diagnostic instruments with speech samples. This is too late for
the professional voice user who relies on optimal vocal function for livelihood. Furthermore,
delay in diagnosis of subclinical functional disorders may lead to anxiety and loss of
confidence and self-efficacy [80-83].

The EASE was developed to collect data on singers” self-perception of their vocal
function and health at a single time point [15,21]. The EASE and its subscales have shown
promise in distinguishing dysphonic from normophonic singers, and in measuring singers’
perceptions of vocal function and health during periods of high vocal demand and in
pre/postintervention studies [17,84,85]. We initially hypothesized that an increase in
singers’ EASE scores would be associated with increased values in acoustic measures, and
decreased ER. Multiple linear regression with backwards elimination determined four
instrumental predictors (CPPS, VJix, Vshim, and ER) that were significantly associated with
three of the original 22 scale items: (1) My voice is husky, (2) My voice is dry/scratchy,
and (3) My top notes are breathy. The significant association (7 = 0.742, p < 0.0001) found
between the combined EASE-3 score and the VF subscale of the original EASE supports
that the EASE-3 primarily reflects biomarkers of vocal fatigue in the singing voice [15].
The significant relationship (p = 0.001) between the instrumental index and the original VF
subscale in our data suggests that the development of a protocol and instrumental index
for diagnosing and tracking vocal fatigue and effort-related symptoms in the singing voice
is feasible. Given this association, we have termed the instrumental model constructed in
this study the Aeroacoustic Singing Fatigue Index (ASFI).

4.1. Symptoms of Vocal Fatigue and the EASE-3

Hunter et al. [86] define vocal effort as the “perceived exertion of a vocalist to a per-
ceived communication scenario” (p. 516), and vocal fatigue as ‘a quantifiable decline in
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function’ (p. 516). Vocal effort is a commonly reported complaint for professional voice
users in many sectors including performance, telemarketing/health, and education [4,13,87].
Reported symptoms of increased perceived vocal effort and measurable vocal fatigue include
increased instability and breathiness, reduced agility and range, laryngeal discomfort, and
increased phonation threshold pressures (PTP) [88-90]. The etiology of these symptoms is
multifaceted and may arise (for example) from changes in vocal-fold viscosity, fatigue of
intralaryngeal musculature and connective tissue, dehydration, or a combination of factors
including these [91,92]. The nearly ubiquitous manifestation of vocal fatigue in functional,
structural, and neurological dysphonia highlights its clinical significance [93]. There are
clear connections between functional or organic pathologies and perceptual experiences of
increased vocal effort. However, increased vocal effort and discomfort may also be present in
the absence of visually identified pathology [94].

Vocal fatigue has an intuitive relationship with vocal demand and vocal demand
response. Increased duration and intensity of vocal fold vibration during prolonged
speech or singing incurs greater impact stress during vocal fold collision. Increased tissue
viscosity in the vibrating portion of the vocal folds and reduced ability to mitigate the
resulting increased friction (i.e., heat energy) have been proposed as contributing factors
to vocal fatigue [91]. Despite these seemingly clear characteristics, few studies have
found significant correlations between perceptions of vocal fatigue and instrumental voice
measures; studies that have investigated this seem to present varied conclusions [87,95-97].
To the authors’ knowledge, no research in this area has been carried out with a focus on the
singing voice.

The items included in the EASE-3 have clear connections with known symptoms
of vocal fatigue and functional disorder such as huskiness, dryness, scratchiness, and
strain [98], some of which have also been included in the widely used Vocal Tract Discomfort
Scale [12,99-101]. In the EASE-3 these sensations are reported in Q1 (My voice is husky) and
Q2 (My voice is dry/scratchy). Breathiness is also part of the symptomology of vocal effort
and fatigue [89] and is easily recognized by both singer and listener. Glottal sufficiency
and its relation to breathiness is implied in scale item 11 (My top notes are breathy). For
singers, the quality of high notes is particularly enlightening. Singing effectively at high
frequencies requires fine coordination of aerodynamic and muscular function for optimal
phonation that exposes the condition of the voice in a way that conversational speech may
not. The third item in the EASE-3 (Q11 in the full EASE) relates directly to breathiness
when singing high notes. Together, the EASE-3 is comprised of questions related to known
traits of vocal fatigue and functional disorder and offer singer-specific contexts that are
vital when analyzing the signing voice. We are not suggesting that the EASE-3 replace
the original EASE VF subscale, however, in our data only these three questions offered
psychometric data that could be related to quantitative aeroacoustic measures.

4.2. Perceptions of Singing Vocal Fatigue and Acoustic Measures

Acoustic voice measures offer instrumental (quantitative) and non-invasive insights
into vocal function during phonation. However, few have been related to self-perceptual
measures of vocal function and fatigue. The ASFI presented here includes CPPS, Vj;y;, and
Vghim, Which, respectively, can be related to symptoms of vocal fatigue.

In our data, participants” CPPS values ranged from 11.58 to 18.02 dB (M = 144,
SD = 1.88), which are within previously reported ranges for healthy speakers [39,102]. In
previous research, Saeedi et al. [103] found associations between cepstral measures (CPP
and CPPS) and elements of two different self-perceptual vocal health tools: the Vocal
Tract Discomfort Scale (Persian) and the Non-Standard Hoarseness Self-Assessment. Their
findings suggest that CPPS reflects some element of phonation that is directly perceivable
by the speaker (or singer). Bhuta et al. [104] reported correlations between other noise-
related measures (Noise-to-Harmonics Ratio [NHR], Voice Turbulence Index [VTI], and
Soft Phonation Index [SPI]) and the perceptual Grade, Roughness, Breathiness, Aesthenia,
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Strain (GRBAS) scale recorded from 37 dysphonic speakers. These associations between
CPPS, breathiness, and perceptual voice analysis support the current findings.

The presence of breathiness in the voice is a readily-percievable voice characteristic
that classically trained singers typically work to eliminate [64,105]. CPPS offers insights into
the presence of turbulent breath noise in the voice signal, and is strongly related to voice
source behaviour. It may be that fatigue of vocal-fold adductor muscles or swelling of the
vocal folds themselves contribute to incomplete glottal adduction or a non-simultaneous
closing phase that increases noise components in the signal (i.e., reduces rahmonic distin-
guishability in the cepstrum). Although CPPS is affected by both f, and SPL [7,9,39], no
effect was seen in our data, likely owing to the controlled nature of the tasks in our protocol
(‘soft” singing on a prescribed frequency).

Vibrato perturbation was measured using the BioVoice Vy;s and Vgpim parameters. In
our study, Vyi; values ranged from 2.43 to 37.3% (M = 11.59, SD = 8.59). Vgpim ranged from
11.4 to 47.95% (M = 27.27, SD = 11.55). These mean values are slightly higher than those
reported in Manfredi et al. [46] but may result from task differences. In their study, singers
were asked to perform a standardized melody in a comfortable key and volume from which
one sustained tone was analyzed. In the present study singers sustained a quietly sung
/a/ vowel on a prescribed f,,. Thus, lower Pg, may have contributed to decreased vocal
stability in our participants [106].

Vibrato is a significant feature of the WCSV and a common element in neutral CCM
singing, the regularity and freedom of which is a mark of skilled and healthy singing voice
production [63,64,107]. Several studies have identified regularity in VR and VE as important
characteristics in perceptual rating tasks performed by both naive and expert listeners.
Ekholm et al. [108] found that a delay in vibrato onset was negatively associated with
perceived vibrato appropriateness (rated by seven expert voice teachers). Anand et al. [109]
found a relationship between f,, VR and VE, and vibrato appropriateness as rated by four
experts and five student judges. While this appropriateness was related to pedagogical
and musico-aesthetic ideals, it is also of relevance to the present study. Small changes
or instability in VR and VE evidently bear weight in perceptual judgement of vibrato,
and these may have greater weight in self-assessment of singing function than smaller
perturbations that are reflected in short-term perturbation measures (e.g., APQ3).

Although VE can be adjusted through training [43,44,110,111], no training effect was
seen in our data, despite the large range of years of training in our participants. The use
of the Vj;i; and Vgpim, parameters somewhat reduces the potential confounding influence
of training (where VR and VE can vary greatly across genres). Regardless of the VR or
VE, if the vibrato is stable lower Vy and Vgpip, values should reflect such. It would be
inappropriate for a clinician or researcher to request a singing participant to regulate their
VR or VE for the sake of the voice analysis. Thus, vibrato-perturbation-related measures
show great promise for singing voice analysis, allowing for application across genres and
for intersubject and pre/posttreatment comparisons, ergo between singers with different
vibrato rates and extents.

The relationships between VJitt, Vshim, and voice condition, particularly vocal fatigue,
is somewhat intuitive. As free vibrato originates in part through quasi-sinusoidal oscillatory
contractions of the cricothyroid muscle (i.e., an oscillating f,), muscle fatigue or vocal fold
swelling may interfere with vibrato regularity. As a free vibrato involves a complex
interaction between pressures, flows, resonances, and neuromuscular systems [43,112,113],
measuring vibrato stability offers more detail about singing-voice function and condition
than independent VR or VE values. It is possible that the same factors that contribute to
huskiness or breathiness on high notes (e.g., reduced vocal fold adduction and motility
through swelling or fatigue of adductory muscles) also affect vibrato stability.

4.3. Perceptions of Singing Voice Fatigue and the Efficiency Ratio

As singers are trained to proprioceptively evaluate their vocal function, small changes
in their ability to perform specific vocal tasks (e.g., in efficiency) may be relevant contribu-
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tors to their perception of vocal fatigue. Toles, Seidman, et al. [48] found the ER (SPL/Pg,;,)
to be sensitive pre/post excision of phonotraumatic lesions. They reported a mean ER of
9.25 (SD = 2.12) measured post-surgery during /papapapapa/ phonation at a comfortable
pitch and volume. In the present study, participants” ER values ranged from 7.78 to 15.90
(M =10.60, SD = 2.35). As classical singers are trained to optimize vocal efficiency, the ER
maximum of 15.9 reached in our cohort is not surprising.

Titze [91] defined glottal efficiency as the ratio between aerodynamic input and acous-
tic output (p. 269). As unamplified voice production remains the norm in Western classical
singing, finding maximum acoustic output with relatively minimal effort is key to main-
taining sustainable and healthy (i.e., non-pressed) phonation. One potential limitation of
Pg,p-based efficiency ratios is that, to a point, a high Pg;;, and a well-adducted glottis will
usually improve ER [63,114]. Thus, it may be difficult to distinguish between efficient (and
sustainable) and hyperfunctional phonation solely based on ER. Further, f,, influences ER,
as higher f,, are stronger in SPL owing to resonance-harmonics interactions and greater
radiation efficiency [70,91,115,116]. Previous research has noted an increase in speakers’
PTP after increased vocal demand [90,97,117], most likely owing to increased tissue vis-
cosity, thickness of the vocal folds’ colliding edge, and sub-optimal (i.e., too narrow or
too wide) prephonatory glottal width [117-119]. Inadequate glottal adduction reduces
acoustic power (i.e., ER), whereas high medial compression with Pg, in the realm of
pressed phonation would increase ER. A challenge then lies in identifying the line between
practical (sustainable) singing-voice efficiency and potential hypertension represented in
elevated ER values.

In our study, the use of soft phonation at a standardized f,, and the inclusion of
other voice-source-related acoustic measures may have somewhat mitigated this potential
confounding influence: no dB or f, effects were found. Soft phonation is used in the voice
clinic (and studio) as an indication of not only behavioral adjustment, but also voice condi-
tion [120,121]. The ability to maintain adequate prephonatory glottal approximation for
ease of oscillatory initiation as well as a relatively fast closing phase (i.e., improved power
to output ratios), whilst simultaneously reducing intensity (dB) is a maneuver that requires
fine muscle coordination challenging for the fatigued or otherwise dysfunctional singing
voice [122,123]. The associations between ER and the scale items related to perceived
huskiness (Q1) and breathiness (Q11) highlights this. The significant contribution of ER in
the ASFI model offers support for the inclusion of aerodynamic measures (complementary
to acoustic measures) in an instrumental index for diagnosing functional changes in singers
with singing-voice complaints.

4.4. Limitations and Future Directions

To the authors” knowledge, this exploratory study represents the first attempt to
explicitly examine relationships between the individual EASE scale items and instrumental
aeroacoustic voice measures. The data presented illustrate how an instrumental index that
relates to singers’ nuanced perceptions of their singing-voice function can be constructed.

As the sample size in this study was small, it would be premature to widely generalize
the findings. Future studies would benefit from larger cohorts of both normophonic and
dysphonic singers. While useful for exploring possible associations in a novel field, we
acknowledge that the use of stepwise regression with backward elimination may have
excluded some relevant parameters. This statistical approach is widely used in contempo-
rary research (e.g., [124-127]), and here provides some proof-of-concept supporting further
validation research, which should utilize a wider range of analyses including permutation
statistics, applied to larger datasets.

Some functional and perceptual changes in the singing voice may be traceable only
intrasubject. For instance, given the wide range of norms within the human voice, one
singer’s baseline healthy measurements may be approaching dysphonic for another. It
would be beneficial to compare intrasubject changes in the ASFI over time and after various
levels of vocal demand. No instrumental measures were related to the PRI or VC subscales,
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and the ASFI showed only a moderate association with the PRI (p < 0.10). Further research
with populations including disordered singers may clarify these relationships.

The use of the PAS with its mask may have somewhat altered the singing voice
function of participants. Future research should explore less intrusive methods of collecting
pressure data. More work is needed to determine which existing tools are suitable for
use with the singing voice, and to develop robust, standardized singing-voice assessment
protocols that can be implemented in clinical and pedagogical contexts. Although the
instrumental measures explored in the present study represent a broad range across time,
frequency, and aerodynamic domains, they are by no means exhaustive. Future research
may benefit from exploring relationships between self-perception of singing voice function
and health status and tools such as the voice range profile or non-linear analyses.

5. Conclusions

Subtle changes in singing-voice function are sensed by skilled voice users but are not
always perceived aurally by a third party or readily identified using existing instrumen-
tal voice assessment techniques. Despite being a high-risk population, no standardized
clinical protocol for singing voice analysis exists and little research has been carried out to
determine the suitability of traditional clinical voice diagnosis approaches for use with the
singing voice. Thus, singing-voice complaints presented by the professional voice user that
indicate early signs of dysfunction may go undiagnosed until their severity progresses. This
leaves a large gap in the care of professional singing-voice users who rely on optimal vocal
function for livelihood. This exploratory study offers novel data illustrating associations
between EASE scale items and instrumental aeroacoustic measures. Three of the 22 original
items were correlated with instrumental voice measures, the composite score of which
was significantly associated (T = 0.742, p < 0.0001) with the VF subscale. Multiple linear
regression techniques indicated that CPPS, V¢, Vshim, and ER (measured during soft sung
phonation) accounted for 62.4% of variation in the combined scores of the three scale items.
This instrumental index was also significantly associated (t = 0.575, p = 0.001) with the
original VF subscale. These instrumental measures show promise for singing voice analysis
individually and as part of an instrumental index as illustrated here. Further development
of diagnostic protocols for singers is needed for preventative and rehabilitative healthcare
for professional singing-voice users.
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Appendix A

Full list of items included in the Evaluation of Ability to Sing Easily, from Phyland et al.,
2014 [15]. VF: Vocal fatigue. PRI: Pathological risk indicators. VC: Voice concerns.

My voice is husky (VF)

My voice is dry/scratchy (VF)

My voice cracks and breaks (PRI)

My throat muscles are feeling overworked (VF)
My voice is breathy (PRI)

My singing voice feels good (VF; reverse scored)
The onsets of my notes are delayed or breathy (VF)
My voice feels strained (VF)

I am worried about my voice (VC)

I am having difficulty with my breath for long phrases (PRI)
My top notes are breathy (VF)

My voice sounds rich and resonant (VF)

My voice is cutting out on some notes (PRI)

I am having difficulty singing softly (PRI)

My voice is tired (VF)

I am having difficulty changing registers (PRI)

I am having difficulty with my high notes (PRI)
Singing feels like hard work (PRI)

I am having difficulty projecting my voice (PRI)

I am concerned about my voice (VC)

My voice feels ready for performance if required (VF; reverse scored)
I am having difficulty sustaining long notes (PRI).
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Abstract: Advancements in dynamic laryngeal imaging, particularly high-speed videoen-
doscopy (HSV), have addressed several limitations of laryngovideostroboscopy (LVS).
This study aimed to compare the success rates of LVS and HSV in generating recordings
suitable for objective functional assessment of vocal fold movements. Methods: This study
included 200 patients with voice disorders (123 with benign glottal lesions, 56 with ma-
lignant lesions, and 21 with functional voice disorders) and 47 normophonic individuals.
All participants underwent LVS followed by HSV. Kymographic analysis was performed
to evaluate phonatory parameters, including amplitude, symmetry, and glottal dynamics.
The success of both methods in generating analyzable kymograms was assessed, and
statistical comparisons were made using the chi-square test (significance level set at p <
0.05). Results: The failure rate for LVS was significantly higher (43.32%) compared to
HSV. HSV successfully generated kymograms in 68.22% of cases where LVS failed. The
primary factors contributing to LVS failure included synchronization issues, inadequate
recording brightness, unstable phonation, and hidden glottal opening. Failure rates related
to structural obstacles were similar between the two methods. HSV demonstrated superior
kymogram feasibility across all subgroups, with the highest success observed in cases of
organic glottal pathologies (30.73%). A significant advantage of HSV was observed for
both benign and malignant glottal lesions, especially in cases of asynchronous vocal fold
oscillations. Conclusions. By overcoming the inherent limitations of LVS, HSV provides
a more reliable and objective assessment of phonatory function. Its ability to generate
suitable kymograms with greater precision makes HSV a valuable tool for routine clini-
cal diagnostics, enabling the accurate identification of subtle laryngeal pathologies and
enhancing diagnostic accuracy.

Keywords: high-speed videoendoscopy (HSV); laryngovideostroboscopy (LVS);
kymographic analysis; phonatory function; vocal fold oscillations; voice disorders;
benign glottal lesions; malignant glottal lesions

1. Introduction

The assessment of voice function necessitates a comprehensive array of diagnostic
tools, encompassing perceptual voice evaluation, subjective patient assessments, acous-
tic measurements, and laryngostroboscopic examination [1]. Each modality provides
unique insights into vocal function, reflecting the complexity of voice diagnostics. Among
these, the accurate visualization of vocal fold vibrations remains pivotal for diagnosing
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and managing laryngeal disorders [1-3]. Of the available visualization techniques, laryn-
govideostroboscopy (LVS) and high-speed videoendoscopy (HSV) are particularly valuable
for evaluating the dynamic function of the glottis.

Laryngovideostroboscopy is the standard imaging technique for assessing phonatory
movements of the vocal folds and remains widely used in clinical practice [1]. This
method relies on digital video recordings that reconstruct vocal fold movement over
multiple phonation cycles. However, LVS does not provide real-time visualization of vocal
fold function. Instead, it generates an averaged representation of the phonation cycle
by combining sequential frames from multiple cycles, capturing minor variations that
may occur. As such, LVS is most effective when vocal fold vibrations are regular and
synchronous and when stable phonation samples of sufficient duration can be recorded [4,
5].

A stroboscopic visual-perceptual assessment via LVS is recommended for analyzing
various aspects of vocal fold function, including vibratory amplitude, mucosal wave prop-
agation, phase symmetry, vertical positioning, and glottal closure patterns. However, as
noted by the European Laryngological Society, the interpretation of LVS findings can be
affected by observer bias, potentially compromising objectivity [1]. The use of blinded eval-
uations or panel-based ratings, particularly in post-surgical follow-ups, may improve their
reliability, though such practices are challenging to implement in routine clinical settings.
The American Speech-Language-Hearing Association also underscores the importance
of integrating quantitative measures into vocal fold assessments to enhance diagnostic
precision as technological advancements progress [6].

High-speed videoendoscopy (HSV) addresses many limitations inherent in LVS by
providing real-time imaging of vocal fold vibrations. This technology captures detailed
and reliable data on vocal fold dynamics, enabling the assessment of both synchronous
and asynchronous phonatory patterns [7-9]. HSV operates at frame rates higher than
2000 frames per second, offering high-resolution visualization of vocal fold oscillations.
Unlike LVS, which captures approximately 10 phonatory cycles over a 10 s interval, HSV
achieves comparable detail within just one-tenth of a second [5,10-13].

This capability allows HSV to analyze vocal fold function even in challenging cases,
such as dysphonic voices, irregular glottal movements, or short phonation times, which are
often inadequately captured by LVS. Furthermore, HSV recordings generate high-quality
kinematic images that enable more accurate kymograms—graphical representations of
vocal fold movement over time and space [14-19]. Kymography derived from HSV is
widely regarded as one of the most effective methods for objectively assessing the temporal
aspects of phonatory function [10].

While kymographic analysis can also be applied to LVS recordings (termed strobovideoky-
mography), this process is labor-intensive and depends on the availability of high-quality
stroboscopic images [4,5]. HSV offers a significant advantage in this regard due to its ability
to produce kymographic data from brief recording sessions, thereby expanding the range
of patients who can undergo this type of analysis [11].

This study aims to compare the success rates of obtaining LVS and HSV recordings
suitable for objective evaluation in routine clinical practice. The analysis focuses on identi-
fying the causes of examination failure across the entire study cohort, stratified by patient
categories including normophonic individuals, as well as those with functional, benign,
and malignant vocal fold lesions.
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2. Materials and Methods
2.1. Study Group

This study included 247 patients from the Department of Otolaryngology, Head and
Neck Oncology at the Medical University of Lodz and its affiliated outpatient clinic, evalu-
ated from 2020 to 2023 for various laryngeal lesions. The mean age of the total group was
58.6 years (median 62, range 21-90). A control group was established, comprising 47 nor-
mophonic subjects with no history of dysphonia and no organic or functional abnormalities
of the larynx. The study group consisted of 200 patients with voice disorders, including
123 with benign glottal lesions, 56 with malignant lesions, and 21 with functional voice
disorders. All patients with organic lesions underwent laser microsurgery, confirming
the initial diagnosis histopathologically. The inclusion criteria for the study group encom-
passed the following: age > 18 years, the ability to perform HSV and LVS tests without
structural barriers (e.g., hypopharyngeal or epiglottic tumors obstructing the glottis), and
patient cooperation. After each examination, attempts were made to generate kymograms.
Detailed group characteristics are shown in Table 1.

Table 1. Characteristics of the study group.

Variables Benign Lesions Malignant Lesions Functional Disorders Control Group
n 123 56 21 47
median age 57 70 59 50
males/females 35/88 46/10 7/14 13/34

This study received approval from the Ethical Committee of the Medical University
of Lodz (no. RNN/96/20/KE, dated 8 April 2020), and written informed consent was
obtained from all participants.

2.2. Methods of Examination

All patients first underwent an otolaryngological examination, including a compre-
hensive interview regarding voice-related issues. Each subject then underwent a baseline
endoscopic examination of the larynx under white light, followed by a strobe light exami-
nation (LVS) using the same endoscope. Laryngovideostroboscopy was performed using
a rigid 90° endoscope (Olympus WA96105A, Olympus Medical Systems, Tokyo, Japan).
In select cases where rigid endoscopy was not feasible due to anatomical constraints or
patient discomfort, a flexible endoscope (Olympus ENF-VH2, Olympus Medical Systems,
Tokyo, Japan) was used. Digital imaging was recorded with an Olympus Visera Elite
OTV-5190 camera (Olympus Medical Systems, Tokyo, Japan) paired with a xenon light
source and an Olympus CLL-S1 (Olympus Medical Systems, Tokyo, Japan) strobe lamp.
Following LVS, subjects were examined with an HSV camera. HSV images were recorded
using the Advanced Larynx Imager System (ALIS) [20] equipped with laser diode lighting
(ALIS Lum-MF1, Diagnova Technologies, Wroclaw, Poland) and a high-speed camera (ALIS
Cam HS-1, Diagnova Technologies, Wroclaw, Poland) connected to a rigid oval endoscope
(Fiegert-Endotech ¢12.4/7.2, Tuttlingen, Germany) with a light guide using a 4.8 mm fiber
optic cable.

High-speed videoendoscopy (HSV) was performed using a color high-speed camera
with a frame rate of 4000 frames per second (fps) and a pixel resolution of 512 x 512.
This configuration allowed for high temporal and spatial resolution, facilitating the precise
analysis of vocal fold vibrations. For laryngovideostroboscopy (LVS), images were captured
at a rate of one stroboscopic cycle per second, ensuring that periodic vocal fold vibrations
were effectively reconstructed, with a pixel resolution of 480 x 400. The stroboscopic
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system used an LED light source synchronized with the patient’s fundamental frequency
to achieve optimal imaging conditions. Regarding the duration of analyzed sequences,
LVS recordings required a minimum phonation time of 10 s to ensure the capture of
sufficient vibration cycles for meaningful analysis. In contrast, HSV recordings were
completed within 0.06-0.08 s, corresponding to 10-20 phonation cycles (depending on
the fundamental frequency), thereby enabling the real-time visualization of vocal fold
oscillations in a much shorter time frame.

Among the 200 subjects with dysphonia, 178 with hypertrophic glottal pathologies
underwent laser microsurgery, and final diagnoses were based on histopathological exami-
nation of tissue specimens. The classification of benign lesions adhered to the WHO 2017
dysplasia grading, while all malignant lesions were confirmed as squamous cell carcinoma.
The study design was applied to both the control and study groups (Figure 1).
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Figure 1. Sequential steps of the study protocol.

Figure 1 illustrates the sequential steps of the study protocol, outlining the diag-
nostic workflow applied to all participants. The process commenced with an initial
otolaryngological examination, including a comprehensive medical interview to assess
voice-related symptoms. Following the baseline assessment, each participant underwent
laryngovideostroboscopy (LVS) as the first imaging modality, which was subsequently
followed by high-speed videoendoscopy (HSV).

The examination sequence was standardized for all subjects to ensure consistency and
minimize potential biases. The LVS examination involved recording vocal fold vibrations
using strobe light synchronization, whereas the HSV examination captured high-frame-rate
recordings to assess real-time vocal fold dynamics. After data acquisition, kymographic
analysis was performed on both LVS and HSV recordings to evaluate phonatory parameters,
such as vibratory amplitude, symmetry, and glottal closure.

Additionally, the protocol included specific criteria for determining successful kymo-
gram generation, focusing on the quality of the extracted images and their suitability for
objective assessment. The study protocol also accounted for potential challenges, such
as insufficient phonation stability or anatomical obstructions, which were systematically
documented and analyzed.

2.2.1. Differences Between LVS and HSV Recordings

LVS synchronizes strobe light with the patient’s voice frequency to produce an appar-
ent slow-motion image of vocal fold vibrations. However, this is achieved by capturing
frames from different phonation cycles, often from widely separated points in the cycle.
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(Figure 2—adapted and modified based on the illustration from Deliyski (2010) to provide
a clearer representation of HSV functionality within the context of our study. The original
source has been accordingly cited to acknowledge the contribution [16].) As a result, LVS
imaging requires regular vibration periodicity to produce accurate results. This depen-
dence makes LVS unsuitable for assessing irregular vocal fold vibrations or short, stable
phonation cycles in patients with severe dysphonia, where the glottal image may appear
blurred, resembling static light endoscopy. Additionally, the recorded sample must be long
enough to yield a reliable image. These limitations were observed in patients where LVS

could not be conducted due to unstable phonation. Similar challenges are noted in the
literature [21].

MMV

9999909090009099909090909050

Figure 2. Schematic illustration of the creation of a videostroboscopic and high-speed video recording,
adapted and modified based on the illustration from Deliyski (2010) [16].

High-speed videoendoscopy (HSV) overcomes these limitations by recording the
actual vibrations of the vocal folds at a speed of several thousand frames per second,
enabling the detailed visualization of successive phonation cycles. HSV thus facilitates
the analysis of vibratory cyclicity over extended periods in asynchronous voices, where
strobe light synchronization is ineffective. This method is applicable for both irregular
glottal function and severe vocal fold pathology, where patients may not sustain a stable
phonation for long periods. While LVS typically requires capturing 10 cycles over a 10 s
period for a fundamental frequency of 100 Hz, the duration may vary depending on the
strobe unit settings, which can range from 0.5 to 1.5 cycles per second. In contrast, HSV
records the same data within a fraction of a second, independent of cycle synchronization
settings. These recordings provide a robust basis for generating a kymographic analysis of
successive phonatory cycles (Figure 3).

2.2.2. Kymographic Analysis

Following image acquisition, LVS and HSV recordings were subjected to detailed
kymographic analysis using DiagNova Technologies software version 1.3 [20]. Ky-
mographic section plots were generated at three levels along the entire vertical axis
of the vocal folds (posterior, middle, and anterior) for both LVS and HSV recordings
(Figures 3(A1-A3) and 4(A1-A3)). A sample analysis for a normophonic subject based on
LVS is shown in Figure 3.
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Figure 3. Analysis of data generated on the basis of an LVS record for Subject 1 (normophonic patient,
40 years old woman with 3 cycles of vocal folds movement); (A1-A3) image of the glottis with the
reference line along the course of the vocal folds marked with a gray line, for which a videokymogram
was obtained at the posterior, middle, and anterior sections, respectively; (B1-B3) videokymograms
generated at the marked sections: the posterior, middle, and anterior parts of the glottis, respectively;
(C1) graphs showing (y-axis presents the glottal axis) the amplitude movement of the vocal folds:
blue—right vocal fold, yellow—Ieft vocal fold, and green resultant of the movement of both vocal
folds; (C2) graph showing the degree of glottal closure: orange line—value of Open Quotient
alongside the longitudinal axis of the glottis and red line—non-Closure Quotient determining the
insufficiency of the glottis; (C3) asymmetry rate; (C4) phase difference; (D) phonovibrogram: a
diagram presenting the movement of the vocal folds in time in relation to the center of the glottis; the
center of the diagram indicates the anterior part of the glottis; the upper part describes the movement
of the left vocal fold, while the lower part describes the movement of the right vocal fold.
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Figure 4. Analysis of data generated on the basis of an HSV record for Subject 1 (normophonic patient,
40 years old woman; 21 cycles of vocal folds movement): (A1-A3) image of the glottis with the cross-
section along the course of the vocal folds marked with a gray line, for which a videokymogram
was obtained at the posterior, middle, and anterior sections, respectively; (B1-B3) videokymograms
generated at the marked sections: the posterior, middle, and anterior parts of the glottis, respectively;
(C1) graphs showing (y-axis presents the glottal axis) the amplitude movement of the vocal folds:
blue—right vocal fold, yellow—Ieft vocal fold, and green resultant of the movement of both vocal
folds; (C2) graph showing the degree of glottal closure: orange line—value of Open Quotient
alongside the longitudinal axis of the glottis and red line—non-Closure Quotient determining the
insufficiency of the glottis; (C3) asymmetry rate; (C4) phase difference; (D) phonovibrogram: a
diagram presenting the movement of the vocal folds in time in relation to the center of the glottis; the
center of the diagram indicates the anterior part of the glottis; the upper part describes the movement
of the left vocal fold, while the lower part describes the movement of the right vocal fold.
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Each LVS sample, after semi-automatic image stabilization, required manual prepa-
ration by an ENT specialist or phoniatrician. This process involved outlining the vocal
fold edges and glottal area and adjusting individual frames as necessary. Following this,
the software generated a kymographic cross-section at 1/3, 2/3, and 3/3 of the glottal
length (Figure 3(B1-B3)), which was subsequently digitally equalized for brightness due to
fluctuations in strobe light intensity. At least three full recording cycles were necessary to
generate an LVS-based kymographic analysis, but often, more cycles were required. This
limitation affects the reliability of the results from strobovideokymography.

The usability of a kymogram was determined based on the clear visualization of vocal
fold oscillations without artifacts that could impair quantitative analysis. A kymogram was
considered usable if it allowed for the extraction of phonatory parameters, such as ampli-
tude, symmetry, and glottal closure, with sufficient clarity and accuracy to support objective
functional assessment. In contrast, unsuccessful kymogram generation was defined as
cases where visualization was obscured due to factors such as excessive movement artifacts,
hidden glottal opening, or synchronization issues that prevented accurate analysis.

Kymograms derived from HSV recordings are simpler and faster to produce. Unlike
LVS, which requires multiple cycles, HSV allows for kymogram generation even with
short phonation times. Additionally, HSV kymograms directly correspond to the selected
phonation cycles, providing more precise data on actual vocal fold movements at specific
glottal levels during each cycle phase (Figure 4(B1-B3)). Due to the shorter recording time
required for HSV (0.06-0.08 s of phonation), glottal axis correction was not necessary. The
stabilized view in HSV recordings ensured a stable position of the glottis, reducing the risk
of human error and enhancing kymogram quality and accuracy.

Phonovibrograms, which graphically represent vocal fold movement, were also gen-
erated based on both LVS and HSV recordings (Figures 3D and 4D). Phonovibrograms
effectively consolidate data on vocal fold oscillations in a color-coded map over a specified
time interval [22]. The X-axis represents time, while the Y-axis represents points along
the vocal fold edge. In the map, red intensity indicates the degree of vocal fold opening
(the momentary distance between the vocal fold edge and the glottis axis), while black
denotes that the distance equals zero and the vocal fold is aligned to the glottal axis center.
A comparison of LVS-based and HSV-based phonovibrograms shows that HSV provides a
clearer, more detailed visualization of vocal fold oscillations.

2.2.3. Statistical Analysis

A comprehensive statistical analysis was performed to evaluate the effectiveness of
LVS and HSV in generating analyzable kymograms. Descriptive statistics were calculated
for all measured parameters, and categorical variables were compared using the chi-square
test to determine statistical significance. A p-value of <0.05 was considered statistically
significant. All statistical analyses were conducted using GraphPad Prism software version
9.3.1. The statistical methodology ensured robust comparisons between the two imaging
modalities, enabling the accurate assessment of their diagnostic capabilities.

3. Results

In this study, it was possible to generate kymographic records for 205 patients (82.99%
of the total) using HSV, compared to 140 patients (56.68%) using LVS (Figure 5), and a
statistically significant difference favoring HSV (p < 0.001) was found.
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Figure 5. Groups of patients qualified for the study: HSV(+)—successful HSV examination;
HSV(—) unsuccessful HSV examination; LVS(+)—successful LVS examination; LVS(—)—unsuccessful
LVS examination.

Only eight patients (3.24%) had kymograms generated solely using LVS without
concomitant HSV results. In all these cases, anatomical or structural obstacles, such as a
prominent epiglottal pedicle or a flat epiglottis obscuring the anterior vocal folds, impeded
HSV imaging due to the limitations of rigid optics. This challenge was mitigated in LVS by
using flexible optics.

However, both LVS and HSV examinations failed to produce kymograms suitable for
analysis in 34 patients (13.77%). We analyze and discuss the reasons for the difficulties
encountered with HSV and LVS testing (Figures 6 and 7).

3.1. Observed Issues
3.1.1. Challenges with Adequate Glottal Opening and Vocal Fold Visualization (Figure 7A)

Generating a kymogram requires a clear visualization of the glottal area to define the
medial edges of the vocal folds. Hidden glottal opening was observed in both LVS and HSV
recordings. In the LVS group, this limitation prevented kymogram generation in 42 patients
(42/205; 20.48%), whereas it impacted only 18 patients in the HSV group (18/229; 8.61%),
and a statistically significant difference (p < 0.001) was found. This issue was especially
prevalent among patients with large lesions. Additionally, visualizing the entire vocal fold
structure, including the lower edge, was challenging in some cases. While both LVS and
HSV theoretically provide similar laryngeal views, clinical experience and technical factors
suggest that the HSV system more frequently allows for clear visualization of the lower
vocal fold edge. This advantage is likely due to HSV’s ability to capture phonation at lower
fundamental frequencies with higher temporal and spatial resolution, reducing the impact
of vibratory irregularities that may blur the stroboscopic image.

3.1.2. Structural Obstacles Hindering Glottis Visualization (Figure 7B-D)

Structural abnormalities or variations in the supraglottal region, such as a peduncu-
lated epiglottis obstructing the anterior glottal part, a flat epiglottis, or intrinsic patholo-
gies like vocal fold tumors, impeded glottal visualization. This issue divided patients
into two subgroups: The first included those with anatomical variations like an omega-
shaped epiglottis or an epiglottal pedicle covering the anterior commissure, obstructing
the glottis (Figure 7(B1,B2). The second subgroup (Figure 7(C1,C2)) included patients
whose glottal visualization was hindered by extensive pathologies like large glottal tumors
(Figure 7(D1,D2)).
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Figure 6. Difficulties with kymographic analysis in the HSV and LVS groups (total group n = 247):
(A) for the whole study group and (B-F) for the following difficulties described in Section 3.1.
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Figure 7. Images of patients’ larynx in whom generating LVS-based kymogram was insufficient
to generate kymograms (A1,B1,C1,D1,E1) compared with images from successful HSV-based ky-
mography (A2,B2,C2,D2,E2). Subject (A): a male patient with carcinoma planoepitheliale G-3 in
the right vocal fold; Subject (B): a male patient with a fibrovascular polyp in the right vocal fold;
Subject (C): a male patient with epiglottal carcinoma planoepitheliale G-2; Subject (D): a female
patient with functional voice disorders; Subject (E): a male patient with vocal fold inflammation and
incomplete glottal closure, resulting in too short stable phonation to obtain an LVS recording. The
causes of unsuccessful LVS-based kymogram creation are described in the table. VF—vocal folds.
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Vestibular fold phonation was more common in LVS recordings (Figure 7(D1)), ob-
served even in cases where flexible optics were used for improved visualization, whereas
HSV was more affected by rigid optics, particularly in cases of a drooping or omega-shaped
epiglottis. Furthermore, extensive proliferative lesions, such as carcinomas that obscured
both vocal folds, limited the use of both LVS and HSV in clinical practice due to the inability
to generate reliable kymograms for these cases.

3.1.3. Lack of Light Synchronization (Figure 6D)

The synchronization of strobe light with the patient’s vocal frequency is essential
for LVS. In 20 patients (8.1% of the total), this was the primary reason for failed LVS
kymograms. However, this issue was not present in HSV recordings visualizing the actual
motion of the vocal folds, thus eliminating the need for light synchronization.

3.1.4. Inability to Sustain Long, Stable Phonation (Figure 6E)

This issue affected only LVS recordings. Generating high-quality LVS images requires
at least 10 s of stable phonation, which some patients with extensive lesions could not main-
tain. This hindered the ability to assess mucosal wave movement and identify asymmetries.
In the LVS group, this problem impacted 13 patients (5.26%).

In Figure 6, “long phonation” is defined as the ability of the patient to sustain a stable
phonatory sound for at least 10 s. The “Lack of synchronization” refers to the inability of the
strobe light to properly align with the vocal fold vibration frequency, leading to inconsistent
or blurred images. These factors were rated by two experienced otolaryngologists and
phoniatricians (EN-B and WP) based on the criteria of the instrumental assessment of the
voice, ensuring consistency and reliability in the assessment [6].

3.1.5. Insufficient Recording Brightness (Figure 6F)

This issue was not encountered in HSV recordings due to the laser illumination for
sufficient laryngeal brightness [23]. However, in the LVS group, insufficient brightness
affected seven patients (2.83%).

3.1.6. Summary of Observed Issues

To summarize the evaluation of the unsuccessful generation of LVS kymograms
in comparison to HSV-based kymograms (Figure 6), the total failure rate was sig-
nificantly higher (p < 0.001) and resulted in a failure rate of 43.32% (failure of LVS
recordings—107/247). The significant difference was observed for the following reasons:
hidden glottal opening: p = 0.009 (LVS 42/247 vs. HSV 18/247), lack of synchronization:
p <0.001 (20/247 vs. 0/247), insufficiently long phonation: p = 0.0003 (13/247 vs. 0/247),
and insufficient brightness of recordings: p = 0.0077 (7/247 vs. 0/247). No signif-
icant differences were found for structural obstacles obscuring the glottis p = 0.8804
(25/247 vs. 24/247). In our analysis, we categorized visualization challenges into two
distinct groups:

1.  Hidden glottal opening: This category includes cases where the vocal folds failed to
sufficiently open to allow for effective kymographic analysis. This issue primarily
arose in patients with functional dysphonia or glottic pathologies that restricted the
natural opening of the vocal folds during phonation;

2. Structural Hindrances in Glottal Visualization: this category encompasses cases where
visualization was obstructed by anatomical structures such as an omega-shaped
epiglottis, a large epiglottic petiole, or supraglottic hyperfunction, leading to incom-
plete or distorted views of the glottis.
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For HSV, the main obstacles were structural hindrances in glottal visualization (24/223;
9.72%) and hidden glottal opening (18/229; 7.28%). HSV exhibited a success rate of 83.00%,
a 26.31% higher success rate than LVS. Notably, HSV significantly outperformed LVS in
most of the observed challenges (Figure 6).

3.2. Analysis of Cases with Inconclusive Kymograms Using Only One Technique

In cases where initial kymogram generation was unsuccessful with both HSV and
LVS, we further explored whether optimized HSV and LVS settings and improved patient
cooperation could allow for successful kymogram acquisition, especially in patients where
one method had already proven inadequate. Among the 107 patients for whom LVS
kymograms were not feasible, reliable kymograms were obtained in 73 patients (68.22%)
through HSV. However, in 34 cases, neither HSV nor LVS produced a kymogram.

In eight cases where HSV kymograms could not be generated, LVS was successful.
In six of these cases, structural obstacles, such as a prominent epiglottis, obstructed HSV
visualization, and in the remaining two, hyperfunctional phonation enabled sufficient
opening of the glottis.

3.3. Comparison of Kymogram Feasibility by Lesion Type

HSV demonstrated a notable advantage in generating kymograms, particularly in
patients with organic glottal pathologies. In normophonic patients, HSV yielded additional
(in comparison to LSV) kymograms in four out of forty-seven patients (8.51%), while in
those with benign lesions, 32 additional kymograms were obtained (26.02%). For patients
with malignant lesions, HSV generated additional kymograms in 23 cases (41.07%). A
significant difference (p < 0.0001) was observed for both benign and malignant hypertrophic
masses of the glottis. For patients with functional voice disorders, HSV generated six
additional kymograms (28.57%) compared to LVS (p = 0.006). The success rate difference
across all examined groups is presented in Figure 8.
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Figure 8. Feasibility of obtaining the kymograms from LVS recordings in comparison to HSV in the
patients” groups divided by diagnosis.

85



J. Clin. Med. 2025, 14,1723

In all patient groups with organic lesions, the HSV method resulted in a 30.73%
higher rate of kymogram generation. Notably, failure causes such as insufficient light,
synchronization issues, and insufficient phonation cycles did not occur in HSV recordings.

Among patients with carcinoma, hidden glottal opening was a common cause of
failure in LVS compared to HSV (Figure 7(A1,A2)), with a difference in occurrence of 29%
in carcinoma cases. Moreover, kymograms generated by HSV (Figure 9) provided superior
temporal resolution, enhanced visualization of asynchronous vibrations, and greater struc-
tural detail compared to LVS kymograms (Figure 10), which rely on periodic phonation
cycles and may obscure irregularities. The parameters presented in Figures 3, 4, 9 and 10
were computed using a dedicated kymographic analysis software, which applies semi-
automated edge detection algorithms to track vocal fold movement along pre-defined
glottal axes. The amplitude, symmetry, and phase differences were calculated based on
pixel intensity changes over time, allowing for an objective assessment of vocal fold vi-
brations. Each computed value represents an average over multiple phonatory cycles to
improve measurement accuracy.
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Figure 9. Analysis of data generated on the basis of HSV record for Subject 3: Patient with malignant
lesion (61 years old man with cancer of the left vocal fold). Representative kymographic analysis
derived from HSV recordings with 9 cycles of vocal fold movement. For a detailed description of the
analysis process, please refer to the caption of Figures 3 and 4.

The phonovibrograms displayed in these figures provide a comprehensive visualiza-
tion of vocal fold oscillation patterns over time. They are two-dimensional spatiotemporal
representations of changes in the glottal area during phonation; the horizontal axis is time,
and the vertical axis represents the length along the glottis. They represent the numeric
value of the width of the space between the vocal folds (glottal gap). Darker color indicates
decreased amplitude of vocal fold oscillations and increased glottal gap. They consolidate
multiple vocal fold oscillation parameters into a single graphical representation, highlight-
ing temporal variations in amplitude and phase relationships. This enables clinicians to
visualize asymmetries, irregular vibrations, and insufficient glottal closure.

The last phase of our analysis compared the feasibility of generating kymograms from
LVS and HSV recordings in patients with unilateral and bilateral lesions. The data showed
a significant difference in kymogram generation success rates between HSV and LVS for
both lesion types. Specifically, HSV achieved a 30% higher success rate than LVS, with
HSV generating 115 successful recordings compared to 72 for LVS in unilateral lesions
and 26 compared to 14 for bilateral lesions. These differences were statistically significant:
p < 0.00001 for the unilateral lesions and p = 0.0058 for the bilateral lesions.

Figure 10. Cont.
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Figure 10. Analysis of data generated on the basis of HSV record for Subject 3: Patient with malignant
lesion (61 years old man with cancer of the left vocal fold). Representative kymographic analysis
derived from LVS recordings with 3 cycles of vocal fold movement. For a detailed description of the
analysis process, please refer to the caption of Figures 3 and 4.

4. Discussion

High-speed videolaryngoscopy has become a valuable tool for visualizing vocal
fold vibrations, providing an objective assessment and precise structural and functional
evaluation of the glottis, and it is crucial for diagnosing various glottic pathologies [10].
Initially used for functional voice disorders, HSV is now increasingly applied to organic
glottic lesions [24,25]. Unlike laryngovideostroboscopy (LVS), HSV captures real vocal fold
vibrations at thousands of frames per second, enabling the analysis of vibration patterns in
asynchronous voices and severe pathologies where strobe synchronization fails [2,5].

This study aimed to assess the effectiveness of generating kymograms for quantifying
vocal fold oscillations using LVS and HSV recordings. A total of 247 subjects underwent
both stroboscopy and HSV as part of standard diagnostic protocols, providing data for
analysis. To our knowledge, this is the largest study assessing glottic pathologies in both
methods. Of these, 179 presented with hypertrophic glottic masses, including 123 benign
and 56 malignant lesions. The findings confirmed HSV as a valuable method for assess-
ing organic glottic lesions, providing a higher rate of successful kymogram generation
compared to LVS, which may aid in the evaluation of vocal fold oscillations. Consis-
tent with previous studies, HSV outperformed LVS in generating kymograms, delivering
faster, higher-quality results that address LVS’s inherent limitations [13,26]. HSV-based
kymograms allow for more objective evaluations of phonatory vibrations and quantitative
parameter analysis, aiding less experienced clinicians in the preoperative diagnosis of
glottic hypertrophic masses.
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The existing literature highlights the subjective nature of vocal fold vibration assess-
ments in both LVS and HSV examinations that are often influenced by clinician experience.
Fujiki et al. explored subjective laryngeal ratings from LVS and HSV by categorizing raters
by experience levels (over or under five years) [11]. They found high inter-rater reliability
for amplitude, mucosal wave, and non-vibrating portions but noted challenges in assessing
phase symmetry and periodicity [11]. In 9% of LVS and 6% of HSV exams, clinicians failed
to identify at least one parameter. Similarly, Poburka et al. noted that inter-judge reliability
ranged from 0.57 to 0.96 for LVS and from 0.81 to 0.94 for HSV in their assessment of
mucosal wave and non-vibrating portions [8]. Efforts to improve objectivity in LVS and
HSV assessments, such as through visuoperceptual variables, have been explored [27].

While previous studies have compared LVS and HSV, our research uniquely focuses
on the specific challenges and success rates in generating analyzable kymograms across
different patient groups, including normophonic individuals and those with functional,
benign, and malignant vocal fold lesions. Additionally, our study provides a detailed
analysis of the reasons behind LVS failure and the extent to which HSV can overcome these
challenges [5,8,9].

For years, our department has used kymographic analysis to evaluate glottal phona-
tory function, transitioning from LVS- to HSV-based methods [23,28]. Advanced HSV
techniques provide objective metrics for vocal fold amplitude, symmetry, and periodicity.
Consistent with literature data, HSV-generated kymograms are faster and easier to produce
than those derived from LVS [5,29].

Research demonstrates that high-speed videoendoscopy (HSV) significantly outper-
formed low-speed videoendoscopy (LVS) in generating kymograms. The observed better
outcomes for unilateral lesions may be attributed to greater asynchrony in vocal fold
vibrations, which HSV captures effectively through kymographic analysis.

In the functional dysphonia group, HSV also showed a significantly higher success
rate than LVS; however, no significant difference was observed in the normophonic control
group. Nevertheless, in clinical practice, obtaining high-quality recordings in patients with
voice pathologies is prioritized, where HSV seems particularly advantageous [30].

Our results are consistent with prior studies suggesting the utility of HSV in diag-
nosing organic dysphonia [8,31]. Asymmetric hypertrophic glottal masses can often cause
asynchronous vocal fold vibrations, which HSV can precisely capture, facilitating the de-
tailed analysis of affected versus unaffected folds [12,32]. In this research, for benign glottic
lesions, HSV achieved a 26% higher kymogram success rate than LVS, and for malignant
lesions, this advantage rose to 41%. These differences were highly significant and support
HSV’s advantage in morphological insights into vocal fold oscillations compared to stro-
boscopy [10,21]. Additionally, HSV-based kymograms provided accurate measurements of
parameters such as amplitude, glottic dynamics, asymmetry, phase difference, and period-
icity of vibrations. Figures 9 and 10 highlight the improved quality of HSV kymograms
compared to LVS. Consistent with the findings by Powell et al., HSV’s higher frame rate
and resolution facilitated the assessment of laryngeal pliability [24]. Yamauchi et al. further
noted HSV’s ability to identify non-vibrating areas in infiltrative malignant lesions, such as
invasive carcinoma [32].

Our study compared factors affecting kymogram generation with LVS and HSV.
Hidden glottal opening (due to prolonged closing phases) was a notable challenge, affecting
7.3% of HSV recordings versus 17% for LVS (p = 0.0009). This difference likely arises from
LVS sampling incomplete glottal cycles, which is unlike HSV, which captures full cycles,
enabling precise measurements of medial vocal fold edge distances. Previous studies
confirm that HSV provides a more accurate representation of laryngeal vibrations than
LVS [13,21,24]. The limitations of both methods are detailed in Table 2.
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Improved lighting in HSV using laser illumination enhanced kymogram quality by
increasing the brightness. According to manufacturer specifications and clinical observa-
tions, laser illumination did not significantly raise the endoscope’s temperature; however,
the potential for localized heating and its effects on the tongue root and vocal tract tissues
should be considered when using high-intensity light sources. In our study, HSV captured
full-color images, which improved visibility compared to the specific LVS system used,
where images were often darker due to the limitations of the LED strobe lamp. However, it
is important to note that some LVS systems with higher-intensity strobe lamps can provide
bright and well-illuminated images, potentially mitigating this issue. Although some
authors suggest that grayscale is beneficial for HSV recordings, others identify insufficient
brightness as a common limitation in color HSV recordings [8,9,11].

Another limitation of LVS is its reliance on light synchronization, particularly in mod-
erate or severe dysphonia cases where an unstable voice signal can disrupt synchronization,
producing asynchronous sequences that are challenging to interpret. This limitation af-
fected 8.1% of our LVS recordings and was a significant barrier to kymogram generation
compared to HSV (p < 0.001 for synchronization issues; p = 0.0003 for unstable phonation).
Prior studies report a 17-63% failure rate for LVS in similar cases [21,38]. HSV, by contrast,
proved superior for assessing glottic malignant lesions and cases of asynchronicity, aligning
with recommendations for its use in complex pathologies [24].

Table 2. Comparison of limitations of the HSV and LVS techniques based on our experience and the
literature cited in the discussion.

TECHNICAL AND EQUIPMENT LIMITATIONS

HSV

- expensive equipment limits accessibility.
- large datasets require specialized software.

- optics can discomfort patients and restrict anatomical visualization.

LVS

- limited resolution and brightness reduce detail visibility. (however, the
resolution and brightness of LVS recordings in our study were limited by
the specific system used, which may not reflect the capabilities of newer
high-resolution LVS systems available on the market.)

- sometimes, images fail to reflect irregular vibrations, preventing

the examination.

COMPARISON

HSV provides high-quality, real-time vibratory tracking but entails higher
costs and demanding data management. LVS is more accessible and uses
flexible scopes but lacks resolution and precision for detailed assessments.

LIGHTING AND IMAGING SYNCHRONIZATION

- HSV requires specialized lighting for optimal imaging, though newer

HSV systems are improving illumination technology.

- LVS requires stable phonation for strobe synchronization, as it struggles
LVS with strobe synchronization in cases of asynchronic voices or severe

dysphonia, reducing interpretable images.

HSV delivers superior imaging, aided by advanced lighting, while LVS
COMPARISON often inhibits the examination in severe dysphonic patients lacking stable

vocal patterns.
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Table 2. Cont.

DEPENDENCE ON STABLE PHONATION

- our HSV examination was limited to rigid optics; however, various studies have

HSV demonstrated the feasibility of flexible high-speed videoendoscopy [23,31,33-37].

- LVS needs around 10 s of stable phonation, which poses a challenge for patients

LV ) . .
S with severe voice disorders.

LVS relies on stable phonation, which is necessary for light synchronization,
COMPARISON limiting its use in severe dysphonia, while HSV effectively captures all irregular
vibrations in real time without requiring synchronization.

STRUCTURAL AND ANATOMICAL CHALLENGES

- challenges in visualizing the glottis with anatomical variations (e.g., prominent

epiglottis) which disturbs kymogram generation; this is related to the use of rigid
HSV optics in our HSV system.

- while HSV provides high-resolution imaging, large lesions that cover the glottis

may still prevent a full assessment.

- lower resolution and frame averaging hinder the assessment of intricate lesions
or non-vibrating areas.

LVS - flexible scopes improve comfort but struggle with large masses and reduce
resolution in complex cases.
COMPARISON Our HSV system offers clearer imaging but is restricted by rigid scopes, while LVS

provides less detail but gains flexibility with adaptable scopes.

DATA INTERPRETATION AND OBJECTIVITY

HSV - HSV result interpretation from the software requires expertise.

- LVS assessments rely on subjective interpretation, causing inconsistencies,
especially for phase symmetry and periodicity.

- Quantitative analysis in LVS is time-consuming, delaying real-time
diagnostic feedback.

LVS

HSV offers greater accuracy but requires costly equipment and advanced expertise.
COMPARISON LVS is prone to subjective interpretation and observer variability, especially for less
experienced users, and objective analysis is time-consuming.

Our findings provide several new insights into the feasibility and accuracy of HSV
compared to LVS for kymographic analysis. We confirmed previous studies indicating the
superior ability of HSV in capturing detailed vibratory patterns and overcoming synchro-
nization limitations inherent to LVS. However, our study extends existing knowledge by
offering a comprehensive analysis of failure rates and success factors in a larger patient
cohort, particularly in cases of organic glottal lesions.

In contrast to earlier research, our results highlight the specific challenges associated
with LVS, such as its dependency on phonation stability and lighting conditions, which
have not been thoroughly quantified before; however, some technical aspects, like lightning
conditions, should not be generalized across all HSV and LVS systems available on the
market today. Our findings align with those by Patel et al. (2008) and Poburka et al. (2017)
but provide new evidence regarding the practical implications of these limitations in clinical
practice [8,21].

In the future perspective, artificial intelligence (AI), which has shown significant
potential in the recognition of both functional and non-functional glottic pathologies, may
be further investigated in HSV or LVS to help differentiate laryngeal lesions. Studies have
demonstrated that machine learning algorithms, combined with imaging modalities such as
narrow-band imaging (NBI) and white light imaging (WLI), can enhance the early detection
and classification of glottic lesions, including benign and malignant conditions [39,40].
Additionally, AI models utilizing voice signals, demographics, and structured medical
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records have been developed to differentiate glottic neoplasms from benign voice disorders,
offering a non-invasive diagnostic approach with promising accuracy [41].

Overall, our study supports and expands upon the existing literature, reinforcing the
advantages of HSV while providing new data on its applicability across different clinical
scenarios. Future research should focus on optimizing HSV protocols to further improve
diagnostic accuracy and efficiency in voice disorder assessments.

5. Conclusions

This study highlights the comparative effectiveness of high-speed videolaryngoscopy
(HSV) and laryngovideostroboscopy (LVS) in generating kymograms and objectively assess-
ing vocal fold function in patients with voice disorders. HSV demonstrated a significantly
higher kymogram generation success rate (83% vs. 57% for LVS), particularly in cases
of patients with asynchronous vocal fold oscillations associated with both organic and
functional pathologies, with statistically significant differences across all patient groups,
including those with benign and malignant glottic lesions. By overcoming LVS limitations
through high frame rates and real-time imaging, HSV enables detailed assessments even
in severe dysphonia or extensive glottic lesions. Its ability to provide precise quantitative
parameters such as amplitude, asymmetry, and glottal closure underlines HSV’s poten-
tial as a routine diagnostic tool, offering improved diagnostic accuracy and outcomes in
specialized laryngeal assessments.

Future research could aim to improve HSV accessibility and develop automated data
analysis tools to facilitate its clinical integration. Hybrid approaches combining HSV’s
detailed accuracy with the practicality of LVS, as explored in our department’s previous
work, may further optimize laryngeal imaging practices. Broader adoption of HSV could
significantly enhance the quality and precision of voice disorder diagnostics, ultimately
leading to better therapeutic outcomes for patients.
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Abstract: Mouth-to-microphone (MTM) distance is important when measuring the sound of voice.
However, determining the MTM distance for laryngoscope-mounted microphones during laryn-
goscopic examinations is cumbersome. We introduce a novel solution for such cases, using the
depth of insertion of the laryngoscope into the mouth Dy as a reference distance. We measured
the average insertion depth, Dy, in 60 adult women and 60 adult men for rigid laryngoscopes with
70° and 90° view. We found the Dy for the 70°/90° laryngoscope to be 9.7 & 0.9/9.4 £ 0.6 cm in
men, 8.9 £ 0.9/8.7 = 0.7 cm in women, and 9.3 £ 0.9/9.0 £ 0.7 cm in all adults. Using these values,
we show that, for microphones fixed at 15-40 cm from the tip of the laryngoscope, the final MTM
distances are between 5 and 35 cm from the lips, and the standard uncertainties of these distances are
between 16% and 2.5%. Our solution allows laryngologists and laryngoscope manufacturers to set
and estimate the MTM distance for any rigid laryngeal endoscope with a microphone attached with
reasonable accuracy, avoiding the need to measure this distance in vivo in routine practice.

Keywords: rigid laryngoscopy; oral cavity length; mouth-to-microphone distance; voice recording

1. Introduction

Laryngeal endoscopy (laryngoscopy) is the basic tool for the clinical examination of
the voice. State-of-the-art laryngoscopy utilizes rigid and flexible laryngeal endoscopes
(laryngoscopes) that are inserted into the mouth or nose, respectively, in order to visualize
the larynx and the vocal folds (Figure 1). Here, we focus on the rigid endoscopes that
allow for different types of endoscopic video cameras to be attached to capture laryn-
geal motion during phonation. Three basic laryngeal endoscopic techniques are used in
laryngology for this purpose: laryngeal stroboscopy, high-speed videoendoscopy, and
videokymography [1-5]. These methods visualize the larynx by using the same laryngo-
scopic approach but utilize three different types of video cameras, providing different types
of laryngeal videos. All mentioned techniques aim at observing the vocal fold vibrations,
revealing possible abnormalities of the vocal fold function.

Modern laryngoscopic devices capture the sound by a small microphone attached
directly to the laryngoscope or to a camera head to relate the vocal fold abnormalities to the
produced vocal sound. The captured sound is used to determine basic vocal characteristics,
e.g., the vocal fold vibrational frequency (f,) and sound pressure level (SPL), which can be
displayed on a monitor [6]. This is relevant because the laryngeal adjustment and vocal
fold behavior change with the f, and SPL.
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Figure 1. Insertion of a rigid laryngeal endoscope (laryngoscope) into the mouth to observe the
larynx and the vocal folds during voice production in clinical voice examination. A small microphone
attached to the laryngoscope captures the produced voice. The mouth-to-microphone (MTM) distance,
d, influences the properties of the captured sound. This distance depends on the position of the
microphone with respect to the tip of the laryngoscope (parameters 2 and b) and the depth of insertion
of the laryngoscope into the mouth, Dy.

In order to interpret the recorded sound correctly, it is important to know the distance
of the microphone from the mouth [7,8]. Wendler recommended setting this distance to
15 cm during laryngoscopy [9]; however, this recommendation has not been universally
adopted. When the microphone is attached to the laryngoscope, or to the camera head
mounted on the laryngoscope, the mouth-to-microphone (MTM) distance, d, cannot be
set directly, because it depends on the depth of insertion of the laryngoscope into the
mouth Dy (Figure 1). Therefore, to determine the MTM distance, d, we need to measure it
directly during the laryngoscopic procedure. This measurement normally requires three
people to be involved (the examiner performing the laryngoscopy, the examiner performing
the distance measurement, and the subject undergoing the rigid laryngoscopy). Such a
measurement is doable but cumbersome and time-consuming to perform in clinical practice
for every examined client.

In this paper, we introduce an alternative method of determining the MTM distance
for microphones attached to rigid laryngoscopes or to camera heads mounted on rigid
laryngoscopes. Our method is based on knowledge of one key parameter—the depth of
insertion of the laryngoscope into the mouth, D;. As shown in Figure 1, the MTM distance,
d, can be determined by subtracting the Dy value from the microphone position with
respect to the tip of the laryngoscope. If the laryngoscope insertion depth, Dy, is reasonably
similar across adult males and across adult females, the MTM distance does not have to be
measured for each patient but can rather be universally specified for each laryngoscope,
using a simple formula. However, to the best of our knowledge, so far, there is no reliable
information on how deep the endoscope is placed into the mouth when performing rigid
laryngoscopy and how the variability changes across subjects. Therefore, the first aim
of this study is to determine the average insertion depth and its variation in adults for
two common types of rigid laryngoscopes used in clinical practice—those with angles of
view of 70 and 90 degrees [10,11]. Our specific questions and hypotheses related to the
measurements of the laryngoscope insertion depth, D;, were as follows:

1. Is the insertion depth different between male and female patients? We hypothesized
the insertion depth to be larger in males, due to their longer vocal tract.

2. Is the insertion depth different for the laryngoscopes with a 70° and 90° view? We
hypothesized the insertion depth to be larger in the 70° laryngoscope type since its
tip is expected to be placed lower in the oropharynx, closer to the larynx.
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The second aim of this study is to formulate empirical rules for determining the
universal laryngoscopic MTM distance, d, in adults for the 70° and 90° rigid laryngoscopes
with an attached microphone. To determine the possible difference in the MTM distance, 4,
estimated by the rules from its real value, the standard uncertainty is specified for adult
males, adult females, and for all adults from the measured variability of the laryngoscope
insertion depth, Dj, across subjects.

2. Materials and Methods

This is a cross-sectional study of 120 adult subjects. Three rigid laryngoscopes with 90°
and 70° angles of view were used for the study. The measurements were performed from
side photographs of the subjects taken during laryngoscopy. The length of the laryngoscope
tube visible outside the mouth, z (Figure 2), was subtracted from the known full length
of the laryngoscope, ], to derive the laryngoscope insertion depth, D;. The details of the
materials and methods are given below.

vocal fold vibrations

‘vocal folds
—

microphone

J
(a) (b)

Figure 2. Side images obtained during (a) laryngeal stroboscopy (90° laryngoscope with an embedded
microphone, L90S) and (b) videokymography (70° laryngoscope, L70K). The outside distance, z,
was measured to derive the laryngoscope insertion depth into the mouth. Notice the monitor in the
background showing the laryngeal images with the vocal folds—these were used for checking the
correct placement of the laryngoscope in the mouth.

2.1. Subjects

One hundred twenty human adults (sixty male, age 50 & 18, age range 19-91; sixty female,
age 45 + 18, age range 18-89) served as subjects for our study. The subjects were prospec-
tively recruited from patients visiting a laryngologist at the clinical institute to which the
second and last author belong. They were White Czech patients, except for one Hispanic
patient. They visited the clinic for an outpatient laryngeal examination for various voice
disorders or prevention purposes. The specific laryngeal diagnoses were of no significance
for this study; we were interested only in measuring the depth of laryngoscope insertion
into the mouth during the examinations. None of the subjects had the laryngeal skeleton
deformed due to an accident or removed due to cancer. Only those subjects in which
the laryngeal exam could be successfully completed and who gave their consent to the
examination were included in the study. The patients with an obstructed view or no view
of the vocal folds during phonation were excluded.

2.2. Examination Procedures and Division of the Subjects into Groups

The subjects were photographed from the side while undergoing a routine laryngo-
scopic examination procedure. All the subjects gave their consent for the photography. The
Ethics Board of the clinical institute that the second and last authors belong to approved of
the consent form and the study. Apart from taking the photographs, no special investiga-
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tions were performed for the purpose of this study. The patients were seated comfortably
in the examination chair and instructed to sustain a phonation of vowel/e/ or syllable/he/
at a comfortable pitch and loudness. Both the insertion of rigid laryngoscopes and the
examination process were performed by a laryngologist with 30 years of clinical experience.

In the beginning, each participant underwent a laryngeal stroboscopic examination.
This was performed using a 90° view laryngoscope (further labeled L90S), which is com-
monly used in Europe. The participants were then divided into three equally sized groups,
each containing 40 subjects (20 females and 20 males). The division was based on the need
for an additional laryngeal videokymographic examination, which was performed to ob-
tain more accurate information on vocal fold vibrations, thus allowing for a more detailed
diagnosis when needed. Group 1 underwent laryngeal videokymographic examination
using the 70°-view laryngoscope (L70K). Group 2 underwent laryngeal videokymographic
examination using the 90°-view laryngoscope (L90K). The division of the subjects into
Groups 1 and 2 was random. Subjects from Group 3 were not indicated for any additional
laryngeal examination procedure. The distribution of the subjects into the groups is sum-
marized in Table 1. The ANOVA test revealed no statistically significant difference in age
among the subgroups (ANOVA: p,ce females = 0-397; Page-males = 0.590).

Table 1. The division of the patients into three groups according to used laryngoscope types
(L70K, L90K, and L90S). No statistically significant differences in age were found among the groups.
SD = standard deviation.

Group Number of Type of Used Age
Males (M), Females (F)  Laryngoscope (Mean -+ SD)
1 20M20F L70K + L90S 1;[4523;1:2107
2 20M20F L90K + L90S 1;/[;07:?::1187
3 20M20F L90S I;Iffi:llg

2.3. Examination Equipment

For the stroboscopic examination, we used the endoscopic system Xion EndoSTROB
together with a L90S laryngoscope. This was a 90° rigid endoscope containing an integrated
camera and microphone (Xion zoom laryngoscope type 130 310 629, & 10 mm, with handle
and integrated light guide cable). For the subsequent VKG examination, we used the
2nd-generation videokymographic camera (Cymo 2156) and the 300 W endoscopic xenon
light source (FX 300 A, Fentex Medical, Neuhausen ob Eck, Germany). The camera was
alternately attached to one of two different rigid laryngoscopes for the VKG examinations.
For Group 1, we used the L70K laryngoscope, i.e., the 70° Xion zoom laryngoscope (type
130 3210 527, & 10 mm). For Group 2, we used the L90K laryngoscope, i.e., the 90° Xion
zoom laryngoscope (type 130 310 529, & 10 mm). The laryngoscopes were attached to the
VKG camera head, using a C-mount objective adapter (R. Wolf, Knittlingen, Germany, type
8523.272, 27 mm focal length). The only reason for using the two different laryngoscopes
for videokymography was the interest in finding whether there is a difference in the depth
of laryngoscope insertion into the mouth between the 70° and 90° laryngoscope types since
these two laryngoscope types are commonly used at different laryngology departments
around the world [10,11].

Photographs were taken from the client’s side, using the Nikon D3100 camera with
a 4608 x 3072 pixel resolution. The photographic view was focused on the client’s head
and included the hand of the examiner holding the laryngoscope inserted into the mouth.
A computer monitor displaying the laryngoscopic view was intentionally placed in the
background (Figure 2) and was utilized to check whether the laryngoscope was fully
inserted into the mouth, providing the full view of the vocal folds (Figure 2a). In the
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photographs taken during the VKG examination, the display monitor had to show the
VKG line being placed perpendicularly to the glottis, as well as visible vocal fold vibrations
in the videokymograms (Figure 2b). Multiple photographs were taken during every single
examination. In total, 962 photographs (464 photos of 60 females; 498 photos of 60 males)
were taken. For each subject, the age was noted.

2.4. Calibration Measurements—Laryngoscope Lengths

Multiple photographs of the rigid laryngoscopes used for this study were taken
for reference purposes to find the length of the tubes of the used laryngoscopes. In
total, 20 photos were taken (L70K: 8 photos; L90K: 7 photos; L90S: 5 photos) and used
for calibration measurements of the lengths. The laryngoscopes were laid on a white
background next to the ruler, giving clearly visible marks of lengths (Figure 3). The ruler
was used to calibrate the photograph measurements in millimeters. The length of the tube,
[, and the reference part, r, was determined from the photographs, as well as the distances
a and b defining the microphone’s position with respect to the tip of the laryngoscope, and
the distance c of the center of the objective lens from the tip of the laryngoscope (Table 2).
The calibration and the measurements were performed using the freeware program Image].

Table 2. Sizes of laryngoscopes used for laryngeal examination, the microphone positions with
respect to the tip of the laryngoscope, and the distance of the center of the objective lens from the tip
of the laryngoscope. VKG = videokymography.

Reference Microphone  Microphone  Lens to Tip
Laryngoscope Type of o Length of . . .
.. Angle (°) Length, Distance, Distance, Distance,
Code Examination Tube, I (cm)
r (cm) a (cm) b (cm) ¢ (cm)

L70K VKG 70 18.64 4 0.08 444 +0.02 30.52 £ 0.05 2.67 £ 0.06 0.46 + 0.01
LI90K VKG 920 19.09 £+ 0.06 431 £0.08 30.26 £ 0.04 2.67 £ 0.06 0.61 + 0.01
1L90S Stroboscopy 20 17.27 + 0.06 7.26 + 0.05 17.27 + 0.06 1.08 +0.03 0.30 + 0.01

2.5. Measurements of the Depth of Laryngoscope Insertion into the Mouth

In order to find out the depth of the laryngoscope insertion into the mouth, we
measured the length of the tube remaining outside the mouth during laryngoscopy from
the photographic images (Figure 2, distance z). To find this distance in centimeters, we
used the known size of the reference part, r, of each laryngoscope (Table 2 and Figure 3).
The end of the mouth was determined by drawing a line touching the upper lip that
was perpendicular to the laryngoscopic tube for each patient (solid blue line touching
lips, Figure 2). The depth of the laryngoscope insertion into the mouth, D (Table 3), was
obtained by subtracting the measured outside length, z, from the known total length, I, of
the laryngoscope tube (Table 2).

The statistical analysis was performed using the programs MS Excel and Statistica. The
one-sample Kolmogorov—Smirnov test (K-S test) was used for the results from each laryngo-
scope to find whether the data were normally distributed. To compare the different groups
(sex or laryngoscope type), we first performed the test of equality of variances: the F-test with
the null hypothesis of two groups having the same variances. The F-test was a prerequisite
for the choice of the subsequent two-sample t-test with equality or inequality variances and
paired two-sample f-test for means. To determine significance, we used o values of 0.05, 0.01,
and 0.001. To counteract the problem of multiple comparisons during the K-S test and t-tests,
we used the Holm method [12]. For the Holm method, we sorted all p-values from the lowest
to highest (p1, pz. . .pi. . .px) and defined corrected alpha levels as follows:

« o
= __ 1
* T K-+ M
where K is the number of p-values, and i is the order of p;-values. Every p-value had a
different o* value to be compared with. A more detailed explanation of the measuring
steps can be found in [13,14].
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Figure 3. Examples of calibration photographs of the three rigid laryngoscopes used in this study:
(a) L70K, (b) L90K, and (c) L90S. The lengths of the tubes, Iy, I, I3, and of the reference parts, r1, 15, 3,
as well as the horizontal and vertical positions of the microphone from the tip of the laryngoscope
(distances ay, ap, a3, and by, by, b3, respectively), were determined for the three laryngoscopes,
respectively, using these photographs. The results are listed in Table 2. In (a,b), the microphone
is fixed to the VKG camera head and covered by a protective acoustic foam; the location of the
microphone inside the foam is indicated by the drawing. In (c), the microphone is embedded directly
in the laryngoscope L90S.

Table 3. The measured laryngoscope insertion depths for the three different laryngoscopes (L70K,
L90K, and L90S) and for L90S pooled with L90K. The measurement results are listed as mean values
and standard deviations (this holds for the other tables too). The results of the statistical tests for
female-male differences are shown at the bottom of the table. Levels of significance were highlighted
as p-value < 0.01 (**), and <0.001 (***).

L70K L90K L90S L90K + L90S
Sex Insertion Insertion Insertion Insertion
n Depth, Dy (cm) n Depth, Dy (cm) " Depth, Dy (cm) " Depth, Dy (cm)
Insertion Females (F) 20 8.91 + 0.86 20 8.84 + 0.68 60 8.63 + 0.63 80 8.68 + 0.65
Depth Males (M) 20 9.70 +0.90 20 947 +0.63 60 9.39 + 0.65 80 941+ 0.64
P Adults (F + M) 40 9.31 +0.90 40 9.15 +0.72 120 9.01 +0.74 160 9.05 +0.74
F-test
(p-value) Females vs. Males  20/20 0.44 20/20 0.38 60/60 0.42 80/80 047
(pfj:lst’ie) Females vs. Males  20/20 0.009 ** 20/20 0.005 ** 60/60 <0.001 *** 80/80 <0.001 ***
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3. Results

Figure 4 shows the average insertion depth in females and males, as well as in all
adults (i.e., females pooled with males), measured for the three different types of rigid
laryngoscopes, L70K, L90K, and L90S. The numerical results are provided in Table 3.
The K-S test proved that all data were normally distributed (K-S test: « 5 = 0.006-0.05,
p = 0.06-0.6 for the nine subgroups displayed in Figure 4).

10.8
(a)L70K (b)LOOK (c)L90S |e Mean
106 T T Mean+SD
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Insertion Depth [cm]
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Figure 4. The insertion depth, Dy, of different types of laryngoscopes for females (red), males (blue),
and all adults (females plus males, black): (a) laryngoscope L70K, (b) laryngoscope L90K, and
(c) laryngoscope L90S.

3.1. Female—-Male Differences

The results of the measurements comparing the laryngoscope insertion depths in
female and male subjects are provided at the bottom of Table 3. The t-test (two-sample test
with equal variances) showed that the insertion depth significantly differed between males
and females, which was true for all three laryngoscopes used. On average, the insertion
depth was 7 mm larger in male than in female subjects (see also Figure 4). The F-test
revealed no significant differences in variances of the insertion depth between females and
males for any of the laryngoscopes.

3.2. Differences among the Laryngoscopes

Since each subject in Groups 1 and 2 was examined using two different laryngoscopes
(L70K and L90S for Group 1; L90K and L90S for Group 2), we could investigate the paired
differences in the insertion depth of the laryngoscopes. The results are provided in Table 4.
The 70° laryngoscope (L70K) was inserted, on average, about 3 mm deeper into the mouth
than the 90° laryngoscope (L90S). The paired t-test revealed that this difference fulfilled the
significance criterion for females (p-value of 0.04), but not for males and the adults (males
and females pooled together). Much smaller, insignificant differences of 0.4-0.5 mm were
found between the average insertion depths of the two 90° laryngoscopes (L90S and L90K,
used for stroboscopy and videokymography, respectively). Hence, in the last column of
Table 3, we provide the pooled measurement results for both of the 90° laryngoscopes.
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Table 4. Laryngoscope insertion depth: differences among the different laryngoscopes—L70K, L90K,

and L90S. Levels of significance were highlighted as p-value < 0.05 (*).

s Insertion Depth Differences (cm) Pair t-Test (p-Value) F-Test (p-Value)
ex
N L70K-L90S L90K-L90S N L70K vs. L90S  L90K vs. L90S N L70K vs. L90S  L90K vs. L90S
Females (F) 20/20 0.28 +0.56 0.04 £0.38 20/20 0.04 % 0.55 20/20 0.04* 0.32
Males (M) 20/20 0.25+£0.76 0.05 £0.38 20/20 0.16 0.72 20/20 0.07 0.39
Adults (F+M) 40/40 0.27 £0.67 0.04 £0.38 40/40 0.17 0.80 40/40 0.04 * 0.47

The variability of the insertion depth among the subjects was also found to be slightly

larger for the 70° than for the 90° laryngoscope (standard deviations of 9 mm versus
6—7 mm, respectively, as shown in Table 3 and by the whiskers in Figure 4). This difference
passed the threshold of statistical significance in females and in all adults, as indicated by
the p-value 0.04 obtained from the F-test (see Table 4).

4. Discussion

The obtained results confirmed our two hypotheses to be true:

The laryngoscope insertion depth was larger in male than female patients;
The insertion depth was slightly larger for the 70°-view laryngoscope than for the
90°-view laryngoscope.

The specific results and their implications are discussed below.

4.1. Female-Male Differences in Insertion Depth

Our results show that the laryngoscope is inserted deeper in the mouth in males than

in females (Table 3). The difference was about 7 mm, and it was found statistically highly
significant. This could be related to the significant anatomical differences in the vocal
tract length between females and males observed by other authors, with the female vocal
tract being shorter [15-20]. It is worth comparing our results specifically to the anatomical
measurements of the horizontal length of the vocal tract or of the oral cavity depth reported
in the literature. Vorperian [17-19] defined the horizontal length of the vocal tract as the
distance from a line tangential to the lips to the posterior pharyngeal wall. Their data reveal
these lengths to be 9.26 £ 0.63 cm for females and 9.81 £ 0.96 cm for males. Similar results
were found by Goldstein [20], who reported the oral cavity length plus lips to be 9.2 cm
for females and 9.7 cm for males. These lengths are only a few millimeters longer than our

values for laryngoscope insertion depth provided in Table 3, which is well understandable:

when inserted, the tip of the laryngoscope typically does not touch the posterior pharyngeal
wall to avoid a gagging reflex. The distance of the scope’s tip from the pharyngeal wall may
thus account for the differences between our measurements and those of Goldstein [20]
and Vorperian et al. [17-19]. The female-to-male differences of 5-6 mm found by Goldstein
and Vorperian et al. are close to the 7 mm differences found in our data.

4.2. Insertion Depth Differences among Different Laryngoscopes

Regarding the differences among the laryngoscope types, the results indicate

the following:

1.

The 70° scope (L70K) was inserted about 3 mm deeper into the mouth, and its
insertion depth varied slightly more among the subjects than in the case of the 90°
laryngoscope (L90S);

The two 90° laryngoscopes (L90S and L90K) could be considered similar in terms of
their insertion depth (Table 4).

Although not passing the significance threshold in all cases, the 3 mm larger insertion

depth for the 70° laryngoscope type is not surprising given the fact that its construction
allows the tip of the laryngoscope to be placed in the oro-pharyngeal cavity slightly lower
and closer to the larynx than the 90° laryngoscope [10]. On the other hand, there was a

negligible difference of less than 0.5 mm between the two 90° laryngoscopes used here.
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Interestingly, the L90K and L90S laryngoscopes were of highly different construction
(classical versus chip-on-the-tip design), and they had significantly different positions of
the centers of their objective lenses from the tip of the laryngoscope: 6.1 & 0.1 mm versus
3.0 £ 0.1 mm, respectively (recall Table 2). The more distant position of the lens from the
tip was not found to be compensated by deeper insertion of the laryngoscope into the
mouth—the 3 mm difference in the lens positions did not appear to have any significant
influence on the laryngoscope insertion depth in our study. This suggests that the depth
of laryngoscope insertion into the mouth is similar for rigid laryngoscopes of different
constructions when they have the same angle of view. Based on these results, we assume
the insertion depth to be similar for rigid laryngoscopes of the same type within and
among different manufacturers. Verifying this assumption, however, would require a more
extensive study with several more laryngoscopes, which exceeded our current possibilities.
Nevertheless, considering the ca. & 7mm variation in the insertion depth found among
different subjects, as indicated in Table 3, and only the 0.5 mm difference between the two
90° laryngoscopes, as indicated in Table 4, we could safely assume that the insertion depth
differences among different laryngoscopes of the same type are smaller than the depth
variation among different subjects.

4.3. Stroboscopy-Videokymography Differences in Insertion Depth

Our study showed negligible differences in the laryngoscope insertion depth between
stroboscopy and videokymography (Table 4; p-values above 0.55 for the t-test and above
0.32 for the F-test, columns L90S vs. L90K). We do not find this surprising: the videoky-
mography camera provides a dual image—besides the videokymographic view, there is
simultaneously also a full laryngeal view (recall Figure 2b), which is no different from
the views provided by the cameras used for laryngeal stroboscopy. This full laryngeal
view is used as a basis for adequate laryngoscope insertion. Furthermore, the stroboscopic
laryngeal view is identical to the laryngeal view obtained in high-speed laryngeal imaging;
the only difference is the number of frames per second (fps) delivered by the video cameras
(50-60 fps in stroboscopy versus 2000 fps or more in high-speed imaging). Therefore,
there is no principal difference between stroboscopy and the other laryngoscopic methods
(videokymography and high-speed videolaryngoscopy) concerning the insertion of the
laryngoscope into the mouth. We were able to test the stroboscopy—videokymography
differences only with the 90° laryngoscope; nevertheless, we find no logical reasons to
assume that the results for the 70° laryngoscope should be different. Hence, we consider
the insertion depths measured in stroboscopy to be representative also for videokymog-
raphy and high-speed videoendoscopy, regardless of the type of rigid laryngoscope used.
However, the fact that the stroboscopic device allowed us to use only the camera-integrated
90° laryngoscope and not the 70° laryngoscope is a limitation of this study.

4.4. Rules for Estimating the MTM Distance in Rigid Laryngoscopy

The empirical data on the insertion depth, Dy, can be used to estimate the MTM
distance, d, for the laryngoscope-attached microphones. To obtain this distance, it is only
necessary to know the horizontal and vertical placement of the microphone with respect to
the tip of the laryngoscope (distances a and b, respectively, as indicated in Figures 1 and 3).
We measured these distances by using calibrated photographs, but, in principle, they can
also be measured directly, using a simple ruler. Once the a and b values are known, the
empirical values of Dj listed in Table 3 can be used, and the MTM distance, d, can simply
be determined using the Pythagorean theorem, according to the formula

d =/ (a— Dy)*+b% @)
Figure 5a,b shows the average MTM distances, d, for the 70° and 90° rigid laryn-

goscopes in adults (males and females pooled together). These were obtained from
Equation (2) for different microphone positions, as defined by the distances a and b from
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the tip of the laryngoscope. In clinical setups, the values of a can be expected to be in the
range from ca. 15 cm (in the case when the microphone is attached directly or embedded
in the laryngoscope with a short tube) up to ca. 40 cm (in cases of microphones fixed on
camera heads attached to long-tubed laryngoscopes). Similarly, the values of b can be
expected to be in the range from ca. 0.5 cm (in the case when the microphone is attached
directly or embedded in the laryngoscope) up to ca. 10 cm (in cases when the microphone
is fixed on the top of a bulky camera head). These microphone positions result in the final
MTM distances, d, between 5 and 33 cm (Figure 5a,b). In 1992, Wendler recommended
standardizing the MTM distance during laryngoscopy to 15 cm [9]. Our method allows us
to find the specific values of a and b to obtain the average MTD distance of 15 cm; these
values are indicated in Figure 5a,b by dots.

In principle, the distances a and b could be provided directly by the manufacturer.
When not provided (the current state-of-the-art), the distances a and b can be measured
with an uncertainty of 1 mm or smaller by an educated researcher or technician in the
clinical institute, using, e.g., a simple ruler.

4.5. Uncertainty of the MTM Distance

Expressing the uncertainties of Dy, a, and b by the symbols u(Dy), u(a), and u(b),
according to International Organization for Standardization [21], we can determine that
the overall uncertainty of the MTM distance, 4, i.e., the possible difference of the true value
from the value estimated by the Equation (2), is equal to

®)

2
The scaling factor, (%LDI) , in Equation (3) relates the perpendicular and longitudinal

distances of the microphone from the mouth. In practice, this ratio is expected to be
smaller than 1 in order to keep the vertical angle of the microphone from the mouth less
than 45°. This gives less weight to the uncertainty u(b) compared to u(Dj) and u(a) in the
numerator of Equation (3). Furthermore, the measurement uncertainties of the microphone
position on the endoscope, u(a), the u(b), which are expected to be up to ca. 1 mm, are
about 7-9 times smaller than the uncertainty of the insertion depth, u(Dy), resulting from
the inter-subject variation (recall the 7-9 mm standard deviations of the insertion depth,
Table 3). The overall uncertainty of the MTM distance, u(d), is therefore predominantly
determined by the variation in Dj within and among the examined subjects, and the
combined uncertainties, #(a) and u(b), contribute to the overall uncertainty by less than ca.
2%. When neglecting the uncertainties u(a) and u(b), Equation (3) can be simplified to the

following form:
u(Dy)

()

2
Notice that the factor (a%bl) could also be neglected when the vertical position, b,

u(d) = 4)

of the microphone is much smaller than the horizontal distance of the microphone from
the mouth (¢ — Dy). In that case, the uncertainty of the MTM distance, u(d), becomes
approximately equal to the uncertainty of the endoscope insertion depth, u(Dj). This can
also be noticed in Figure 5¢,d, which depicts the results of Equation (3) graphically. For
b = 0, the uncertainty, u(d), equals 0.91/0.75 cm in the case of the 70°/90° laryngoscope
regardless of the horizontal position of the microphone, a. These values are less than 2%
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different from the standard deviations of the measured 70°/90° laryngoscope insertion
depth, i.e., 0.90/0.74 cm (recall Table 3), as expected.

Microphone at 70° Rigid Laryngoscope, All Adult Subjects Microphone at 90° Rigid Laryngoscope, All Adult Subjects
(b)

35
(@)

(c) G

u(d) [em]

u(dyd [%]

25
a[cm] a[cm]

—b=0cm—b=2cm-—b=4cm-—b=6cm b=8cm b=10cm

Figure 5. The average MTM distances, d, in adults (males and females pooled together) and their
uncertainties u(d) for different microphone positions with respect to the tip of the laryngoscope
(distances a and b indicated in Figures 1 and 3). The results for the 70° laryngoscope are on the
left (panels a,c,e) and for the 90° laryngoscope on the right (panels b,d,f). (a,b) MTM distance, d;
(c,d) uncertainty of MTM distance, u(d); and (e,f) relative MTM distance uncertainty, u(d)/d. Crosses
indicate results for the specific locations of the microphones used in this study. Dots indicate the
standard MTM distance of 15 cm recommended by Wendler [9] for different values of 2 and b. For
the separate female and male results, see Figures A1 and A2 in the Appendix A.

Figure 5e,f show the relative uncertainty, @, for the varying positions of the micro-
phone with respect to the tip of the laryngoscope. We see that the relative uncertainty
decreases with the increasing distance, a. For a given g4, the largest relative uncertainty is
found for the microphone vertically placed at the closest proximity to the laryngoscope
tube (b = 0 cm). In this case, the relative uncertainty of the MTM distance ranges from ca.
16% at a = 15 cm down to ca. 2% at a = 40 cm.
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4.6. MTM Distances for L70K, L90K, and L90S Laryngoscopes

Finally, Table 5 provides information on the resulting MTM distances, d, for the three
laryngoscope-fixed microphones used in this study. Recall that, in the case of L90S, the
microphone was embedded in the laryngoscope (Figure 3c), whereas, in the case of the
L70K and L90K laryngoscopes, the microphone position was at the proximal top edge of
the camera head (Figure 3a,b). These microphone placement differences cause substantial
differences in the MTM distance during laryngoscopy (ca. 21-22 cm for L70K and L90K
versus ca. 8-9 cm for L90S, as indicated in Table 5).

Table 5. Mouth-to-microphone distances (d) and their uncertainties for the three laryngoscope-fixed mi-
crophones utilized in this study. The results were obtained by Formulas (1) and (2), using the microphone
position characteristics a and b listed in Table 2 and the corresponding Dy values listed in Table 3.

Type of Laryngoscope d Adults (cm) d Females (cm) d Males (cm)
L70K 21.38 +0.89 21.77 £ 0.86 20.99 £+ 0.89
L90K 21.28 £0.72 21.59 £ 0.68 20.96 £+ 0.63
L90S 8.33 +0.74 8.71 + 0.63 7.95 % 0.65

4.7. Representativeness of the Sample Size in Relation to the Broader Population and
Study Limitations

Our data are based on investigations of adult clients visiting the clinical outpatient
center in Prague. Out of these, 119 self-reported to be White and 1 self-reported to be
Hispanic. Previous studies found some differences in the volume of the oral and pharyngeal
cavities among subjects of different ethnicities and races, but no significant differences were
found in the lengths of these cavities [22,23]. Since the length dimensions are most relevant
for our study, based on these findings, our results may be assumed representative for adults
regardless of ethnicity and race. Nevertheless, more studies are welcome to verify this
assumption further, as well as to verify our measurements with more laryngoscopes.

Our results are limited to adult subjects only. The laryngoscope insertion depth is
expected to be smaller and age-dependent in children since the volume and length of the
oral cavity increases with age during childhood [17-19]. More research is therefore needed
to find a universal formula to determine the MTM distance in children. Nevertheless, rigid
laryngeal endoscopy is less preferred to be used in children, often being replaced by flexible
naso-laryngeal endoscopy [24].

Our study applies to rigid laryngeal endoscopes only; the results cannot simply be
transferred to flexible naso-laryngeal endoscopes that are sometimes preferred over the rigid
ones for laryngeal examination. In the flexible case, we recommend head-mounted or stand-
mounted microphones to be used instead of endoscope-mounted microphones for capturing
the sound of voice, so that the microphone position is not dependent on the depth of the
insertion of the endoscope into the nasal and vocal tract. Recommendations on the positioning
of these microphone types with respect to the mouth were provided in other studies [7,8].

5. Practical Recommendations and Conclusions

The laryngoscope insertion depths determined here allow clinicians to specify the
MTM distance in adults, avoiding the need to specifically measure this distance on patients
during laryngoscopic examinations. It is applicable for microphones attached either to
rigid laryngoscopes or to camera heads mounted on the rigid laryngoscopes.

To specify the MTM distance using our method, one should take the following steps:
1.  Measure the position of the microphone with respect to the tip of the rigid endoscope

(the distances a and b; Figures 1 and 3);

2. Use the table value of the laryngoscope insertion depth, Dy (i.e., 9.7/9.4 cm for men,
8.9/8.7 cm for women, or 9.3/9.0 cm for all adults for 70° /90° endoscopes, respectively);
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3. Calculate the typical MTM distance for that endoscope by using the Equation (2).
These steps were used for specifying the MTM distances of the three microphones
reported in Table 5 that can be considered typical case examples.

A single educated person or a technician could accomplish these tasks. It is rec-
ommended to mention the MTM distance when reporting the acoustic measurements
of voice obtained during laryngoscopy. For instance, when the MTM distance was cal-
culated to be 15 cm, and the SPL was found to be 80 dB(A), one could specify it as
SPL@15 cm = 80 dB(A) [8].

One should be aware that the MTM distance obtained via this method is approximate;
it will vary slightly among examined subjects. In our results, this is taken into account by
specifying the distance uncertainty, calculated by using Equation (3). How much the MTM
distance is expected to vary is specified in Figure 5¢,d and in Figures Alc,d and A2¢,d in
the Appendix A. The largest standard uncertainty of the MTM distance determined using
our method is 0.91/0.75 cm for 70° /90° endoscopes, respectively (recall Figure 5c,d). This
results in the relative uncertainty of ca. 3%/2.5% for microphones placed at the distance
a =40 cm from the tip of the endoscope, and it increases up to ca. 16%/12.5% when the a dis-
tance is decreased to 15 cm, for 70°/90° endoscopes, respectively (recall Figure 5e,f). Such
uncertainties, especially those for longer a distances, are deemed acceptable. Importantly,
the method offers the possibility of determining the MTM distance and its uncertainty
already by the manufacturers of laryngoscopes. To achieve the standard laryngoscopic
MTM distance of 15 cm recommended by Wendler [9], one should position the microphone
at the a4 and b distances between 25 and 20 cm and between 0 and 10 cm, respectively, from
the tip of the rigid laryngoscope (recall Figure 5 for the specific values). Specifying and
reporting the MTM distance is relevant for properly interpreting the recorded voice and is
helpful for better reproducibility and repeatability of laryngeal exams.
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Appendix A. MTM Distances for Females and Males

Microphone at 70° Rigid Laryngoscope, Females Microphone at 90° Rigid Laryngoscope, Females

35

(@)

(b)

a[cm] a[cm]

—b=0cm —b=2cm-—b=4cm-—b=6cm -—b=8cm b=10cm

Figure Al. The average MTM distances, d, in females and their uncertainties u(d) for different
microphone positions with respect to the tip of the laryngoscope (distances a and b indicated in
Figures 1 and 3). The results for the 70° laryngoscope are on the left (panels a,c,e) and for the 90°
laryngoscope on the right (panels b,d,f). For the 90° laryngoscopes (right panels), the colored lines
correspond to the pooled results from both the laryngoscopes, whereas the crosses indicate the results
for the two laryngoscopes (L90K and L90S) separately. (a,b) MTM distance, d; (c,d) uncertainty of
MTM distance, u(d); and (e,f) relative MTM distance uncertainty, u(d)/d. Crosses indicate results for
the specific locations of the microphones used in this study. Dots indicate the standard MTM distance
of 15 cm recommended by Wendler [9] for different values of a and b.
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Microphone at 90°Rigid Laryngoscope, Males

Microphone at 70° Rigid Laryngoscope, Males
35 35
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Figure A2. The average MTM distances, d, in males and their uncertainties u(d) for different micro-
phone positions with respect to the tip of the laryngoscope (distances a and b indicated in Figures 1
and 3). The results for the 70° laryngoscope are on the left (panels a,c,e) and for the 90° laryngoscope
on the right (panels b,d,f). For the 90° laryngoscopes (right panels), the colored lines correspond
to the pooled results from both laryngoscopes, whereas the crosses indicate the results for the two
laryngoscopes (L90K and L90S) separately. (a,b) MTM distance, d; (c,d) uncertainty of MTM distance,
u(d); and (e,f) relative MTM distance uncertainty, u(d)/d. Crosses indicate results for the specific
locations of the microphones used in this study. Dots indicate the standard MTM distance of 15 cm

recommended by Wendler [9] for different values of 2 and b.
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Abstract: Background: Although hearing loss influences voice characteristics, such
changes may be under-recognized during clinical consultations. This systematic review
examines voice alterations in adults with post-lingual hearing loss, considering diagnostic
and rehabilitative implications. Methods: A comprehensive search of PubMed, Scopus,
and Google Scholar was conducted following PRISMA guidelines, targeting studies re-
porting quantitative data on vocal parameters in adults with sensorineural hearing loss.
Exclusion criteria included pre-lingual hearing loss and non-English studies. Data extrac-
tion focused on pitch, loudness, and prosody, with study quality assessed using NIH tools.
Results: Eleven case—control studies, involving 594 patients with sensorineural hearing
loss and 326 control patients, were analyzed. Patients with untreated hearing loss exhibited
elevated fundamental frequency, Fy (males: 158-169 Hz; females: 206-251 Hz) and loudness
levels (males: 79-96 dB; females: 89-116 dB) compared to controls (Fp—males: 75-150 Hz;
females: 150-300 Hz; loudness—males: 30-70 dB; females: 40-68 dB). Alterations in jitter,
shimmer, and maximum phonation time (MPT) contributed to the distinct “hearing loss
voice”. Cochlear implants (Cls) and hearing aids improved vocal parameters, with Cls
reducing Fy by approximately 12-15 Hz. Continuous hearing aid use normalized pitch
and loudness within four months. Prosody alterations, such as monotone speech, were
reported in long-term cases. In noisy environments, individuals with hearing loss exhibited
exaggerated increases in pitch and loudness, indicative of compensatory mechanisms.
Conclusions: Post-lingual hearing loss disrupts the central regulation of voice, altering
pitch, loudness, and other vocal parameters. Recognizing these changes, particularly in
noisy environments, could facilitate the early diagnosis and timely rehabilitation of hearing
deficits, potentially mitigating associated risks of cognitive decline.

Keywords: hearing loss; pitch; loudness; cochlear implant; auditory rehabilitation; voice
modulation; compensatory mechanisms; age-related hearing loss; presbycusis
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1. Introduction

Hearing loss is a pervasive but often underdiagnosed condition with significant con-
sequences. Untreated hearing loss has been strongly associated with cognitive decline,
dementia, and social isolation, making early detection and intervention critical. Despite
its deleterious effects on quality of life and long-term health, hearing loss frequently re-
mains unrecognized in clinical practice, in part due to the subtlety and variability of its
early manifestations [1]. One underexplored avenue for early identification is through the
analysis of voice and speech characteristics, which are known to change with hearing loss.
These changes often go unnoticed during routine clinical consultations. Many neurological
conditions manifest with voice or speech-related symptoms, such as dysarthria and dys-
phonia, which can complicate diagnosis and interpretation [2—4]. Paying close attention
to voice characteristics, particularly in individuals with severe bilateral hearing loss (HL),
can provide diagnostic clues about underlying auditory deficits [5]. Both the severity and
duration of hearing loss have been shown to influence voice quality [6].

While it is well-recognized that hearing loss can alter voice, the characteristics of these
changes in patients with post-lingual, acquired hearing loss remain poorly understood.
Existing research highlights the influence of the severity and duration of hearing loss on
voice quality, yet a systematic understanding of these relationships has not been estab-
lished [6]. This gap in knowledge limits the ability of clinicians to leverage vocal changes
as diagnostic clues for hearing loss, particularly in patients with severe bilateral hearing
loss. Each human has distinct pitch, volume, and timbre that have potential to be altered in
hearing loss [7]. The human ear easily detects changes in these parameters when the listener
is paying attention to alterations. The pitch is a function of the fundamental frequency (Fy)
that is generated by vocal cord (VC) vibrations. Pitch is measured in Hertz (Hz), with high
tones corresponding to high-frequency VC vibrations and low tones to low-frequency VC
vibrations. Loudness, measured in decibel (dB), is the measure of voice volume and can
vary depending on the context of communication and emotional states [8,9]. Timbre, which
is shaped by the resonance structures above the larynx, arises from harmonic frequencies
(F1 and F2) that are multiples of Fy. Timbre contributes to the voice’s tonal quality [8].
Speech prosody refers to the rhythm and intonation patterns of speech; it allows speakers
to convey meaning and emotional nuance, helping listeners distinguish between questions,
statements, and subtler psychological cues [10].

While clinicians cannot directly perceive a patient’s subjective hearing loss, they can
readily discern altered vocal characteristics. These signs of hearing loss, easily observ-
able during clinical consultations, create an opportunity for clinicians to identify auditory
deficits early. Recognizing and quantifying these changes could not only enhance detection
but also facilitate timely rehabilitation, potentially mitigating the associated risks of cogni-
tive decline and social isolation [1]. In this systematic review, we aim to address this gap
by identifying changes in pitch and loudness among patients with post-lingual acquired
hearing loss. Such insights can advance our understanding of how hearing loss alters vocal
characteristics and promote early detection and intervention for hearing loss.

2. Materials and Methods

This study was conducted in accordance with the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guidelines (Figure 1). Ethical approval
from the Institutional Review Board was not required for this systematic review.
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Figure 1. PRISMA Flow chart illustrating the process of our systematic review.

2.1. Search Strategy

Two researchers (JS and PDL), under the supervision of ADS, performed a comprehen-
sive literature search on PubMed, Scopus, and Google Scholar without geographical or time
restrictions. The search incorporated a combination of MeSH terms and free-text keywords,
such as “Voice and Hearing Loss”, “Speech and Hearing Loss”, “Speech and Deafness”,
“Voice and Deafness”, “Hearing Loss and Vocal Characteristics”, “Communication and
Hearing Loss”, and “Voice Characteristics and Hearing Loss”. Boolean operators (AND,
OR) were applied strategically to refine the searches, ensuring sensitivity and specificity.

Abstracts of all extracted articles were independently screened, and duplicate entries
were identified and systematically removed using reference management software. Articles
were then cross-checked for consistency, and disagreements on the inclusion or exclusion
of studies were resolved through structured discussions and iterative consensus meetings
involving all three researchers (JS, PDL, and ADS). To ensure methodological transparency
and reproducibility, the systematic review adhered strictly to the PRISMA guidelines,
with a PRISMA flow diagram developed to track the selection process. Reference lists of
included studies were manually reviewed to identify additional relevant articles that may
have been overlooked in the database searches.

2.2. Study Selection Criteria
The inclusion and exclusion criteria were pre-specified to ensure a rigorous selection

process. Pre-lingual cases were excluded to avoid confounding effects from developmental

factors, such as delayed auditory or speech rehabilitation, which can result in persistent
voice alterations unrelated to the acquired loss of hearing.
Inclusion Criteria:

e  Studies providing quantitative data on at least one of the following parameters: fun-
damental frequency (Fp)/pitch, loudness, or prosody in patients with sensorineural
hearing loss.

e  Studies published in peer-reviewed journals.

e  Studies involving adult patients with post-lingual sensorineural hearing loss.
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e  Articles published in English.
Exclusion Criteria:

Studies involving children or adolescents under 18 years old.
Studies focusing exclusively on pre-lingual hearing loss.
Studies lacking data on the specified vocal parameters (Fy/pitch, loudness, or prosody).

Non-peer-reviewed articles, conference abstracts, or opinion pieces.

2.3. Data Extraction

Data extraction was independently performed by two researchers (ADS and PDL)
to ensure accuracy and minimize bias. A structured data extraction form was developed
and piloted before use. The following key information was systematically recorded for
each study: author name, year of publication, study design, country of origin, sample size,
patient demographics, hearing loss characteristics, specific vocal and speech parameters
assessed (including pitch, loudness, or prosody), and any additional outcomes related to
voice or communication characteristics. To maintain data integrity, all extracted information
was cross-verified by the supervising investigator (ADS) in biweekly review sessions. Any
discrepancies identified during data extraction were resolved through discussion or, if
necessary, consultation with an external expert in systematic reviews.

The extracted data were organized in a detailed spreadsheet for quantitative synthesis
and qualitative analysis. This approach facilitated the identification of trends, gaps, and
potential sources of bias across the included studies.

2.4. Risk of Bias Assessment

The National Institutes of Health (NIH) quality assessment tools for case—control
studies were used to assess the risk of bias, as these checklists are designed for various study
designs (National Heart, Lung, and Blood Institute. Study Quality Assessment Tools. (2014).
Available at: https:/ /www.nhlbi.nih.gov /health-topics/study-quality-assessment-tools,
accessed on 14 November 2024). Studies were categorized as poor, fair, or good based
on their quality, with special consideration given to phonological analyses. Incomplete
phonological data were considered a source of bias, and studies were rated fair even if they
were unbiased and fully described. Two authors (ADS and PDL) independently scored
each article, and disagreements were resolved by consensus. The results are summarized
in Table 1.

Table 1. Results of the quality assessment performed on the included papers.

. Overall Quality
References Design of the Study Rating Consensus

Higgins [11] Prospective case—control Good
Weatherley et al. [12] Prospective case—control Fair
Lee [13] Prospective case—control Fair

Ubrig et al. [14] Prospective case—control Good
AKkil et al. [6] Prospective case—control Fair

Hengen et al. [15] Prospective case—control Good
Zamani et al. [16] Prospective case—control Fair

Aria-Vergara et al. [17] Prospective case—control Good
Albera et al. [18] Prospective case—control Fair
Cardella et al. [19] Prospective study Fair

Mora et al. [4] Prospective case—control Good
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3. Results

A total of 11 articles were included in this study (Figure 1) [5,6,11-19]. The studies
included 594 patients with sensorineural hearing loss who were compared with 326 control
subjects without hearing loss (Figure 2). Four articles (36.4%) specifically stated that the
studies were conducted on individuals with post-lingual auditory deficits. In the remaining
cases (63.6%), the patients were adults with sensorineural hearing loss. The cause of
sensorineural hearing loss was not defined in any of the studies.

Sample details

1000+
I’ [ Control Group
S 8004 [ Untreated
® [ Treated by HA
Q i
- 600 [] Treated by ClI
@ 4004
Qo
E 2001
=
c T T
S %
&
Q@ @Q
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Figure 2. The graph shows the sample distribution between control (normal hearing) and patients
with hearing loss. The latter are represented with different colors based on the treatment used /not
used (HA = hearing aid; CI = cochlear implant).

All included studies were prospective observational case—control studies. Three were
conducted in Italy (27.7%), while the others were conducted in the United States, Australia,
Taiwan, Brazil, Iran, Turkey, Sweden, and Germany (Table 2).

In five studies (45.4%), voice characteristics were analyzed only at baseline without the
use of hearing aids. Four studies (36.3%) examined the voice at baseline and after cochlear
implant rehabilitation, and two studies (18.3%) assessed the voice at baseline and after
using hearing aids (Table 2 and Figure 2).

In one article (9%), data on pitch, loudness, and prosody were available. Three papers
(27%) reported both pitch and loudness, while the remaining seven articles (64%) provided
data only on pitch (Table 2).

We summarized the results of the quality assessment performed on the studies in-
cluded in this systematic review in Table 2. Five studies (45.5%) received quality rating
consensus of good quality, while the remaining six (54.5%) received a rating of fair.

Fy was consistently increased in the presence of hearing loss; however, the use of
hearing aids (cochlear implant or traditional hearing prosthesis) allowed for a reduction
in Fy. The voice loudness of people with hearing loss also increased when compared to
loudness in individuals with normal hearing (data reported in four studies only). Prosody,
reported in only one study, was reduced in patients with hearing loss when compared to
individuals with normal hearing.
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4. Discussion

The results of this systematic review reveal that patients with moderate to severe
hearing loss exhibit higher pitch (Fy) and louder volume compared to gender-matched
controls. Furthermore, the extent of change correlated with the severity of sensory auditory
loss. In addition, other vocal parameters, such as jitter, shimmer, soft phonation index, and
maximum phonation time, were also altered in individuals with hearing loss. Together,
these findings define a distinct “hearing loss voice”. These parameters can be detected
during speaking; jitter and shimmer are perceived as roughness, breathiness, or hoarseness
in a patient’s voice. Soft phonation index and time are also perceived as slight roughness
and reduced time of phonation (<10 s).

4.1. Methodological Variations and Its Implications

The studies had heterogeneity in the reporting of hearing impairment, the vocal
parameters studied, and the methodologies used to assess them. In 83.3% of the studies
(Table 2), researchers employed ambulatory phonation monitors, whereas the remaining
researchers used the Multidimensional Voice Program (MDVP) [20]. MDVP is a software
tool that analyzes several vocal characteristics beyond Fy, including jitter, shimmer, noise-
to-harmonic ratio (NHR), soft phonation index (SPI), degree of voice break (DVB), degree
of voicelessness (DUV), and peak amplitude variation (vAm) (Table 3).

Table 3. The definition of the relevant voice characteristics that are analyzed by MDVP.

Measures cycle-to-cycle frequency variations, where

Jitter cycle means opening and closure of vocal folds
Shimmer Measures amplitude of sound wave variation
Soft phonation index Measures approximation of vocal folds. High values

correlate with incomplete vocal fold adduction

The maximum amount of time a person can sustain
Maximum phonation time phonation of “ah” is timed (typical range of 15 to 25 s in
women and 25 to 35 s in men

While MDVP provides a more comprehensive analysis of voice characteristics, allow-
ing researchers to define a clearer “hearing loss voice”, its use is limited in clinical settings.
Additionally, MDVP assessments are typically performed for a brief period, not capturing
the patient’s voice in everyday conditions. In contrast, ambulatory phonation monitors [21]
are simpler to use. When used as portable devices [22], they have the advantage of being
wearable throughout the day, enabling voice analysis in real-life contexts. However, these
devices are more limited in the range of vocal characteristics they can assess compared to
MDVP (Figure 3).

Mora et al. [5] used MDVP to compare the voices of people with hearing loss to those
of healthy individuals. They found that, in addition to a rise in fundamental frequency
(137.2 Hz vs. 120.0 Hz), there were significant differences in jitter (1.93% vs. 0.67%),
shimmer (6.67% vs. 3.81%), NHR (0.19 vs. 0.10), SPI (12.9 vs. 8.76), DVB (2.12% vs. 0.01%),
DUV (9.53% vs. 0.51%), and vAm (23.12% vs. 12.06%). All these parameters tended to
worsen as the degree of hearing loss increased.

Akil et al. [6] compared adults with normal auditory thresholds to those with mild-
to-moderate bilateral sensorineural hearing loss (average: 25-60 dB) and moderate-to-
profound sensorineural hearing loss (average: 60-90 dB). This study analyzed males and
females separately and found significant differences in Fy, variable Fy (vFy), absolute jitter,
shimmer, SPI, and maximum phonation time (MPT) between healthy individuals and those
with hearing loss. Men with hearing deficits exhibited the most significant changes in
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the vocal parameters studied. Individuals with mild-to-moderate hearing loss tended to
become higher-pitched (acute Fp) and louder. People with hearing loss exhibit escalated
voice volume, with roughness, breathiness, or hoarseness of the voice. They also present a
reduced time of phonation that is generally under 10 s that is punctuated by the need to
stop and breathe before the resumption of speech.
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#
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[

Figure 3. (A) The image shows the portable device to analyze the voice characteristics used in some
of the studies included in the review. (B) The graph shows how the results of MDPV visually appear
to the operator during the analysis of voice.

4.2. Association of Interventions with Voice Characteristics

Studies of patients with hearing loss who were treated with cochlear implants (Cls)
demonstrated improvements in Fy (reduced) and loudness (reduced) when the device was
activated, compared to when it was switched off [18]. CI have a receiver and an electrode
that through electronic stimulation within the cochlea facilitates listening and the accuracy
of sound interpretation. The stimulation of the auditory cortex and laryngeal motor cor-
tex [23] allows for effective and accurate sequential timing pattern commands to the larynx
and vocal cords. In patients treated by CI, the voice exhibited can be indistinguishable
from normal [18].

In patients with age-related moderate-to-severe hearing loss, using hearing aids contin-
uously for at least four months resulted in reductions in both pitch and loudness, indicating
that voice parameters can return to normal with proper prosthetic use [19]. The central
control of vocal pitch and volume is complex and heavily influenced by auditory function,
highlighting the interdependence of sensory input and motor output within and across
sensory channels. This process involves interactions between diverse sensory modalities,
culminating in sensory—motor integration. Beyond hearing and listening, such integra-
tion shapes our overall sensory experience and can give rise to synesthesia through the
higher-order merging of information from distinct but interconnected sensory inputs.

4.3. Neurological Mechanisms Underlying Vocal Adjustments

Dichter et al. used high-density cortical recordings from the human brain to investigate
the encoding of vocal pitch during natural speech [23]. They found that neural populations
in the bilateral dorsal laryngeal motor cortex (dLMC) selectively encoded produced pitch
but not non-laryngeal articulatory movements. The dLMC controlled short pitch accents
to express prosodic emphasis on words within sentences [23]. Speaking and listening
require sensorimotor integration. The impulse to speak is initiated first, followed by
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listening, with pitch adjustments occurring during conversation. In individuals with
hearing impairment, reduced auditory input likely disrupts this balance, contributing to an
increase in pitch [24] (Figure 4).

dorsal Laryngeal
Motor Cortex (dLMC)
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Hearing Loss N

p ¥ Increased
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|
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el

)

Increased
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Elevation of the larynx
Figure 4. The drawing summarizes the mechanism that causes the increase in loudness and pitch
in patients with hearing loss. We use the term “hearing loss voice” to summarize a high-pitch and
high-volume voice. The image was modified from the original [23].

4.4. Clinical Relevance and Role for Early Intervention

Patients with hearing loss tend to speak with a louder voice and exhibit escalated
high-pitch intonation (high Fy/pitch). In noisy environments, both parameters increase
further [13]. These changes can be tested during clinical consultations by introducing noise
(such as crumpling paper or tapping a pen on a desk) while asking questions to observe if
the patient raises the volume and/or pitch in response. Generally, people without hearing
deficits tend to maintain the same volume, whereas people with hearing loss rapidly
transition to augmented speech volume and pitch.

In addition, due to the diminished ability of the auditory system to detect sound
frequency distributions over time in hearing loss [25], patients with longstanding hearing
loss may lose prosody [26] and develop a monotone voice. Therefore, earlier identification
and treatment of hearing loss can produce disease modifying effects. While the diminished
capacity of the auditory system to detect and effectively parse sound frequencies can result
in the loss of prosody (i.e., the melodic aspects of speech) and a monotone voice, auditory
rehabilitation could potentially prevent, delay, or even partly reverse these changes.

4.5. Limitations and Future Directions

This review has limitations relating to the limited evidence base and limited standard-
ization of data reporting. All included studies were either case—control or observational
studies. Randomized clinical trials evaluating the effect of hearing interventions on voice
characteristics in individuals with hearing impairment would clarify causality and potential
effects on cognitive performance.

Future research should prioritize longitudinal studies to better understand the progres-
sion of vocal changes in hearing loss and the potential for recovery with timely intervention.
Innovative tools, such as machine learning algorithms and wearable technologies, could be
developed to identify subtle vocal changes as early markers of auditory decline, enabling
earlier diagnosis and intervention. These findings underscore the critical need for clinicians,
researchers, and policymakers to work together in raising awareness of the vocal signs
of hearing loss and integrating routine voice assessments into clinical practice. By doing
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so, we can ensure that individuals receive interventions sooner, preventing long-term
complications and improving overall quality of life.

5. Conclusions

Hearing loss is associated with distinct changes to voice such as increased pitch and
loudness, which are often compensatory mechanisms for impaired auditory feedback.
These alterations become more pronounced as the severity and duration of hearing loss
increase. Despite their diagnostic potential, these vocal changes are under-recognized
during clinical consultations. The early identification of the “hearing loss voice” through
attentive listening could provide a simple yet effective screening tool for clinicians. Such
observations not only facilitate timely diagnosis and rehabilitation but also offer an op-
portunity to mitigate the broader cognitive and social consequences of untreated hearing
loss [27]. Moreover, because untreated hearing loss is associated with neuroinflammation
and neurodegeneration, the proactive use of hearing aids might slow or prevent such
changes [28].
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Abbreviations

The following abbreviations are used in this manuscript:

Fo Fundamental frequency
PRISMA  Preferred Reporting Items for Systematic Reviews and Meta-Analyses
MDVP Multidimensional Voice Program

CI Cochlear implant

NHR Noise-to-harmonic ratio

SPI Soft phonation index

DUV Degree of voicelessness

DVB Degree of voice break

vAm Peak amplitude variation

vEy Variable Fy

MPT Maximum phonation time
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Abstract: Background: Wearing respiratory protective masks (RPMs) has become common world-
wide, especially in healthcare settings, since the onset of the COVID-19 pandemic. Hypotheses
have suggested that sound transmission could be limited by RPMs, which possibly affects the
characteristics of acoustic energy and speech intelligibility. The objective of this study was to investi-
gate the effect of RPMs on acoustic measurements through a systematic review with meta-analysis.
Methods: Five database searches were conducted, ranging from their inception to August 2023,
as well as a manual search. Cross-sectional studies were included that provided data on widely
used gender-independent clinical acoustic voice quality measures (jitter, shimmer, HNR, CPPS, and
AVQI) and habitual sound pressure level (SPL). Results: We found nine eligible research studies
with a total of 422 participants who were compared both without masks and with different types of
masks. All included studies focused on individuals with vocally healthy voices, while two of the
studies also included those with voice disorders. The results from the meta-analysis were related to
medical/surgical and FFP2/(K)N95 masks. None of the acoustic measurements showed significant
differences between the absence and presence of masks (p > 0.05). When indirectly comparing
both mask types, statistical significance was identified for parameters of jitter, HNR, CPPS and SPL
(p < 0.001). Conclusions: The present meta-analysis indicates that certain types of RPMs have no
significant influence on common voice quality parameters and SPL compared to recordings without
masks. Nevertheless, it is plausible that significant differences in acoustic parameters might exist
between different mask types. Consequently, it is advisable for the clinical practice to always use
the same mask type when using RPMs to ensure high comparability and accuracy of measurement
results.

Keywords: respiratory protection masks; acoustics; corona pandemic; COVID-19; voice quality; dysphonia

1. Introduction

Multidimensional voice evaluation (e.g., visual analysis, auditory-perceptual judg-
ment, aerodynamic analysis, acoustic analysis, and self-assessment [1]) is essential to
determine the degree and type of dysphonia with individual voice complaints in patients
with voice disorders. However, in order to provide a high measurement of accuracy to the
individual measurement procedures on the one hand, but also to protect the investigator
staff and the patients on the other hand, it is necessary to take the appropriate safety precau-
tions. For example, during the coronavirus pandemic from 11 March 2020 to 5 May 2023,
without a global emergency [2], the aim was to control and prevent all coronavirus-related
diseases and mortality, particularly through hand hygiene, social distancing and nose-and-
mouth-covering respiratory protective masks (RPMs). To avoid potential infection through
respiratory droplets or airborne transmission, various RPMs such as medical/surgical or
FFP2/(K)N95 masks were widely used in everyday life and clinical settings and are still in
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use today. Research conducted over the past three years has suggested the hypothesis that
sound transmission is limited when passing through RPMs, which act as a low-pass filter,
attenuating sound in the mid- and high-frequency ranges with consequences on perceptual
speech intelligibility and acoustic properties of the voice [3-5]. Face masks might alter
people’s perception of sound by reducing the perceived loudness and selectively removing
certain sound components, particularly the high-frequency elements that are critical for a
clear understanding of spoken language. This could be even more evident when a phone is
used with a face mask, as the filtering of these important high frequencies is even more
impaired, especially in special groups, such as individuals wearing cochlear implants or
hearing aids or individuals with communication issues such as dysphonia and aphasia.
Thus, the wearers of masks would speak louder, which, therefore, would lead to more effort
and the development of vocal fatigue and a potential increase in vocal discomfort. Several
systematic reviews or others without meta-analyses have attempted to summarize and
examine acoustics, the effects on aerodynamic characteristics, self-reported characteristics
of vocal effort and fatigue, vocal tract discomfort, and voice handicap index [6-9]. Overall,
the results of these literature reviews did not unanimously show that the results of acoustic
markers such as habitual intensity [6,8], formant frequencies of F2 and F3 [6], harmonics-
to-noise-ratio [6,8] and mean spectral values in high-frequency levels (1000-8000 Hz) [6-8]
may be influenced by wearing face masks; however, there is a lack of a clear statement of
the expected distribution when an overall significant effect was statistically demonstrated
across the single studies.

Acoustic measurements for voice quality and vocal function analyses have a main
part in the clinical examination routine of laryngology, evaluating the degree and type
of dysphonia. If this RPM effect significantly impacts acoustic voice analysis assessing
voice quality parameters and vocal function parameters such as loudness/intensity, these
effects must be taken into account in the recording procedure and analysis since they
would influence measurement accuracy (e.g., threshold values). Therefore, the present
study is, to our knowledge, the first study that investigated the effect of RPMs on the
outcome of gender-independent acoustic parameters of voice quality and vocal function in
a meta-analysis.

2. Materials and Methods
2.1. Data Sources and Searches

We utilized the reporting guideline provided by the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) to systematically search five databases
(MEDLINE, CENTRAL, LIVIVO, Speechbite, and Google Scholar) from their inception
until 2 August 2023. A combination of different keywords such as “face mask”, “acoustic”,
and “voice quality” was used, and a comprehensive list of these keywords can be found in
Table S1 of the Supplementary Materials.

Potential articles were initially identified based on their titles and abstracts. Fur-
thermore, a manual search of the grey literature sources was conducted. This involved
examining the bibliographies of the included studies to identify additional relevant articles.
The process of hand searching was carried out for scientific reports published in both
German and English languages, and those included in the databases were considered for
the meta-analysis.

2.2. Study Selection

The present study included cross-sectional studies that investigated the effect on acous-
tic parameters with and without RPMs (i.e., medical/surgical masks and FFP2/(K)N95). To
minimize variation in specifications and reliability caused by the use of different acoustic
software packages, we considered only studies that performed acoustic measurements
with Praat (developed by Paul Boersma and David Weenink at the Institute of Phonetic
Sciences, University of Amsterdam, The Netherlands: http://www.praat.org/ accessed on
13 August 2023). This meta-analysis included widely used quantitative acoustic measures
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from an internationally recognized set of gender-independent voice quality measure-
ments encompassing key clinical parameters such as jitter (Jit%) [1], shimmer (Shim%) [1],
harmonics-to-noise ratio (HNR) [10], smoothed cepstral peak prominence (CPPS) [10], and
Acoustic Voice Quality Index (AVQI) [11]. Furthermore, habitual sound intensity level or
sound pressure level (SPL) as a vocal function parameter and relevant for a voice diagnostic
battery was also considered [1].

To be included in this meta-analysis, studies had to include at least one of these
acoustic measures assessing habitual voice production of sustained vowel /a:/ (jitter,
shimmer, HNR, CPPS, and sound intensity level) or the standardized concatenation of
continuous speech and sustained vowel /a:/ for AVQI in voice evaluation.

2.3. Risk of Bias Assessment

The risk of bias assessment of the included studies was determined using the checklist
for cross-sectional studies of 11 items from the Agency for Healthcare Research and Quality
(AHRQ) [12]. For a better interpretation, a high quality with a low risk of bias was assessed
when >75% were answered with “yes”. A moderate risk of bias was present when 50%
to 75% of items received a confirmation, and a high risk of bias was provided below 50%
replies with “yes” for all items. Items marked with “unclear” reduces the total number of
11 items for the individual study.

2.4. Data Extraction

Two reviewers (B.B.v.L. and V.J.) extracted the data. Any discrepancies were resolved
through discussion. Information collected from the selected studies included details such
as article attributes (authors, publication year, journal, article title), study characteristics
(research design, sample size, participants with voice disorders compared with vocally
healthy individuals, acoustic data processing methodology, results with and without face
masks), patient demographics (age and gender), and outcomes (jitter, shimmer, HNR, CPPS,
AVQI, and SPL).

2.5. Statistics

The statistical analyses were conducted using MedCalc software (version 19.6) and
SAS software (version 9.4).

First, the differences between the mean values of study parameters X;out mask — Xmask
(51452)/2

N

Second, meta-analyses were performed using MedCalc software version 19.6 for
the six parameters: Jit%, Shim%, CPPS, HNR, AVQI and SPL. For each parameter, the
mean difference (MD) was calculated along with a 95% confidence interval (CI) for each
individual study. To present the results of the meta-analyses visually, a forest plot was
used. An I? index was used to assess heterogeneity between studies included in the
analysis. According to Higgins definition [13], I = 0%: there is no observed heterogeneity;
I? > 0% and <25%: there is insignificant heterogeneity; I? > 25% and <50%: there is low
heterogeneity; I > 50% and <75%: There is moderate heterogeneity; and I > 75%: there is
high heterogeneity. Since in the meta-analysis there are differences in the characteristics of
the population or in other factors, leading to heterogeneity or dissimilarity in the results,
the random effect model was used so that heterogeneity between studies was accounted
for. The weighting, according to DerSimonian and Laird [14], was used.

Third, an indirect comparison between medical/surgical masks and (K)N95/FFP2 was
calculated. For this purpose, the two confidence intervals were compared using Welch's
t-test. A confidence interval is the estimate of the basic population and contains more infor-
mation than a direct comparison. A p-value of <0.05 was considered statistically significant.

and standard errors (SE) were calculated SE =
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3. Results

3.1. Study Characteristics

During our searches, we encountered 64 unique papers (see Figure 1). Of these,
nine studies met the criteria for inclusion in the current review. The study details of
these selected papers can be obtained in Table 1 [15-23]. In total, 422 volunteers were
investigated without and with different types of masks, ranging from seven to one hundred
and fifty-nine participants in the studies. All studies included vocally healthy individuals,
and two studies also included different types of voice disorders and severity degrees of
dysphonia. The risk of bias assessment is shown in Table S2 of the Supplementary Materials,
in which most cases have a moderate risk of bias, and in two cases [17,21], a low risk of
bias was assessed.

Identification ]

[

)

Screening

Eligibility

Included

Figure 1. Prisma flow diagram.

Records identified through
database searching
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Additional records identified
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(n=64)

A 4
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(n=64)

A 4

Full-text articles assessed
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(n=18)

A 4
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(n =46)

A 4

Studies included in
qualitative synthesis
(n=9)

A 4

Studies included in
guantitative synthesis
(meta-analysis)
(n=9)

126

A 4

Full-text articles excluded,
with reasons
(n=9)




J. Clin. Med. 2023, 12, 5922

Table 1. Characteristics of cross-sectional trials in the meta-analysis.

. Voice Age (Mean/Range Types of Acoustic
Study Sample Size Status in Years)/Gender Masks Parameters
Maggee et al. Total: Vocally- 28.1 (21-39) sur icall\;;?;iscka;l mask: Jit%; Shim%;
(2020) [15] n=7 health F/M =3/4 & ’ HNR; CPPS; SPL
y N95; Cloth mask
Cavallaro et al. Total: Vocally- 47.0 (26-69) No mask; Jit%; Shim%;
(2021) [16] n=>50 healthy F/M=30/20 surgical/medical mask HNR
No mask;
Nguyen et al. Total: Vocally- 43.0 (24-61) . .
_ "~ surgical/medical mask; HNR; CPPS; SPL
(2021) [17] n=16 healthy F/M=12/4 KNO5;
Vocally healthy
Vocally healthy 42.62 (20-85)
Lin et al. Total: (n =53); VFBL (n = 59); F/M =28/25 No mask; CPPS: SPL
(2022) [18] n=159 IGC (n = 27); ESGC Voice-disordered surgical /medical mask ’
(n = 20) 47.7 (24-70)
F/M =49/57
No mask;
Lehnert et al. Total: Vocally Age unknown . L )

(2022) [19] n=>31 healthy F/M = 18/13 surgical/ I‘}}Fepdzlcal mask; AVQL
Fiorella et al. Total: Vocally 47.0 (26-69) No mask; Jit%; Shim%;
(2023) [20] n=60 healthy F/M=36/24 surgical /medical mask HNR; SPL
Maryn et al. Total: Vocally healthy 44.9 (10-77) roi ?;?Ilmgisk" | mask: ]II{tli})i{S}(ljllr’rll?él,

(2023) [21] n=>50 (n =12); VVD (n = 38) F/M =29/21 surgical/medical mass, ’ ’

FFP2; transparent mask AVQI; SPL
No mask;

Joshi et al. Total: Vocally- 35.0 (18-67) surgical /medical mask; CPPS: SPL

In Press) [22] n=19 health F/M=10/9 KN95; Cloth mask; Face ’
y
shield

Gao etal. Total: Vocally- 23.26 (20-40) o all\;;mj?lzl o Jit%; Shim%;
In Press) [23] n =30 health F/M =15/15 surgical/medical mask; HNR; SPL
( Y N95

F: Female; M: Male; VFBL: vocal fold benign lesions; IGC: insufficient glottal closure; ESGC: early stage glottic
carcinoma; VVD: various voice disorders; Jit%: jitter; Shim%: shimmer; HNR: harmonics-to-noise ratio; CPPS:
cepstral peak prominence smooth; AVQI: Acoustic Voice Quality Index; SPL: sound pressure level, habitual sound
intensity level.

3.2. Meta-Analysis

Figures 2—4 and Table 2 show the results for the six parameters: Jit%, Shim%, CPPS,
HNR, AVQ]I, and SPL. The mean difference between without mask and medical/surgical
mask was negative for parameters Jit%, Shim%, HNR and SPL and positive for CPPS
and AVQI The findings from the meta-analysis, along with heterogeneity statistics and
assessments of publication bias, revealed no publication bias in all parameters and no
heterogeneity in Jit% and HNR, low heterogeneity in Shim% and SPL, and moderate
heterogeneity in CPPS and AVQI.

In the analysis between without mask and FFP2/(K)N95, the mean difference was
negative for the parameters Shim% and HNR and positive for Jit%, CPPS, AVQI, and SPL.
No publication bias was present in all parameters. Furthermore, no heterogeneity was
revealed in Jit%, Shim%, and SPI, low heterogeneity in CPPS, moderate heterogeneity in
HNR, and high heterogeneity in AVQI was found.

None of the parameters were significant when comparing acoustic measurements
with and without masks (p > 0.05; see Table 2).
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Table 2. Meta-analysis by Treatment and by Voice Measures (Random Effects Model).

Comparison .
between Masks Parameter n Mean Izlfference p-Value ? P -Valu,e from

and Without (95% CI) Begg’s Test

Jit% 197 —0.02% (—0.04% to 0.003%) 0.086 6.17% 0.573

Shim% 197 —0.06% (—0.20% to 0.08%) 0.414 35.48% 0.851

Medical/Surgical HNR 213 —0.17 dB (—0.69 dB to 0.35 dB) 0.522 0.22% 0.293

masks vs. without CPPS 251 0.28 dB (—0.36 dB to 0.91 dB) 0.396 64.79% 0.174

AVQI 81 0.06 dB (—0.47 dB to 0.60 dB) 0.824 71.58% 0.317

SPL 341 —0.35dB (—1.04 dB to 0.34 dB) 0.316 41.71% 0.152

Jit% 87 0.01% (—0.02% to 0.03%) 0.716 0.00% 0.602

Shim% 87 —0.07% (—0.18% to 0.05%) 0.240 0.00% 0.602

FFP2/(K)N95 HNR 103 —1.37 dB (—2.79 dB to 0.05 dB) 0.059 59.48% 0.497

masks vs. without CPPS 92 0.003 dB (—0.69 dB to 0.69 dB) 0.994 38.96% 0.050

AVQI 81 0.05 (—0.70 to 0.79) 0.905 85.30% 0.317

SPL 122 0.36 dB (—0.59 dB to 1.31 dB) 0.460 13.18% 0.348

Jit%: jitter; Shim%: shimmer; HNR: harmonics-to-noise ratio; CPPS: cepstral peak prominence smooth; AVQI:
Acoustic Voice Quality Index; SPL: sound pressure level, habitual sound intensity level.

Jit% Shim%

Figure 2. Forest plots of measurements Jit% and Shim% [15,16,20,21,23].
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Figure 3. Forest plots of measurements CPPS and AVQI [15,17-19,21,22].

3.3. Indirect Comparison between the Two Mask Types

The comparison between FFP2/(K)N95 and medical/surgical masks showed signifi-

cance for the parameters Jit%, HNR, CPPS, and SPL (p < 0.001). The pooled difference of
the Jit% parameter for medical/surgical mask was larger than FFP2/(K)N95 (MD (without
mask-medical/surgical mask): —0.02 and MD (without mask-FFP2/(K)N95 mask): 0.01).
For the parameter HNR, the pooled difference for FFP2/(K)N95 was larger than for medi-
cal/surgical mask (MD (without mask-medical /surgical mask): —0.17 and MD (without
mask-FFP2 /(K)N95): —1.37). For the parameter CPPS, the pooled difference for medi-
cal/surgical mask was larger than for FFP2/(K)N95 (MD (without mask-medical/surgical
mask): 0.28 and MD (without mask-FFP2/(K)N95): 0.003). For the parameter SPL, the
two signs were contradictory (MD (without mask-medical/surgical mask): —0.35 and MD
(without mask-FFP2/(K)N95 mask): 0.36).
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Figure 4. Forest plots of measurements HNR and SPL [15-18,20-23].

4. Discussion

The aim of this study was to examine how RPMs impact six gender-independent
acoustic parameters connected to voice quality and vocal function among vocally healthy
and voice-disordered individuals. For six acoustic parameters, there was no significant
effect detected when comparing measurements with or without a RPM. However, there
were differences between mask types, which led to recommendations of caution in the
clinical routine when masks have to be used. The included publications had mostly a
moderate risk of bias, while two of the nine studies revealed a low risk of bias. The
heterogeneity ranged from no to high, but eight out of twelve analyses yielded no or low
heterogeneity. Just one outcome presented a high heterogeneity for AVQI, which was twice
investigated. There was no evidence of imprecision, publication bias, or indirectness.

The present meta-analysis was useful to assess an overall picture of the possible impact
on the outcome of acoustic measurements based on RPMs. Although some systematic
reviews and further single studies noted for HNR [6,8,17,23-25], Jitter [26], Shimmer [24,26],
CPPS [18,21], SPL [6,8,18,26], and AVQI [21] significantly effects by RPMs, the present
evaluation of this meta-analysis did not support these findings using the software Praat
for the signal processing of the included acoustic measures. Further studies that were not
included in the present meta-analysis (based on different signal processing methods of
the acoustic parameters or other mask types) also concluded that for the same acoustic
measures for vocally healthy and voice-disordered individuals, no significant differences
between wearing a RPM or not [27-29]. Moreover, it must be taken into account that
voice physiology and voice characteristics may differ between different speakers and

130



J. Clin. Med. 2023, 12, 5922

between single or multiple voice recordings for consistency of sound measurements [30,31].
Although studies asked speakers to produce the same utterances while wearing a mask
and while not wearing or changing masks, a fluctuation of voice is presented, at least to a
small extent and should be controlled by the investigator groups. Due to minimal changes
in the outcomes of the acoustic parameters between the recordings, a clinical significance
could not be clearly observed. Although wearing masks for a prolonged period of time
may cause observable self-perceived changes (e.g., breathing difficulties, increased effort of
speaking, greater perception of symptoms of vocal fatigue and discomfort and changes in
speaking behavior) in wearers [32-35], this influence remains unexplained in the present
study, notwithstanding the fluctuations in multiple recordings of the voice analyses. To
verify mask effects after prolonged wearing, it should be further investigated in future
studies. Moreover, the possibility of individuals adjusting their speaking behavior when
wearing masks is, in this context, also valuable to investigate and assess the potential
impact of the validity of the acoustic measurements. Another confounding factor with a
significant impact on the present results could be the recording hardware from the different
studies. There are standards defined for instrumental assessments of voice recordings for
vocal function to minimize bias and increase the comparability of studies [36]. A quick
check revealed that some included studies could have deviations with regard to these
recording standards [15,17,18,22].

The only significant effect demonstrated by the current meta-analysis was a mea-
surable, significant difference in most of the included parameters based on mask type.
Thus, it is recommended, for a clinical routine in laryngological practice, to always use
the same mask type and not change. This will allow for comparability in the results be-
tween mask-wearing and without, and no systematic error in intra- or inter-individual
comparison of patients’ recordings and their analyses is present. In real-world clinical
practice, facilities utilize the same face mask vendors, so this recommendation is likely to
be followed without problem.

The limitations of this meta-analysis not only relate to the applicability of its results
but also offer insights for future studies. First, only two types of masks were evaluated.
These two types were the most often compared in the literature, which facilitated the
ability to apply meta-analysis to the data. Further mask types, such as cloth masks or face
shields, are missing in the present meta-analysis. Furthermore, one study also investigated
the combination of wearing several types of masks at the same time (e.g., N95 plus face
shield) [22], which is also commonly used in medical practice [37-39]. Second, the majority
of the nine included studies were found to be at moderate risk of bias (only two were at low
risk of bias). Third, the signal processing is limited to the software Praat. Studies that used
other software, such as the Multi Dimensional Voice Program or Analysis of Dysphonia in
Speech and Voice from Pentax Medical or Dr. Speech, were excluded based on specification
and reliability differences due to the application of different acoustic software packages.
Fourth, the most evaluated voices were vocally healthy. A minority of voice-disordered
voice samples were also included, but these types of voices reveal a high fluctuation and
abnormality in the outcomes of the voice measures, which can have an influence on the
variability of the measures for the present study. Fifth, the search strategy for relevant
papers in this study was conducted in two languages, excluding other languages such as
Asian languages, Spanish, or French that might have contained relevant publications. Sixth,
the present meta-analysis evaluated mainly acoustic markers which are dedicated to voice
quality. Other acoustic aspects for speech intelligibility, such as formant frequencies and
spectral analysis, were not part of the present meta-analysis and have to be analyzed in the
future as well. Seventh, the long-term effects of wearing masks will need to be studied in
the future. There is some indication that the voice may change in acoustic voice quality
markers after prolonged wearing of a mask evaluated in a longitudinal investigation over
two years [40].
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5. Conclusions

The present meta-analysis mainly included vocally healthy individuals without suf-
ficient data from the clinical population because only two out of nine included studies
considered participants with dysphonia. However, this study demonstrated no impact of
RPMs on five acoustic voice quality parameters and SPL. However, mask type effects on
acoustic parameters did differ significantly. In the current study, this was confirmed for
Jit%, HNR, CPPS, and SPL. Thus, for clinical laryngology practice, it is recommended that
if RPMs are used, then the same mask type should always be applied and not changed to
keep the comparability and accuracy of the measurement results high.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/jcm12185922/s1, Table S1: Search strategies for systematic review;
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Abstract: This study investigated the effects of a non-contact boxing exercise program on maximum
expiratory pressure and aerodynamic voice measurements. Methods: Eight adult males diagnosed
with Parkinson’s disease participated in the study. Individuals participated in twice-weekly exercise
classes lasting one hour across 12-months. Dependent variables were measured on three baseline
days and then at six additional time points. A pressure meter acquired maximum expiratory pressure,
and a pneumotachograph system acquired transglottal airflow and subglottal air pressure. Results:
Measures of average maximum expiratory pressure significantly increased after 9- and 12- months
of exercise when compared to baseline. There was an increasing trend for these measures in all
participants, with a corresponding large effect size. Measures of transglottal airflow and subglottal
pressure did not change over the course of 9- or 12-months, although their stability may indicate that
the exercise program influenced maintenance of respiratory-phonatory coordination during voicing.
Conclusions: A non-contact boxing exercise program had a significant effect on maximum expiratory
pressure in people with Parkinson’s disease. The aerobic nature of the program and challenges to the
respiratory muscles potentially explain the “ingredient” causing this effect. The small sample size of
this pilot study necessitates future research incorporating larger and more diverse participants.

Keywords: dysphonia; Parkinson’s disease; respiration

1. Introduction

Over 90% of all people with Parkinson’s Disease (PWPD) are affected by impairments
in their vocal function (i.e., dysphonia). PD dysphonia results in changes to vocal intensity,
voice quality, and communication intelligibility that negatively impact activities of daily
living and quality of life. The primary intervention for PD dysphonia is intensive exercise-
based voice therapy, centered on increasing vocal intensity and delivered on a short-term
(e.g., four weeks) high frequency (e.g., four times per week) schedule. Impairment of
respiratory physiology is also a ubiquitous finding in PWPD and can contribute to the
morbidity risk associated with aspiration pneumonia in later stages of the disease [1,2].
Even in the early stages, respiratory function can show impairment when measured in the
context of maximum performance tasks such as expiratory and inspiratory pressure [3,4].
Decreases in maximum inspiratory pressure (MIP) and maximum expiratory pressure
(MEP) in PD are thought to be associated with underlying respiratory muscle weakness
and changes to central nervous system regulation of respiratory physiology. The generation
of expiratory pressures is critical in airway safety associated with deglutition (e.g., for
cough reflex subsequent to laryngeal penetration with or without aspiration) and also in
voice production.
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Voiced sounds are created through the conversion of respiratory and aerodynamic
forces into sound energy. During vocal communication, activation of the respiratory
muscles represents the initiation of a coordinated process of respiratory-laryngeal-vocal
tract activity leading to the generation of subglottal pressure, transglottal airflow, and
phonation to produce voiced acoustic energy [5]. Subglottal pressure and transglottal
airflow are negatively impacted by PD and contribute to the characteristic hypophonia
exemplified by low volume and breathy voice quality [6,7]. This dysphonia can be present
in mild form at disease onset, but typically transitions to greater levels of severity as the
disease progresses over time and will eventually impact over 70% of all people with PD
(PWPD) [8,9].

Rehabilitative interventions can be effective for treating the diminished respiratory
function and dysphonia of PWPD. Strong evidence has been associated with exercise-
based interventions such as LSVT LOUD and a related approach, SPEAK OUT!, both of
which require multiple sets and repetitions of different voice exercises over a prescribed
high-intensity schedule lasting multiple weeks [10-12]. Another intervention utilizing the
SpeechVive prosthetic device includes a form of daily exercise consisting of oral reading for
30 consecutive minutes while the device emits noise [13]. Research has found that all three
of these interventions can elicit improvement of hypophonia in PD, and both LSVT LOUD
and the SpeechVive device are associated with treatment-related changes in respiratory
patterns and/or the aerodynamic forces underlying phonation [13-15].

Despite the neurodegenerative nature of the disease, people with PD retain the ability
to positively adapt to the imposed demands of exercise. Consequently, exercise may pro-
mote neuroplasticity allowing the recovery or improvement in certain motor functions [16].
Exercise-based interventions hold the potential for meaningful disease modification of PD
beyond impacts on voice and speech. In animal models, acute exercise resulted in neuro-
genesis, increased dopamine synthesis and release, and increased dopamine in the stria-
tum [17]. Increased corticomotor excitability, elevated levels of brain-derived neurotrophic
factors, and improved striatal dopamine receptor binding potential have been reported
for individuals with PD who engage in long-term exercise interventions [18]. Sustained
exercise over time also appears to facilitate changes in synaptic plasticity, preservation of
dopaminergic cell bodies and terminals, while also bolstering levodopa efficacy [19,20].
Collectively, the functional improvements associated with exercise suggest the presence of
neuroplasticity in motor-related circuitry and the ability of the brain to learn new behaviors
through modification of existing neural networks. The sum of the cellular and molecular
adaptations in PWPD is ultimately expressed through adaptations in the volitional neural
drive during motor activity [21]. This may explain why exercise-based voice interventions
modify neuromotor control of the respiratory and laryngeal subsystems underlying sound
production, and why those modifications demonstrate long-term sustainability even when
the formal exercise-based intervention period ends [10].

Exercise-based voice interventions are characterized by training specificity (voice-
based exercises to improve voice production) which target respiratory, phonatory, and
articulatory physiology [10,22,23]. Many other exercise-based interventions for PWPD,
which are not specific to voice production or respiratory support for voice, have been
developed for motor rehabilitation including cycling, dance, interval training, and, recently,
non-contact boxing programs [23-26]. Non-contact boxing exercise programs may be
ideally suited for PWPD because they incorporate multidimensional motor challenges
that target the impairments of PD, including respiratory function (i.e., sustained aerobic
activity requiring exertion of the respiratory muscles), speed of movement (i.e., speed bag
punching drills), balance (i.e., footwork drills), strength (i.e., resistant training incorporated
into the program), executive functions (i.e., sensory awareness of body positions), and they
can be adapted to the physical abilities of the individual.

Evidence has shown that voice-based exercise interventions for PWPD can have carry-
over or “spread” effects on swallowing function, even when swallowing is not specifically
targeted [27]. However, we have limited knowledge as to whether other exercise inter-
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vention programs for PWPD, which are not specific to voice production, also demonstrate
similar carryover effects on respiratory support and phonation physiology. To address this
problem, the purpose of this pilot study was to investigate the effects of a non-contact box-
ing exercise program, called “Punching Out Parkinson’s” (PoP), on measures of maximum
expiratory pressure, subglottal air pressure, and transglottal airflow in PWPD. A longitudi-
nal case series design was employed to follow participants who were new to participating
in the exercise program across nine consecutive months and then again at twelve months.
Our hypotheses were that the specificity of the non-contact boxing exercise program would
show direct effects on maximum respiratory pressure and also show carryover effects on
measures of subglottal air pressure and transglottal airflow during voice production.

2. Materials and Methods

Participants: Eight men with idiopathic Parkinson’s disease (PD) served as partici-
pants for this study. All participants were diagnosed by a neurologist and were currently
receiving dopamine-replacement therapy. At study onset, no participant had a neurological
diagnosis other than PD, and none had participated in a non-contact boxing exercise pro-
gram during the past six months. No participants were receiving speech-language therapy,
all were ambulatory, and all were living at home in their communities. For inclusion,
clearance by a physician to perform physical exercise was required in addition to screening
with the Mini-Mental State examination (MMSE). Each participant also had to verify that
they were able to attend two exercise classes per week in Fort Worth, TX. Participants were
asked to schedule lab visits for assessment and measurement during times when their
medication was effective (e.g., not close to the next dosage cycle).

Intervention: Participants engaged in a non-contact boxing exercise program (“Punch-
ing Out Parkinson’s”—https:/ /punchingoutparkinsons.org/) (accessed on 15 April 2022)
developed by a former world champion professional boxer and adapted to meet the needs
and abilities of people with PD at different levels of physiological impairment. The method-
ology of this program was the same as that reported by Salvatore et al., with each exercise
session organized into seven stations across 60 min, with the duration of each station
approximately the same [28]. The station components included warm up and cool down,
resistance training, and aerobic exercise. The specific stations were warm up including
stretching, footwork, heavy bag, hand mitts (manipulated by trainer), speed bag, resistance
training, and a cool-down period. Participants engaged in each session as a group, and,
other than warm-up and cool-down, the order of stations was rotated between partici-
pants. Each participant completed two exercise sessions every week across 12 consecutive
months for a total of 120 exercise minutes per week, 480 min per month, and 5750 min total.
The aerobic exercise component of each session has been estimated by Salvatore et al. at
approximately 30 min per session, or one-half of the total exercise minutes [28].

Measurement Schedule: The study methodology was organized into four different
stages (Figure 1): baseline (pre-intervention), an intervention onset period (months 1-2),
an intervention maintenance period (months 3-9), and a follow-up period (month 12).
All dependent variables were measured on three different baseline days prior to the start
of intervention. Once the intervention was initiated, each participant was measured
during the intervention onset stage at the end of months 1 and 2. During the intervention
maintenance stage, participants were measured at the end of months 3, 6, and 9, and
then again at month 12 for the follow-up period. This resulted in a total of 9 unique
measurement periods (3 at baseline, 2 at intervention onset, 3 at intervention maintenance,
and 1 at follow-up).

Data Acquisition: Measurement sessions for data acquisition were completed in a
research laboratory on a university campus on non-exercise days. An assessment battery
was employed to acquire data across multiple domains. These included:

e  Respiratory pressure: Respiratory support for voice production was assessed via
measures of maximum expiratory pressure (MEP), in cmH,O, using the MicroRPM
Pressure Meter (Micro Direct, Lewiston, ME). Participants were asked to maximally
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inhale to total lung capacity and then exhale hard and fast into the mouthpiece of
the device while wearing a nose clip. Five consecutive trials were attempted. As this
was a maximum performance task, the single maximum pressure from the five trials
was recorded.

e  Phonation (voicing) aerodynamics: Phonation aerodynamics were assessed via mea-
sures of transglottal airflow and subglottal pressure during speech tasks, using the
Phonatory Aerodynamic System (PAS, Pentax Medical, Montvale, NJ, USA). For
measures of transglottal airflow (in mL/s), voice waveforms were recorded while par-
ticipants produced connected speech (the all-voiced sentence “We were away a year
ago”) at a self-reported comfortable pitch and loudness. For measures of subglottal
pressure (in cmH,0), participants repeated the syllable “pa” at a rate of approximately
1.5 syllables per second, at a self-reported comfortable pitch and loudness. Five trials
of each transglottal airflow and subglottal pressure stimulus were recorded. The mean
measurement for the five trials of each stimulus was calculated.

Analyses: Graphical visual inspection and effect size estimates were applied to the data
sets of the three dependent variables separately (MEP, subglottal pressure, and transglottal
airflow). For effect size, means and standard deviations of the 15 trials across the three
baseline conditions were compared to the same measures of the trials across the intervention
maintenance period (months 3, 6, and 9). For graphical analysis, each participant was
treated as a single subject and their performance across the longitudinal study was graphed
as a trend line representing that participant’s unique data set. Non-parametric Wilcoxon
signed-rank tests were applied to the data sets, with an alpha level of 0.05 for statistical
significance. For each dependent variable, an ad-hoc effect size analysis comparing mean
baseline measurements to those at the follow-up period (month 12) was also conducted to
determine continuous maintenance or improvement of any potential gains.

Baseline Non-contact Boxing Program

T

JIAREN

Weeks 0-2 Month 1 Month 2 Month 3 Month6 Month9  Month 12
. * Baseline testing e * Boxing program begins * Patient reported outcomes
3 * Neuromotor function tests

D * Intervention testing

Figure 1. Visual form of study methodology and stages.

3. Results

Demographic information at study baseline associated with the eight male participants
is reported in Table 1. Time since diagnosis ranged between 1 to 15 years with disease
severity based on Hoehn and Yahr staging, ranging from stage 1 to stage 3. All participants
were currently medicated with dopamine replacement, and none were currently enrolled
in voice therapy nor had received voice therapy in the recent past. All participants were
naive to the boxing exercise intervention program.
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Table 1. Participant characteristics at study baseline (pre-intervention).

Participant Current Age Age at Diagnosis MMSE Score HY Stage Dopamine Replacement  Current Speech Tx
1 66 66 25 2 Yes No
2 64 59 30 1 Yes No
3 82 81 28 3 Yes No
4 74 62 27 3 Yes No
5 64 58 28 1 Yes No
6 63 62 30 3 Yes No
7 66 51 30 3 Yes No
8 62 57 25 1 Yes No

Figures 2—4 illustrate individual participant data graphed together across all mea-
surement intervals for measures of MEP, transglottal airflow, and subglottal pressure,
respectively. At the end of 9 months of regular non-contact boxing exercise, all participants
demonstrated an increase in MEP and maintained those gains above baseline at follow-up
(Figure 2). While baseline performance was highly variable, Figure 2 shows a clear pattern
of steady increase across exercise months for most participants. Similar baseline variability
was present in transglottal airflow (Figure 3) and subglottal pressure (Figure 4), without
any substantial increase or decrease for individual participants. For these two variables,
the graphic data suggested that baseline performance was maintained at 9 months and also
at the follow-up 12-month period.
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Table 2 shows effect size measurements and significance of Wilcoxon signed-rank
tests. At the 9-month period there was a significant effect of exercise on MEP with a
large effect size. This increase over baseline was maintained with statistical significance at
the 12-month follow-up period, again with a large effect size. Effect sizes for phonation
physiology measures of transglottal airflow and subglottal pressure were small and not
statistically significant at either the 9-month or 12-month period. This supported the
notion that phonation physiology did not change, but performance was maintained, across
12 months of exercise.

Table 2. Means and standard deviations (in parentheses) for dependent variables at baseline, mainte-
nance, and follow-up periods. Effect size data (d) are related to comparisons of baseline (mean of

three baseline measurement days) to maintenance periods (mean of measurements at months 3, 6,

and 9).
. . Maintenance . s Follow-Up .
Dependent Variable Baseline Days 1-3 Months 3, 6,9 Effect Size (d) Significance Month 12 Effect Size (d)
Respiratory Pressure 63.25 101.99 _ 115.25
(cmH,0) (36.7) (45.12) 0.94 p=001 (49.27) L19
Transglottal Airflow 0.20 0.19 _ 0.20
(L/s) (0.05) (0.07) 0.16 p=091 (0.07) 0.01
Subglottal Pressure 8.03 7.76 _ 7.54
(cmH,0) (2.86) (2.29) 0.10 p=09 (2.65) 017

4. Discussion

The purpose of this pilot study was to investigate the effects of a non-contact boxing
exercise program, called “Punching Out Parkinson’s” (PoP), on measures of maximum
expiratory pressure and phonation physiology measures of subglottal air pressure and
transglottal airflow in PWPD. At 9-months of continuous exercise at a dose of 120 min
per week, we found that all participants demonstrated increases in the ability to generate
MEP, and those increases were maintained at 12-months while continuing the exercise
program. While there were no changes in the aerodynamics of phonation, the stability of
these measures at 9-month and 12-month periods in relation to baseline abilities may be a
positive finding, as phonation physiology is known to change as PD progresses over time.

The positive impact of a non-contact boxing exercise program on respiratory function
may have practical significance as a non-pharmacological intervention for PD. Respira-
tory dysfunction in the form of inhalation and exhalation muscle weakness is a common
manifestation of the disease and is strongly associated with mortality in people with PD
via a connection with pneumonia [29,30]. A recent metanalysis comparing 253 PWPD to
181 controls across seven studies found significantly and substantially lower MEP in those
with PD. The same metanalysis reported significantly lower measures of peak cough flow,
which is associated with the ability to clear foreign material from the lower respiratory tract,
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in PWPD compared to controls [31]. Expected normal values of MEP in adult males is at or
above 80 cmH,O [31,32]. Across the eight participants in the present study, average MEP
at baseline was at 63 cmH,O and increased to over 100 cmH,O after 9 months of exercise,
which was maintained at the 12-month period. This finding suggests that the non-contact
boxing exercise program may directly address the underlying respiratory muscle weakness
that is a substantial health risk factor in people with PD.

The “ingredients” of the specific exercise program studied in this investigation provides
a potential explanation for the reported positive effect on respiratory function. Non-contact
boxing presents an aerobic challenge to the cardiovascular system [28]. This challenge
requires engagement of respiratory muscles to alter breathing cycles via faster and deeper
breaths. The resistance training element specific to the PoP exercise program may have also
facilitated adaptation in the respiratory muscles through increased activation of inspiratory
and expiratory muscles during pushing/pulling movements. The frequency (two times per
week), intensity (1-h sessions), and duration (9 months) of the PoP program was enough
to elicit large increases in MEP through specific targeting of the muscles responsible for
baseline respiratory weakness.

This study did not find changes to measures of phonation physiology. Both transglottal
airflow and subglottal pressure varied little among the participants across the 12-month
study period. While this suggests that the non-contact boxing exercise program did not
have any carryover effects on voice production, it should also be noted that the PoP
program was not specific to vocal function. That is, voicing and voice exercises were not a
component of the exercise program, which may explain the lack of significant effect. On
the other hand, it is important to note that neither measure deteriorated from baseline in
any substantial way for any participant. While further research is needed to investigate
this supposition, the physical challenges of the PoP exercise program may have supported
maintenance of respiratory-phonatory coordination as measured with transglottal airflow
and subglottal pressure. In this way, non-contact boxing may have been disease modifying
for MEP (increasing motor ability) and phonation physiology (maintaining motor ability).

There are a number of limitations to this study which necessitate guarded general-
izations. While the experimental design demonstrated significant increases in respiratory
power associated with the exercise intervention, we did not control for other physical activ-
ities outside of the exercise program that could have also impacted respiratory function.
Because exercise has been shown to consistently impact motor abilities in PWPD, activities
outside of the intervention should be controlled for or considered in future studies. Each
individual was also measured using the same procedures on nine different occasions, which
could have facilitated learning effects and the subsequent data set. While no individuals
were receiving voice therapy, we also did not control for the amount of talking/voicing
that each participant engaged in during activities of daily living, and it is possible that
non-voice and non-exercise activities could have influenced study results. The sample size
of eight participants was very small and, although we realized strong statistical power, the
sample may not be representative of the larger population of PWPD. We also only studied
male participants, and whether females with PD respond in the same way to non-contact
boxing exercise will need further study. In addition, we did not control for medication
timing during exercise. While laboratory measurements were obtained at self-reported
times of medication effectiveness, we do not know if medication timing influenced exercise
activity (e.g., exertion levels) during individual sessions, and if that potential effect may
have influenced results.

5. Conclusions

This study found that a non-contact boxing exercise program, PoP, had a significant
effect on MEP in eight males with PD. While there was no effect on measures of phonation
physiology, there were also no declines in those measures across the 9-month and 12-month
time periods. After 9-months of exercise, the average MEP elevated from below normal
thresholds to above normal thresholds, with an increasing trend of MEP was found for

140



J. Clin. Med. 2023, 12, 4806

all eight participants. The positive results of this pilot study may inform future research
seeking to investigate the effects of physical exercise on motor and non-motor abilities of
people with PD.
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Abstract: Background: Vocal fold polyps (VFP) are a common cause of voice disorders and laryn-
geal discomfort. They are usually treated by behavioral voice therapy (VT) or phonosurgery, or
a combination (CT) of both. However, the superiority of either of these treatments has not been
clearly established. Methods: Three databases were searched from inception to October 2022 and a
manual search was performed. All clinical trials of VFP treatment were included that reported at
least auditory—perceptual judgment, aerodynamics, acoustics, and the patient-perceived handicap.
Results: We identified 31 eligible studies (VT: n = 47-194; phonosurgery: n = 404-1039; CT: n = 237-
350). All treatment approaches were highly effective, with large effect sizes (d > 0.8) and significant
improvements in almost all voice parameters (p-values < 0.05). Phonosurgery reduced roughness
and NHR, and the emotional and functional subscales of the VHI-30 were the most compared to
behavioral voice therapy and combined treatment (p-values < 0.001). Combined treatment improved
hoarseness, jitter, shimmer, MPT, and the physical subscale of the VHI-30 more than phonosurgery
and behavioral voice therapy (p-values < 0.001). Conclusions: All three treatment approaches were ef-
fective in eliminating vocal fold polyps or their negative sequelae, with phonosurgery and combined
treatment providing the greatest improvement. These results may inform future treatment decisions
for patients with vocal fold polyps.

Keywords: vocal fold polyp; voice treatment; voice therapy; surgery; auditory—perceptual judgment;

jitter; shimmer; maximum phonation time; voice handicap index

1. Introduction

Vocal fold polyps (VFP) are functional voice disorders associated with benign tissue
changes to the vocal folds. They are commonly unilateral. Their shape can be classified as
sessile or peduncular; their morphological characteristics can be classified as gelatinous
or translucent, fibrous or organized, and angiomatous or hemorrhagic [1]. Their size can
vary from small to medium to large (<'/, of the vocal fold length, '/,~'/3, >/5) [2]. In some
regions, VFP is among the five most common laryngeal diseases, with prevalence figures of
0.4-9% [3-5]. VFP are caused primarily by a coincidence of non-physiologic voice use, i.e.,
“phonotrauma” (inflammatory response of the vocal fold mucosa to biomechanical stress
and deformations during high-effort vibration) often associated with yelling or awkward
singing, and other etiological factors such as upper respiratory tract infections, allergies,
gastroesophageal reflux, and smoking [1,6]. Patients with VFP can experience significant
impairment in phonation and communication, with negative social implications. Usually,
voice complaints due to VFP involve dysphonia, increased vocal effort, and decreased
vocal stamina. Dysphonia associated with VFP results from complex changes in the
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vibrational patterns of the vocal folds through alterations in their layered structure and
stiffness of tissue. VFP require multidimensional voice assessments (vocal fold imaging,
auditory—perceptual judgment, acoustic and aerodynamic measurements, and patients’
self-evaluation) [7]. Their results may be influenced by the size, form, mass, and base
length of the polyp and the resulting changing area and shape of the glottal gap during
phonation [8]. In the treatment of VFPs, phonosurgery is often the first choice [9,10], but
behavioral voice therapy (VT) is also recommended as an effective treatment modality,
either as a stand-alone treatment or combined with phonosurgery [11]. The efficacy of VT
can be explained, in part, by a causal role of hypertension of the laryngeal musculature and,
in particular, supraglottic structures in the development of the polyps. Although clinical
guidelines recommend treating VFP conservatively first and resecting them secondarily
only if results are unsatisfactory, the efficacy of phonosurgery as a primary treatment option
for VFP has been confirmed by observational studies [12]. The recurrence rate of VFP after
surgery has been reported as low (11%) and not influenced by gender but by age (younger
adults have a significantly higher relapse rate than middle-aged or older adults) [13]. The
choice of treatment option for VFP is important because either the risks and costs of surgery
can be avoided if VT is the treatment of first choice or phonosurgery can lead to the faster
recovery of vocal function. Therefore, the aim of this meta-analysis was to compare the
efficacy of phonosurgery, VT, and a combination of both (CT) in the treatment of VFP based
on multidimensional voice assessments pre- and post-treatment.

2. Materials and Methods
2.1. Data Sources and Searches

We followed the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines [14] and systematically searched four databases (MED-
LINE, CENTRAL, CINAHL, and KoreaScience) from inception to 26 October 2022
(Table S1, Supplementary Materials). Potentially eligible publications, including those pub-
lished in different languages from the above databases, were identified by title and abstract.
In addition, a manual search of congress proceedings, grey literature, and bibliographies
was performed.

2.2. Study Selection

All available intervention trials with a pre-post design for VFP using phonosurgery
alone, VT alone, or a combination with initial phonosurgery followed by VT were included
in the search. According to a preliminary search, the combination of initial VT followed by
phonosurgery (investigated minimally in multiple case studies) was low (n = 1); thus, we
excluded it from our meta-analysis. The clinical parameters of this meta-analysis included
the most commonly used quantitative measures of an internationally agreed battery of
voice examinations [7]: auditory—perceptual voice assessment (hoarseness, breathiness,
roughness) by at least one examiner using a Likert scale ranging from 0 (no impairment) to 3
(maximum impairment), acoustic (jitter, shimmer, noise-to-harmonics ratio NHR) and aero-
dynamic (maximum phonation time, MPT) measures, and a standardized questionnaire
for the self-assessment of voice handicap. To avoid specification and reliability differences
due to the application of different acoustic software packages, only studies that performed
acoustic measurements with the Multi-Dimensional Voice Program (Kay Elemetrics Corpo-
ration, Lincoln Park, NJ, USA) were included. To make self-assessments of vocal handicap
comparable, we included only studies that assessed it with the most widely used interna-
tional standardized questionnaire, the 30-item Voice Handicap Index (VHI—30) [15], which
outputs three subscales with statements on physical (P), functional (F), and emotional (E)
domains and a total score (T). Studies eligible for the meta-analysis had to involve at least
one of the aforementioned measures.
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2.3. Risk of Bias Assessments

The risk of bias assessment of the included studies was determined using the RoB
2 tool [16] for randomized studies (overall risk ranging from low to some concerns to
high) and ROBINS-I tool [17] for non-randomized studies (overall risk ranging from low to
moderate to serious to critical to no information).

2.4. Statistics

Statistical analyses were completed using MedCalc software (version 19.6) and SAS
software, release 9.4 (Cary, NC, USA). At first, the difference between the mean values

W. Thereafter, the

meta-analysis with weighting based on the random effects model was performed using
MedCalc software (version 19.6) by treatment and dysphonia measures. The mean pre-
post treatment differences of voice measures with a 95% confidence interval (95% CI)
per study and pooled analyses are shown in forest plots. The heterogeneity of studies
was calculated using the I? index (0-25% insignificant, >25-50% low, >50-75% moderate,
>75% high heterogeneity) [18]. The random effects model was used to analyze the pooled
data, accounting for heterogeneity between studies. Studies were weighted according
to DerSimonian and Laird [19]. Potential publication bias was analyzed using Egger’s
test [20].

To potentially reduce heterogeneity in treatment outcomes and refine them, four sub-
group analyses were performed for phonosurgery and CT (fewer studies were available for
VT). Subgroup 1 was formed according to the time interval between pre- and postopera-
tive measurements for polyp resection, divided into three follow-up periods: <1 month;
1-2 months; >3 months. Subgroup 2 was established by the type of three phonosurgical
techniques used: cold knife; laser; a combination of cold knife and laser. Subgroup 3
was based on one of two types of surgical techniques combined with VT: cold knife; laser.
Subgroup 4 was defined according to one of two durations of VT after phonosurgery:
1-2 weeks; >3 weeks.

A network meta-analysis between treatment approaches was then conducted using
SAS software. This involved comparing the pooled mean pre-to-post-treatment differences
among the three interventions, along with their confidence intervals, using the Satterthwaite
t-test. In case of a significant result, the ranking of treatment was based on the highest
mean pre- to post-treatment difference in results. Cohen’s d was calculated as the effect size
of treatment approaches and voice measures, whereby convention 0.2-0.5 is considered a
small effect, 0.5-0.7 is considered a medium effect, and >0.8 is considered a large effect [21].

Xpost — Xpre and standard error (SE) was calculated as SE =

3. Results

We identified 234 non-duplicates from our searches (Figure 1). Of these, 31 studies
were eligible for inclusion in this review (Table 1) [22-52]. The results of the risk of bias
analysis are shown in Table S2, Supplementary Materials. For the randomized trials, the risk
of bias was low for one study [42] and some concerns existed for two studies [35,39]. For the
observational studies, the overall risk of bias was low for one study [40], moderate for nine
studies [28,29,33,37,41,43,50-52], and serious for eighteen studies [22-28,30-32,34,36,44—49].
The results of the meta-analysis with heterogeneity statistics and publication bias analyses
are shown in Table S3, Supplementary Materials.
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Figure 1. PRISMA flow diagram.

Table 1. Characteristics of clinical trials in the meta-analysis.

Duration of

Type and . Interventions with Durations . Outcome
Study Features of VFP N Intervention Groups Between Pre- and Post-Treatment YOlce Therapy Measures
in Weeks
Jitter
Kim et al. All types and 58 Phonosureer Treatment method: cold knife na Shimmer
(1999) [22] features of VFP gery Duration: 2 months ’ NHR
MPT
. Jitter
Kim & Auo All types and 62 Phonosurger greea Irar;Z?t(;?feiz}el?kisziS) nm pulsed n.a Shimmer
(2008) [23] features of VFP gery ye a : NHR
Duration: 2 months
G,R,B
Treatment method: cold knife or
Kluch & All't nd Combination of Euozr lTsfr using nder general
Olszewski ypesd 16 phonosurgery and CTO aryngoscopy UNCEr SENCral 4 weeks G R,B
features of VFP . anesthesia, and breathing and
(2008) [24] voice therapy . .
voice exercises
Duration: > 1 month
. Unilateral; all ) R
Kim et al. sizes and features 8 Phonosurgery Treatment method: cold knife n.a VHI-T
(2008) [25] of VEP Duration: 2-3 months
Treatment method: cold knife or
Kluch & All types and Combination of iiié?;f;lgégfopy under general
Olszewski features of VFP » phonosurgery and anesthesia, and breathing and 4 weeks G RB

(2009) [26]

voice therapy

voice exercises
Duration: >1 month
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Table 1. Cont.

Duration of

Type and . Interventions with Durations . Outcome
Study Features of VFP N Intervention Groups Between Pre- and Post-Treatment ;ﬁ);:;:e;rl?s erapy Measures
Treatment method: Vocal hygiene Jitter
Kim et al. . and Seong-Tae Kim's multiple Shimmer
(2009) [27] Small VFP 33 Voice therapy voice therapy technique 4 to 16 weeks NHR
Duration: >1 month MPT
Jitter
Choi et al. All types and 128 Phonostireer Treatment method: cold knife na Shimmer
(2011) [28] features of VFP gery Duration: >1 month ’ NHR
MPT
Ezeitzl;(c)\gtc ;11 All types and 46 Phonosurgery Treatment method: cold knife na ]Slﬁtier::lmer
(2011) [29] features of VFP Duration: 3 weeks NHR
Ph (a) Treatment method: Jitter
@ o img;s)urgery cold knife Shimmer
Juetal. All types and (b) Combination of (@)  Duration: 2 months (@ na II:I/[II;I_{,{
(2013) [30] features of VFP 118 phonosurgery ) Trgatment methgd: cold (b)  Tweek
and voice therapy knife, vocal hygiene, and VHI-T, VHI-P,
(n =55) resonant voice VHI-F, VHI-E
(b)  Duration: 2 months G R,B
Jitter
Treatment method: vocal hygiene, Shimmer
Schindler All types and abdominal breathing, resonant NHR
etal. features of 20 Voice therapy voice, yawn sigh approach, and 1 to 2 months MPT
(2013) [31] gelatinous VFP manual therapy VHI-T, VHI-P,
Duration: 1-2 months VHI-F, VHI-E
G R,B
Unilateral: no Treatment method: CO, laser Jslf;i;mer
. ! Combination of using microlaryngoscopy under
(ng?g)e[t?);l]' gi;re\; X]l;l’e:ut 41 phonosurgery and voice  general anesthesia or cold knife, 4 weeks II:I/III;I?
therapy (two groups) vocal hygiene, and resonant voice X s
and features Duration: 7 weeks VHI-T, VHI-P,
VHI-E VHI-E
. Treatment method: KTP laser .
Unilateral; . (office-based) or KTP plus cold J 1tt‘er
Wang et al. hemorrhagic 36 Phonosurgery Knife using microlaryneosco na Shimmer
(2013) [33] small to medium (two groups) 5 1 }}II & Py ’ NHR
vocal polyps under general anesthesia MPT
Duration: 6 weeks
Treatment method: diode laser ]Slffi:lmer
Karasu et al. All types and 51 Phonosurgery using microlaryngoscopy under n NHR
(2014) [34] features of VFP (two groups) general anesthesia or cold knife 2 VHI-T. VHLP
Duration: 2 months ! ’
VHI-E, VHI-E
(a) Treatment method: CO,
laser using
microlaryngoscopy under
general anesthesia
(a) Phonosurgery (@) Duration: 5-12 weeks Jitter
(n =30) (b)  Treatment method: CO, Shimmer
Lin et al. Unilateral; all (b)  Combination of laser using (@ na. NHR
(2014) [35] sizes and features 60 phonosurgery m1crolaryngoscopy under (b) 4 weeks MPT
of VFP and voice general anesthesia, vocal VHI-T
therapy (n = 30) hygiene, relaxation training, G R B

breathing training, yawn
sigh approach, chewing
approach, and tone
sandhi pronunciation

(b)  Duration: 5-12 weeks
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Table 1. Cont.

Duration of

Type and . Interventions with Durations . Outcome
Study Features of VFP N Intervention Groups Between Pre- and Post-Treatment YOICQ Therapy Measures
in Weeks
. . Jitter
Wang et al Small to medium Phonosurgery Treatment method: KTP2 laser Shimmer
(2015) [3 6]4 sizes and all 34 (tw ) (office-based) or cold knife n.a NHR
features of VFP O groups Duration: 6 weeks
MPT
. Treatment method: angiolytic laser Jitter
Z[(ﬁ;)ta[;;]al. }Allttypes ?r{/c}:P 54 ghonosurge;y (office-based) or cold knife n.a Shimmer
eatures o WO groups Duration: 6 weeks MPT
Petrovic- Medium sizes Combination of Treatment method: cold knife and ]Sll:im .
Lazic et al. and all features 41 phonosurgery and voice therapy 4 weeks NHR ¢
(2015) [38] of VFP voice therapy Duration: 6 weeks G R.B
Jitter
. . Treatment method: CO, laser Shimmer
Bilateral; all sizes ) .
Zhang et al. and features 60 Phonosurgery using microlaryngoscopy under na NHR
(2015) [39] £ VEP u (two groups) general anesthesia or cold knife ’ MPT
0 Duration: 3 months VHI-T
G,R,B
Unilateral; all ]SI}t\tii:lmer
Lee et al. sizes and diffuse 23 Phonosureer Treatment method: cold knife na NHR
(2016) [40] or pedunculated gery Duration: 2 months ’ MPT
growths of VFP VHLT
Small fusiform
translucent bulge
unilateral or Treatment method: relaxation
Zhuge et al bilateral VFP training, breathing exercises, vocal MPT
(201 ;g) [41] ’ located at the 66 Voice therapy function exercises, resonant voice, 12 weeks VHI-T, VHI-P,
junction of 1/3 of and vocal hygiene VHI-F, VHI-E
the front and the Duration: 3 months
middle of the
vocal fold
a reatment method: voice
T hod: voi
therapy expulsion
) (@)  Voice therapy (@)  Duration: 3 months
Unilateral; all (n=70) (b)  Treatment method: CO,
Barillari ctal.  Sizes and features (b)  Combination of laser using (@) 12weeks  VHLT
(2017) [42] ?f the VFP fat the 140 phonosurgery m1crolaryngoscopy under (b) 4 weeks G
ree edge of the and voice therapy general anesthesia, vocal
vocal fold (n=70) hygiene, relaxation training,
vocal function exercises, and
breath support
(b)  Duration: 6 weeks
VEFP that
smoot}? a;vde fa d (a) Treatment method:
translucent (a) Phonosurgery cold kp ife
pedunculated -1 (a)  Duration: 4 months
neoplasm or ) (Cn_ b') " ¢ (b)  Treatment method: cold @ MPT
ombination o ; ; a n.a.
You et al. fusiform 96 h knife, vocal hygiene, (b) 12weeks VHLIT VHLP,
(2017) [43] translucent phonosurgery relaxation training, vocal weeks VHILF VHLE
smooth neoplasm and voice therapy function exercises, breathing ’
with a widefbase (n=55 exercises, and
by the free edge resonant voice
of the vocal folds (b)  Duration: 4 months
Jitter
. Treatment method: KTP laser .
Lin et al. All types and 9 Phonosurgery (office-based) or cold knife na Shimmer
(2018) [44] features of VFP (two groups) Duration: 1-2 months NHR
’ MPT
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Table 1. Cont.

Duration of

Type and . Interventions with Durations . Outcome
Study Features of VFP N Intervention Groups Between Pre- and Post-Treatment YOICQ Therapy Measures
in Weeks
(a) Treatment method:
cold knife
(a) Duration: > 3 months
(@)  Phonsurgery (b)  Treatment method: vocal Jitter
Sahin et al. All types and 165 (n = 138) hygiene, relaxation training, (@ na. Shimmer
(2018) [45] features of VFP (b)  Voice therapy vocal function exercises, (b) 16 weeks  NHR
(n=27) breathing and posture GRB
exercises, and
resonant voice
(b)  Duration: 4 months
(a) Treatment method:
cold knife
(a) (Phozz;lrgery (@) Duration: 1 month Jitter
n= b)  Treatment method: cold Shimmer
Oh et al Unilateral; all (b)  Combination of ® knife and vocal hygiene or (@ na. NHR
(2018) [46] sizes and features 130 I3 honosturgery cold knife and relaxation (b) 1-4weeks MPT
of VFP and voice training, vocal function VHI-T, VHI-P,
therapy (two exercises, breathing VHI-F, VHI-E
groups; n = 86) exercises, resonant voice, G, R, B,
and manual therapy
(b)  Duration: 4 months
(a)  Treatment method:
Small fusiform cold knife
translucent bulge (@) Phonsurgery (@)  Duration: 4 months
Wang et al. VFP,/S loc.ated at (n=31) (b)  Treatment method: vocal (@ na MPT
(2019) [47] the junction of 69 (b)  Voice therapy hygiene, relaxation training, ~ (b) 12 weeks  VHI-T, VHI-P,
1/3 of the front (n =38) breathing and posture VHI-E, VHI-E
and the middle of training, and vocal
the vocal fold acoustic training
(b)  Duration: 4 months
Prasad et al. All types and Treatment method: cold knife
(2020) [48] features of VFP 20 Phonosurgery Duration: 3 months na MPT
Kim et al. Umlateral; all Treatment method: cold knife ] 1tt.er
(2020) [49] sizes and features 20 Phonosurgery Duration: 1 month n.a Shimmer
of VFP ’ NHR
]itt.er
Ma et al. All types and Tre:iltment method: KTP laser Shimmer
(2021) [50] features of VEP 25 Phonosurgery (office-based) n.a MPT
Duration: 3-14 months VHI-T, VHI-P,
VHI-F, VHI-E
Leeetal. (In All types and 79 Phonostireer Treatment method: cold knife na VHI-T, VHI-P,
Press) [51] features of VFP gery Duration: 10-14 days ’ VHI-F, VHI-E
Jitter
Shimmer
Kang et al. Umlateral; all Treatment method: cold knife NHR
(In Press) [52] sizes and features 77 Phonosurgery Duration: 6 weeks na MPT
of VFP ’ VHI-T, VHI-P,
VHI-F, VHI-E
G,R,B

VEFP: Vocal fold polyp; G: grade/hoarseness; R: roughness; B: breathiness; NHR: noise-to-harmonics ratio;
MPT: maximum phonation time; VHI: the 30-item Voice Handicap Index (VHI—30) which outputs three subscales
with statements on physical (P), functional (F), and emotional (E) domains and a total score (T).

3.1. Auditory—Perceptual Judgment

This meta-analysis used the G (grade [of dysphonia]), R (roughness), and B (breath-
iness) parameters of the international GRBAS scale [7].
Figure 2, The pooled pre- to post-treatment gains of G were —1.256 (95% CI: —1.569-—0.944;
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Its forest plots are shown in



J. Clin. Med. 2023, 12, 3451

p < 0.001) for phonosurgery, —1.223 (95% CI: —2.293——0.152; p = 0.025) for VT, and —1.504
(95% CI: —1.972-—1.037; p < 0.001) for CT, indicating that all interventions reduced hoarse-
ness. All Cohen’s d values were above 0.8 (Table 54, Supplementary Materials).

Hoarseness/Grade

Roughness

Breathiness

25-20-15-1.0-05 0.0 0.5 1.0 1.5 20 25

eeeee

Sahin et al. (2018) + -
Barillarietal. (2017) |- &
— Lin et al. (2014) r —-—
Juetal (2013) F -
Sahinetal. (2018) r - Kluch & Olszewski (2008) a |- —&—
Kluch & Olszewski (2009) b |- -
Schindier el (2013) [~ — Ohetal (2018)a b -
Ohetal (2018) b -
-
Barillri et al. (2017) .
(2013 - Petrovic-Lazic etal. (2015) |- -
Total (random effects) |- ‘
vvvvv {random effects) - Total (random effects) -
S o N PR
15 10
FFFFFFFFFFFFF 25 20 15 10 05 00 05 10 15 20 25 Mean Difference
Mean Diference
- Sahin etal (2018) L -
_, sahinetal.(2018) | - Linetal (2014) + —
Juetal (2013) L -
-
Kluch & Olszewski (2008) a |- -
- Schindler etal. (2013) |- —— Kiuch & Oszewald 2006) b |- -
.
Petrovic-Lazic et al. (2015) |- —-
heta, .
chetat ot Onetal. (2018)a -
Kongetal. npress) |- - onetal (018 b L
Juetal. 2013) L - Total (random effects) |- ’
Total (random effects) L -
ol fandomefecs) |-~ L
S O 2520-15-10-0500 05 10 15 20 25
20 15 10 05 00 05 10 15 20 Mean Differ
eeeeeeeeeee Mean Diference
Sahin etal. (2018) L -
Lin etal. (2014) ——
— sahinetal.2018) |- —-—
Juetal (2013) -
-
- Kiuch & Ofszewski (2008) a |- -
- Schindler etal. (2013) - —_— Kiuch & Olszewski (2009) b |- -
Ohetal (2018) a —-—
.
Ohetal (2018) b -
-
Petrovic-Lazic etal. (2015) | —a=
-
Total(random effects) |- ‘
Total (andom effect) - ~ea— Tota (random effects) -
P
.......... 2520-15-10-0500 05 10 15 20 25

410 08 06 04 02 00 02 04 06 08 10 Mean Differ

Mean Differance.

Figure 2. Forest plots of perceived voice quality levels [23,24,26,30,31,35,38,39,42,45,46,52].

There was no significant publication bias for these analyses (p > 0.05). Heterogene-
ity was high (>75%) and persisted in the subgroup analyses (follow-up period and type
of phonosurgery) (Table S6, Supplementary Materials). The longer the duration of the
follow-up period after phonosurgery, the lower the heterogeneity, but it remained >75%.
The mean G reduced the most with CT after 1-2 weeks of follow-up, at —1.638 (95% CI:
—1.810-—1.466; p < 0.001), and even at a moderate heterogeneity of 64.96%. In the network
meta-analysis, G improved more for CT than for phonosurgery alone (p < 0.001) or VT
(p < 0.001), with no significant differences across studies (p = 0.518; Table S5, Supplemen-
tary Materials). The pooled roughness was —1.189 (95% CI: —1.505-—0.944; p < 0.001)
for phonosurgery, —0.552 (95% CI: —1.198-—0.093; p = 0.093) for VT, and —1.041 (95% CI:
—1.361-—0.722; p < 0.001) for CT. All Cohen’s d values were above 0.8 (Table 54, Supplemen-
tary Materials). A significant publication bias was evident for VT (p < 0.001). Heterogeneity
was high (>75%) but steadily decreased with increasing duration of follow-up, reaching a
moderate value of 54.11% > 3 months after surgery (Table 56, Supplementary Materials).
A network meta-analysis for all treatment modalities showed a significant reduction in
roughness, with phonosurgery being the most effective (p < 0.001) (Table S5, Supplementary
Materials). The pooled breathiness value was —1.080 (95% CI: —1.529——0.630; p < 0.001)
for phonosurgery, —0.220 (95% CI: —0.327-—0.113; p < 0.001) for VT, and —1.055 (95% CL:
—1.557-—0.553; p < 0.001) for CT. All Cohen’s d values were above 0.8 (Table S4, Supple-
mentary Materials). A significant publication bias was evident for VT (p < 0.001) and CT
(p = 0.018). Heterogeneity was 0% for VT but was high (>75%) for phonosurgery and CT
and remained high in subgroup analyses (follow-up period and type of phonosurgery;
Table S6, Supplementary Materials).

The network meta-analysis showed significant outcome differences between phono-
surgery and VT (p < 0.001) and VT and CT (p < 0.001) but not between phonosurgery and
CT (p = 0.198), both of which were most effective (Table S5, Supplementary Materials).
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3.2. Acoustics

Forest plots for this meta-analysis are depicted in Figure 3. The pooled pre- to post-
treatment jitter differences were —1.266% (95% CI: —1.663—-—0.869%; p < 0.001) for phono-
surgery, —0.494% (95% CI: —0.932——0.057%; p < 0.001) for VT, and —1.457% (95% CIL:
—1.615-—1.299%; p < 0.001) for CT. The pooled pre—post shimmer differences were —2.300%
(95% CI: —3.061-—1.539%; p < 0.001) for phonosurgery, —1.487% (95% CI: —3.065-0.092%;
p <0.001) for VT, and —3.181% (95% CI: —3.950-—2.413%,; p < 0.001) for CT. The pooled
pre-post NRH differences were —0.087 dB (95% CI: —0.113——0.061 dB; p <0.001) for
phonosurgery, —0.068 dB (95% CI: —0.118-—0.017 dB; p < 0.001) for VT, and —0.077 dB
(95% CI: —0.096-—0.059 dB; p < 0.001) for CT. All Cohen’s d values were above 0.8
(Table S4, Supplementary Materials).
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Figure 3. Forests plot of acoustic measures [22,23,27-40,44-46,49,50,52].

For shimmer in the VT analysis and jitter in the phonosurgery analysis, there were
significant publication biases (p = 0.026 and p = 0.045, respectively). Heterogeneity was
high for phonosurgery and VT but low for CT (Table S3, Supplementary Materials), with
comparable results in the subgroup analyses (Table S7, Supplementary Materials). For
jitter, the heterogeneity for CT even reached 0%. For all three parameters, the mean
gain after phonosurgery gains was greatest for a follow-up period of >3 months: jitter:
—2.166% (95% CI: —3.925-—0.408%; p = 0.016), NHR: —0.339 dB (95% CI: —0.452-—0.225 dB;
p < 0.001), shimmer: —2.646% (95% CI: —5.039——0.252%; p = 0.030).

In the network meta-analysis, the pooled pre—post improvements of all three acoustic
parameters were significant for all treatment modalities, with jitter and shimmer showing
the strongest improvements with CT and NHR showed the strongest improvements with
phonosurgery (all p < 0.001; Table S5, Supplementary Materials).

3.3. Maximum Phonation Time

The pooled pre- to post-treatment MPT elongations were 3.265 s (95% CI: 2.203—4.328 s;
p < 0.001) for phonosurgery, 2.561 s (95% CI: 1.355-3.766 s; p < 0.001) for VT, and 4.065 s
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Maximum Phonation Time (sec)

(95% CI: 2.045-6.084 s; p < 0.001) for CT (forest plots in Figure 4). All Cohen’s d values were
above 0.8 (Table 54, Supplementary Materials).
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Figure 4. Forest plots of maximum phonation time [22,27,28,30-33,35-37,39-41,43,44,46-48,50,52].

There was no significant publication bias (p > 0.05). Heterogeneity was lowest for VT
with I2 = 65.80%. In the subgroup analyses (Table S8, Supplementary Materials), the mean
pre—post gain was highest for CT if administered for longer than 3 weeks (4.521 s; 95% CI:
1.436-7.606 s; p = 0.004), but heterogeneity was high (95.55%). High pooled MPT gains
of 4.468 s (95% CI: 3.632-5.303 s; p < 0.001) with insignificant heterogeneity of 7.26% was
achieved for CT with phonosurgical laser technology.

In the network meta-analysis, pooled pre-post MPT prolongation was significant for
all treatment modalities and highest for CT (p < 0.001; Table S5, Supplementary Materials).

3.4. Voice Handicap Index—30

Forest plots are shown in Figure 5. The pooled pre-post improvements of the E (emo-
tional) subscale values were —7.072 (95% CI: —10.786-—3.357; p < 0.001) for phonosurgery,
—3.093 (95% CI: —4.440-—1.747; p < 0.001) for VT, and —6.242 (95% CI: —11.913-—0.571;
p = 0.031) for CT. The pooled pre-post gains of the F (functional) subscale values were —7.437
(95% CI: —11.389-—3.485; p <0.001) for phonosurgery, —2.731 (95% CI: —4.162-—1.300;
p <0.001) for VT, and —5.239 (95% CI: —7.124——3.354; p < 0.001) for CT. The pooled pre-to-
post treatment P (physical) subscale enhancements were —10.463 (95% CI: —15.829-—5.096;
p < 0.001) for phonosurgery, —5.022 (95% CI: —6.569-—3.476; p < 0.001) for VT, and —12.200
(95% CIL: —16.668-—7.731; p < 0.001) for CT. The pooled pre—post T (total) score gains
were —22.753 (95% CIL: —29.266——16.240; p <0.001) for phonosurgery, —18.886 (95% CI:
—42.996—5.224; p = 0.125) for VT, and —22.896 (95% CI: —33.529-—12.264; p < 0.001) for
CT. All Cohen’s d values were above 0.8 (Table 54, Supplementary Materials).
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Figure 5. Forest plots of Voice Handicap Index parameters [25,30-32,34,35,39—43,46,47,50-52].

Significant publication biases were evident for the E subscale for CT (p < 0.001),
P subscale for VT (p = 0.027), and T score for VT (p = 0.017) and CT (p < 0.001). The
E, E and P subscales scores showed low to moderate heterogeneity for VT (0—48.9%).
High T score heterogeneity was present for all treatment modalities, with predominantly
high heterogeneity in all subgroup analyses of the VHI parameters for CT and phono-
surgery (Table S9, Supplementary Materials). For all four parameters, the mean pre- to
post-phonosurgery gains were greatest with a follow-up of 1-2 months: E subscale:
—11.106 (95% CI: —17.278—-—4.935; p < 0.001), F subscale: —11.875 (95% CI: —19.680-—4.070;
p =0.003), P subscale: —17.370 (95% CI: —24.860-—9.879; p < 0.001), T score: —35.674
(95% CI: —52.365-—18.982; p < 0.001). Comparing phonosurgery with CT, the network meta-
analysis showed significant improvements (p < 0.001, Table S5, Supplementary Materials) for
all four VHI parameters, except for the T scores (p = 0.674).

4. Discussion

This meta-analysis showed that phonosurgery, VT, and a sequential combination of
both resulted in significant voice improvements in the treatment of vocal fold polyps,
with either phonosurgery alone or phonosurgery followed by VT being the most effective
treatment options, with not much difference. Subgroup analyses did not significantly
reduce heterogeneity.

To optimize treatment pathways, it would be desirable to include morphologic features
of VFP in treatment decisions. We therefore performed an extra subgroup analysis with
regard to the morphological characteristics of polyps using the twelve studies available
for this purpose. The results are sobering and suggest that further research is needed on
this clinical issue. There were six studies that differentiated somewhat in morphologic
characteristics but with no common intersection on these characteristics, let alone even two
studies per treatment format. These six studies describe the following criteria: bilateral
polyps only; unilateral, but no giant polyps; all features and sizes, but polyps must be
positioned at the free edge; all types and features of gelatinous polyps; variable sizes;
and additional different features in two studies. Six studies further defined the size of the
polyp; these studies considered only small to medium-sized polyps. Three studies analyzed
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voice therapy and phonosurgery and one study analyzed their combination. Thus, no
comparative analysis could be performed across all three treatment modalities. By testing
VT and phonosurgery in the small to medium polyp sizes, another problem occurred: these
six studies did not analyze all 11 of our chosen measures. The only intersection between all
studies was maximum phonation time. However, as shown in Table 510, Supplementary
Materials, MPT improved on average by the same amount with both methods, namely, by
2.90 s each, with comparable SD. Thus, although the sample was large, with n = 100 patients
for each of the two groups examined, there was no clinical difference between phonosurgery
and VT in MPT.

Included publications revealed some serious concerns about the risk of bias for many
(20 out of 31) studies and high heterogeneity, including in the subgroups. There was
imprecision only in the VT group for all voice parameters and publication bias in some
cases, but no indirectness.

Our meta-analysis evaluated only the combination of phonosurgery followed by VT,
as our search found only one study [45] reporting initial VT followed by phonosurgery if VT
did not result in sufficient voice improvement. Nonetheless, the latter treatment modality
is recommended in current clinical guidelines for hoarseness [12]. According to our results,
VT alone may also be an effective treatment option for VFP, but showed less improvement
in voice measures than the other methods. Therefore, the efficiency of initial VT may also
be questioned. Moreover, the efficiency of initial or sole VT has been less well studied than
that of the other treatment modalities, and the meta-analysis could only rely on a smaller
number of participants and less variability in VT. Additionally, it is still unclear which
voice exercises in VFP particularly facilitate behavioral changes in voice use or improved
voice function. Two recent network meta-analyses identified four VT programs as effective:
stretch-and-flow phonation, resonant voice, vocal function exercises, and an eclectic VT
program [53,54]. Strong, direct VT concepts for VFP might include VT expulsion [42],
Seong-Tae Kim’s multiple VT technique [27], vocal function exercises [41-43,45,46], and
resonant voice [30-32,41,43,45,46]. Furthermore, polyp characteristics such as small size
influence the success of VT and should be considered [2,55]. Further research is needed to
clarify the effectiveness of the named VT methods, depending on VFP characteristics. Moreover,
vocal hygiene, including environment change (e.g., humidifier in dry air, mask in dusty air,
amplification in a noisy environment), behavior change (e.g., avoiding lifting/pushing heavy
things, loud coughing, throat clearing, excessive alcohol and caffeine consumption, smoking,
late meals, fatty and spicy foods), and vocal habits change (e.g., avoiding shouting, speaking
with anger, loud whispering), is imperative after VFP phonosurgery [26,30-32,35,41-43,45-47].

In clinical practice, polyp-like masses of the vocal folds are occasionally not given
names when diagnosed by stroboscopy or laryngoscopy because of uncertainty about their
histologic nature or dignity (e.g., thin-walled cyst, atypical laryngeal carcinoma); these
patients are then referred to a laryngeal surgeon with diagnoses such as “unclear lesion of
the vocal fold.” In these cases, phonosurgical ablation is the method of choice. Thus, in the
cases of VT alone, our meta-analysis carries some uncertainty as to whether polyps were
really involved. However, that this possibility may have had only a small impact is shown
by the large effect of VT.

Most studies included in our meta-analysis used the VHI-30 as a self-assessment
measure, and only seven studies applied the VHI-10, which is also often utilized in routine
clinical practice [56]. Of these, five studies were already included in this meta-analysis
based on other measures of acoustics, auditory—perceptual judgment, or aerodynamics.
For inclusion in a meta-analysis, the VHI-10 would have had to be used in more than one
study for all three treatment modalities, a constellation that was not found in our search.
Nevertheless, it is useful to consider a VHI that is standardized in terms of its item numbers
in clinical and research evaluations of voice treatments, and we encourage readers to invest
more in standardized multidimensional voice assessments to achieve better comparability
of treatment outcomes.
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According to our meta-analysis, phonosurgery is the first option to be considered in
VEP treatment, but conservative voice rehabilitation plays a crucial role too. Its duration
and type vary widely and post-surgery VT longer than 3 weeks seems to be more effective
than shorter VT (see Tables S6—S9, Supplementary Materials). After phonosurgery, patients
are usually prescribed vocal rest. However, standards on its reasonable duration and the
type of vocal utterances that can be allowed during this period are lacking [57-59]. For
optimal vocal outcome, postoperative VT that includes vocal hygiene and a few weeks
of VT with vocal function exercises, resonant voice, or other exercise programs described
above seems reasonable. A hierarchy of effective voice exercises, starting with a soft voice
with little impact on the vocal folds and progressing to a loud voice for robust daily voice
use, should be compiled and researched.

5. Conclusions

In our meta-analysis, phonosurgery alone and phonosurgery followed by voice ther-
apy are effective in treating dysphonia due to vocal fold polyps. Both phonosurgery alone
and phonosurgery with subsequent voice therapy can result in specific voice-related out-
comes; thus, the type of therapy can be chosen according to the results of the assessment
parameters after phonosurgery. In particular, additional voice therapy should be consid-
ered if a hoarse or unstable voice is still present after phonosurgery. If there is uncertainty
in the clinical diagnosis about the possible dignity of the polyp mass, phonosurgery should
be performed.

Further research on vocal hygiene and rehabilitation strategies after phonosurgery
and on treatment effects according to the size and other morphological characteristics of
vocal fold polyps is recommended.

In addition, further studies and meta-analyses are needed to account for polyp size,
form, mass, length, and impact on glottic configuration in determining whether phono-
surgery, voice therapy, or a combination treatment is most helpful.
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