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Summary: Objective. The evaluation of voice quality is a major component of voice assessment. The aim of the
present study was to develop a new multivariate acoustic model for the evaluation of breathiness.

Method. Concatenated voice samples of continuous speech and the sustained vowel [a:] from 970 subjects with dys-
phonia and 88 vocally healthy subjects were perceptually judged for breathiness severity. Acoustic analyses were conducted
on the same concatenated voice samples after removal of the non-voiced segments of the continuous speech sample.
The development of an acoustic model for breathiness was based on stepwise multiple linear regression analysis. Con-
current validity, diagnostic accuracy, and cross validation were statistically verified on the basis of the Spearman rank-
order correlation coefficient (rs), several estimates of the receiver operating characteristics plus the likelihood ratio, and
iterated internal cross correlations.

Results. Ratings of breathiness from four experts with moderate reliability were used. Stepwise multiple regression
analysis yielded a nine-variable acoustic model for the multiparametric measurement of breathiness (Acoustic Breathiness
Index [ABI]). A strong correlation was found between ABI and auditory-perceptual rating (r, = 0.840, P = 0.000). The
cross correlations confirmed a comparably high degree of association. Additionally, the receiver operating character-
istics and likelihood ratio results showed the best diagnostic outcome at a threshold of ABI = 3.44 with a sensitivity of
82.4% and a specificity of 92.9%.

Conclusions. This study developed a new acoustic multivariate correlate for the evaluation of breathiness in voice.
The ABI model showed valid and robust results and is therefore proposed as a new acoustic index for the evaluation
of breathiness.
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INTRODUCTION
In laryngology and vocology, a main part in voice assessments
is the evaluation of vocal quality. Breathiness is one of the major
subtypes of vocal quality that refers to abnormal voice quality.
Some vocal pathologies are dominantly characterized by
breathiness like nodules with medium or large size,' acute
laryngitis,' paralysis or paresis of the recurrent laryngeal nerve,'”
and vocal fold bowing associated with presbyphonia.” Breathy
voices are characterized by turbulent noise during phonation with
excessively high frequency resulting from air leakage during
glottal closure.’ The concept of breathiness is auditory-perceptually
based, which is the response of the brain to specific acoustic fea-
tures in the voice. In general, in the evaluation of voice quality,
voice clinicians use standardized and quantified auditory-
perceptual rating scales like the Grade, Roughness, Breathiness,
Asthenia and Strain (GRBAS) scale* or Consensus
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Auditory-Perceptual Evaluation of Voice (CAPE-V).” However,
the evaluation of voice quality is subjective, which induces notable
intra-rater and inter-rater variability by the listeners. A recent
overview® presented many factors that influence the reliability
and accuracy of the perceptual evaluation, which can be cat-
egorized in three groups: listener, stimulus, and scale.® Despite
these limitations, the perceptual evaluation remains the candi-
date for gold-standard assessment.®’” First, voice quality is a
perceptual phenomenon by nature and it is related to the re-
sponse of the brain to specific acoustic features that are mainly
associated with periodicity (ie, prominence of fundamental fre-
quency) in the voice signal.® This implies that factors attenuating
the degree or dominance of vocal periodicity contribute to the
perception of increased dysphonia. Second, it is a simple and
efficient method in daily clinical practice to document the pres-
ence, degree, and progression of any type of abnormal voice
quality.® Notwithstanding, to improve the validity and reliabil-
ity in abnormal voice quality judgments, various kinds of
instrumental methods have been developed to quantify abnor-
mal voice quality. Among these methods, acoustic measurements
have received attention because they are the most used diag-
nostic instruments to identify voice disorders in research,’” they
use noninvasive technology,'® they are affordable and easy to use,'"
and they have relatively low costs.'' As such, acoustic measure-
ments have the potential to offer an objective adjunct to existing
perceptual assessments. However, acoustic measurements are tra-
ditionally applied to sustained vowels and less frequently to
continuous speech.® Using acoustic methods to judge voice quality
on sustained vowels alone might exceed a limitation in the eval-
uation of voice quality because the judgment on sustained vowels
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does not necessarily correspond with continuous speech.® Thus,
both speech tasks lower the ecological validity of the judg-
ment of voice quality. Additionally, in past studies, single acoustic
measures revealed poor reliability or poor documentation of im-
provement in voice quality,'>'* plus many acoustic parameters
had low or poor correlation with auditory-perceptual judgment.*"
Therefore, a milestone has recently been reached in acoustic mea-
surements by developing two multivariate acoustic models for
the evaluation of overall voice quality: the Acoustic Voice Quality
Index (AVQI)" and the Cepstral Spectral Index of Dysphonia.'®!”
These models have proven to adequately quantify continuous
speech and sustained phonation in several studies.® It was shown
in all studies that these two acoustic models are valid and robust
tools.®

Meta-analysis identified only a minority (ie, 12 out of 96, or
12.5%) of the acoustic measures to be moderate to strong pre-
dictors of auditorily perceived breathiness.” The measures that
correlated strongest with perceptual ratings of breathiness were
cepstral peak prominence (CPP) and smoothed cepstral peak
prominence (CPPs),'®" glottal-to-noise excitation (GNE) ratio,”
and high-frequency noise (Hfno).?' In general, these four acous-
tic measures revealed the highest outcome to adequately objectify
breathiness for a larger group of voice samples.’ Furthermore,
CPP and CPPs were investigated in many studies and were found
to be the best predictors in continuous speech and sustained
vowels.? To summarize, these parameters had normalization fea-
tures that achieved independence to frequency and sound pressure
level and explain the robustness and high concurrent validity in
the evaluation of breathiness.” However, in the past, several at-
tempts were undertaken to create multivariate models for
breathiness to improve their validity and predictive power, which
are limited in single acoustic markers.”>** Table 1 lists rele-
vant methodological features and outcomes of only the
multivariate acoustic models that have been investigated on con-
current validity and classification accuracy in measuring auditory-
perceptual judgment of breathiness.

The validity outcomes of Table | demonstrate that the use of
a multivariate acoustic model in the evaluation of breathiness
reached moderate to high results in accuracy (45%-77%) and
concurrent validity (r = 0.67-0.92), but the studies listed in the
table mostly included small numbers of subjects. Furthermore,
all of these models contain only one speech task, whereas it can
be beneficial for both perceptual ratings and instrumental anal-
ysis to be based on both speech types to be considered
ecologically valid."” Analogous to the methods of the AVQI, it
was assumed that improved acoustic prediction of breathiness
may be derived from combining both sustained vowels and con-
tinuous speech. To proceed with the example of AVQI, many
studies already investigated its concurrent validity'>*~* as well
as diagnostic precision,'>*~*'#** and they all concluded it to be
robust and ecologically valid in objectifying overall voice quality.

The aim of the present study is to define an acoustic multi-
variate model for the quantification of breathiness that
complements the auditory-perceptual assessment of breathiness.
This study considered concatenated voice samples, a large dataset,
a stricter selection of the rater panel, and various validity
investigations.

METHOD

Subjects

All subjects were recruited from the interdisciplinary otolaryn-
gology and speech-language pathology assessment of the
otolaryngology caseload of the Sint-Jan General Hospital in
Bruges, Belgium, in the period from October 2002 to February
2014. Every voice patient who visited the otolaryngology con-
sultation hour was included for the study. The group consisted
of 970 participants with dysphonia and 88 vocally healthy sub-
jects. The dysphonia group presented various organic and
nonorganic etiologies and various degrees in dysphonia sever-
ity. Laryngological diagnoses were made with a flexible transnasal
chip-on-tip laryngostroboscope (Olympus ENF-V, Olympus
Medical Systems Europa GmbH, Hamburg, Germany).

Tables 2—4 summarize further details of the dysphonia group.
This includes the variety of voice disorders, clinical assessments
(ie, voice range profile,” speaking fundamental frequency,*
jitter%,"’ electroglottal-closed-quotient,”® maximum phonation
time,***" vital capacity,” phonation quotient,” Dysphonia Sever-
ity Index,” AVQI version 03.01,* and Voice Handicap Index*),
and personal details such as age, gender, and occupation. This group
of subjects represents a clinical population of nonorganic and
organic laryngeal pathologies. Considerations include different ages,
gender groups, and different types and degrees of voice quality
disruption and vocally induced disability.

Additionally, this study included vocally healthy subjects
without any reported voice complaints or history of voice, speech,
or hearing problems or disorders. There were 55 women with
amean age of 35.95 years & 16.18 years and 33 men with a mean
age of 34.06 years * 18.50 years. They were free of any voice
abnormality as judged by three experts using the GRBAS scale.*
The assessment of these vocally normal subjects was limited to
the recording of voice samples.

This research was approved by the ethical committee accord-
ing to International Council for Harmonisation of Technical
Requirements for Pharmaceuticals for Human Use-Good Clin-
ical Practice guidelines (ECNR 15/33/343).

Voice sample

All recordings were conducted in a soundproof booth. To verify
the level of environmental noise of the voice recordings post hoc,
guidelines for interpreting signal-to-noise ratio (SNR) by Deliyski
et al’*” were used. All voice samples were consistent with the
recommended SNR norm for acceptable circumstances of acous-
tic recordings and analysis. The results showed a mean SNR of
38.56 dB and standard deviation of 3.78 dB.

The voice samples were recorded using an AKG C420 head-
mounted condenser microphone (AKG Acoustics, Munich,
Germany) with a mouth-to-microphone distance of about 10 cm
and 45° azimuthal angle. The recordings were digitized with a
sampling rate of 44.1 kHz and 16 bits of resolution using the Com-
puterized Speech Lab model 4500 (Kay Pentax, Lincoln Park, NJ).

Every voice sample from each participant contained the con-
catenation of the first 34 syllables (ie, “Papa en Marloes staan
op het station. Ze wachten op de trein. Eerst hebben ze een kaartje
gekocht. Er stond een hele lange rij””) of a Dutch phonetically



TABLE 1.

Multivariate Acoustic Models in the Evaluation of Breathiness Summarized in Their Methodology Features and Outcome

Included Objective Scale of the Auditory- Outcome
Number of Multivariate Measures in Perceptual Judgment Concurrent Classification
Source Subjects Speech Task Statistical Method the Model of Breathiness Validity Accuracy (%)
Hammarberg 17 A short story Stepwise multiple  Differences between the EAI-5 points Multiple 47%
et al® of 92 words regression amplitudes of 0-2 kHz correlation:
analysis and 2-5 kHz, and r=0.69
between 2-5 kHz and
5-8 kHz; mean
fundamental frequency
Hammarberg 16 A short story Stepwise multiple  Long-term average EAI-5 points Multiple 69%
et al® of 92 words regression spectrum between 4 correlation:
analysis and 6 kHz; Long-term r=0.83
average spectrum
between 5 and 10 kHz;
level of the
fundamental
Wolfe et al?’ 102 Sustained vowel  Stepwise multiple =~ Shimmer in percent EAI-7 points Multiple 45%
/a/ and /i/ regression correlation:
analysis r=0.67
Stranik et al®* 593 Phonetically MP5 decision Fo estimated in the EAI-4 points Pearson 77%
balanced text tree cepstral domain; correlation:
of 34 words glottal-to-noise r=0.92

excitation ratio; high-
to mid- or low-
frequency energy; ratio
of number of samples
in voiced parts to the
number of all samples
in record

Abbreviations: EAl, equal-appearing interval; Fo, fundamental frequency.
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TABLE 2.
List of Demographic Characteristics and Type of Voice Dis-
orders From 970 Subjects With Dysphonia

Variable Results
Gender
Male 353 (36.4%)
Female 617 (63.6%)
Age in years (mean + SD) 42.40£21.13
Voice disorder
Functional dysphonia 231 (23.81%)
Nodules 201 (20.72%)
Paralysis or paresis 132 (13.61%)
Polypoid mucosa 73 (7.53%)
(edema)
Cyst 35 (3.61%)
Reflux laryngitis 28 (2.89%)
Polyp 28 (2,89%)
Presbylarynx 26 (2.68%)
Tumor 23 (2.37%)
Chronic laryngitis 22 (2.27%)
Post phonosurgery 17 (1.75%)
Thyroidectomy 15 (1.55%)
Sulcus vocalis 14 (1.40%)
Trauma 12 (1.24%)
Ventricular hypertrophy 12 (1.24%)
Acute laryngitis 11 (1.13%)
Leukoplakia 10 (1.03%)
Other benign voice 40 (4.12%)
disorders
Other voice disorders 20 (2.06%)
related to surgery
Other neurologic voice 20 (2.06%)
disorders
Profession
Pensioner 197
Pupil 135
Teacher 110
Student: future 69
professional voice user
Child care worker 40
Secretary or 39
administrative work
Salesman 34
Student: non—future 30
professional voice user
Manager 28
Nurse 27
Housewife 17
Nonworker 14
Social worker 12
Cleaning woman 11
Waiter 10
Consulting 10
Others without further 140

clustering or a low
number of a specific
profession
No data available in the 47
medical file

balanced text (“Papa en Marloes”)*** and a sustained phona-

tion of 3 seconds without voice onset and voice offset from the
vowel [a:]. For both recordings, the participants used comfort-
able pitch and loudness, and voice samples were saved in WAV
format. The application of these selected durations of the two
speech types was found as highly ecologically valid because of
equal proportion of continuous speech and sustained vowel seg-
ments in acoustic analyses.’” Furthermore, this length of
concatenated voice samples showed a consistent rating of voice
quality in perceived judgment estimating the presence and degree
of severity of a voice.®

Auditory-perceptual judgment

For the auditory-perceptual judgment of breathiness, an expert
panel of 12 native Dutch speech-language therapists rated the
breathiness severity. The panel consisted of nine women and three
men specialized in voice disorders with a professional experi-
ence in auditory-perceptual judgment ranging from 4 to 41 years
(mean = 22.3 years, and standard deviation = 11.4 years). Each
listener rated the breathiness severity of each concatenated voice
sample with one judgment for the whole sample (ie, one single
wave sound; see Figure 1). They used Hirano’s Breathiness (B)
from the GRBAS scale,* which represents the degree of the extent
of air leakage through the glottis. As recommended by Wuyts
et al,” the judges used the ordinal four-point equal-appearing
interval scale (ie, O = normal voice or absence of breathiness,
1 = slightly breathy, 2 = moderately breathy, and 3 = severely
breathy). All voice samples were presented in a quiet room with
a low ambient noise level lower than 40 dB,, measured with a
calibrated PCE-322A sound level meter (PCE Inst., Meschede,
Germany). They were presented to each listener individually at
a comfortable loudness level through an external soundcard from
Creative Soundblaster x-fi 5.1. USB (Creative Technology LTD,
Singapore) and a Beyerdynamic DT 770 PRO 80€2 headphone
(Beyerdynamic GmbH & Co. KG, Heilbronn, Germany). Every
listener was allowed to repeat each voice sample as often as nec-
essary before making a final decision.

All voice samples were judged randomly, totaling four to five
sessions. Every rating session contained about 250 voice samples
with a duration of about 2 hours. Furthermore, all judges were
blinded regarding the identity, diagnosis, and disposition of the
voice samples. To assess intra-rater reliability, 104 voice samples,
approximately 10% of the 1058 voice samples, were selected
randomly. These voice samples were repeated a second time at
the end of the perceptual judgment without informing the lis-
teners that stimuli were repeated.

Internal factors such as fatigue, attention, and low concen-
tration may contaminate auditory ratings® and were therefore
controlled by using a short break after every 25th rating. Fur-
thermore, as recommended by Chan and Yiu,*” anchor voices
were used to putatively increase the reliability of listener ratings
by judging voice quality. Thus, six samples of concatenated con-
tinuous speech and sustained phonation were selected from the
database from previous investigations. The selection criteria of
the anchor voices were based on prior unanimous agreement
across judges adhering to the three severity degrees of slightly,
moderately, and severely hoarse. Two sets of samples with
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TABLE 3.
List of Clinical Assessments in the Dysphonia Group From 970 Subjects
Clinical Assessment No Data
Category Parameters Mean SD Range Available*
Sex-independent parameters
Acoustics: voice Frequency range (in semitones) 27.76 7.64 2-62 43
range profile Intensity range (in dB) 47.00 10.98 1-70 43
Acoustics: Jitter% 2.358 2.210 0.028-24.445 69
periodicity
Multiparametric Dysphonia Severity Index 0.19 4.54 -30.25 to 10.64 133
indices Acoustic Voice Quality Index version 03.01 3.89 2.01 -0.511t0 11.34 0
Subjective Voice Handicap Index—Total 42.42 22.61 0-108 188
(self-)evaluation Voice Handicap Index—Functional 11.36 8.24 0-40 188
by patient Voice Handicap Index—Physical 19.23 8.08 0-40 188
Voice Handicap Index—Emotional 11.79 8.87 0-38 188
Aerodynamics Phonation quotient (mL/s) 269.98 155.43 68.50-1475.00 56
Electroglottography Electroglottal-closed-quotient (in %) 43.83 8.56 26.26-182.63 528
Sex-dependent parameters
Acoustics: speech Speaking fundamental frequency (in Hz)
range profile Male 154.40 49.84 78.46-300.21 79
Female 196.67 48.00 71.8-984.23 105
Acoustics: voice Highest frequency (in Hz)
range profile Male 545.73 238.92 69.30-2352.30 24
Female 698.99 230.25 146.83-1567.98 15
Lowest frequency (in Hz)
Male 110.23 52.43 58.26-554.37 26
Female 141.01 57.83 55.00-886.00 16
Maximum intensity (in dB)
Male 103.91 9.46 65-127 25
Female 103.32 8.40 64-120 16
Minimum intensity (in dB)
Male 58.11 6.22 41-79 24
Female 56.47 5.60 44-85 15
Aerodynamics Vital capacity
Male 3705.36  1286.71 900-6850 36
Female 3077.01 837.27 800-5600 21
Maximum phonation time
Male 15.26 8.47 1.47-49.80 20
Female 14.24 6.25 1.13-47.36 10

* No data were available because of no sufficient periodicity (ie, voice range profile, Jitter%, Dysphonia Severity Index, electroglottography), unworkable
assessments in children’s voices like Dysphonia Severity Index and Voice Handicap Index, and practical reasons of consultation hour.

continuously increasing hoarseness (ie, three samples per set)
were played for the listeners as anchors (ie, one for breathiness,
one for roughness). Each listener heard these two sets at the be-
ginning and after the break of every 25th rating.

Acoustic measures

All acoustic analyses were applied to only an appendage of voiced
segments of continuous speech (voiced segment extraction and
concatenation was done with the Praat script of Maryn et al')
with a 3-second mid-[a:] segment (see Figure 2). These chained
sound files were analyzed with the freely available and down-
loadable software package “Praatf” version 5.3.57 (Paul Boersma
and David Weenink; Institute of Phonetic Sciences, University
of Amsterdam, The Netherlands: http://www.praat.org/). Based
on the meta-analysis regarding the correlation between acous-
tic measurement and auditory-perceptions of breathiness,” a list

with detailed information of 28 acoustic voice markers (Table 4)
was retained. These markers (1) hold promise in objectively quan-
tifying auditorily perceived breathiness, and (2) could be
determined or calculated in Praat. A custom-made Praat script
designed by one of the authors (Y.M.) was used to automati-
cally calculate these 28 acoustic measures and to store their
numerical output.

Statistical analysis

All statistical analyses were completed using SPSS Statistics 22.0
(IBM Corp., Armonk, NY), except when otherwise stated. First,
the intra-rater reliability of the 12 raters was assessed using the
Cohen kappa coefficient (Ck) analyzed with the R-Studio v3.0.1
software package (R Core Team, Vienna, Austria). This statis-
tic is a chance-corrected index of the agreement between the
ratings of two judges or between two ratings, yielding values
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0.5597

Sound pressure (Pa)

-0.6293
0

silence 12135

Time (s)

FIGURE 1. Oscillogram of a concatenated voice sample (derived from subject 979), as used in the auditory-perceptual evaluation of this study.
It is divided in three areas. The left portion reflects the first 34 syllables of the “Papa en Marloes” text. The right area reflects the middle 3 seconds
of a sustained /a/. Both samples were separated by 1 second of silence (area in the middle marked with dashed lines).

of Ck =1 for perfect agreement and Ck = 0 when agreement is
no better than that by chance.* To assess the agreement of inter-
rater reliability among the 12 judges, we computed the kappa
coefficient according to Fleiss,” who extended the Ck for more
than two judges. The Fleiss kappa (Fk) was determined by also
using the software package of R-Studio v3.0.1. Both Ck and Fk
reached an acceptable reliability level at minimally moderate
agreement from k > 0.41. Furthermore, significant changes (ie,
considered statistically significant at P <0.01) in all kappa values
were tested using bootstrapping with 10,000 replications based
on a script by Van Belle.®” To establish a group of raters with a
homogeneous and high level of reliability, the following crite-
ria were followed (next to their long-standing experience in
clinical rating voice quality as speech-language therapists), which
are identical to the method described by Barsties and Maryn*":
(1) no significant differences were found in the intra-rater Ck
results between all pairs of raters; (2) each rater reached intra-
rater reliability with a level of Ck > 0.41%; (3) all remaining raters
with representative and comparably high intra-rater reliability
were analyzed to find a homogenous rater group with

0.5597+

inter-rater reliability of Fk > 0.41.% If the Fk result is signifi-
cantly better by excluding a rater, the rater with the highest
significant value has to be excluded for the next round. Thus,
in each round, we used a backward stepwise method to exclude
the rater with the highest significant kappa value in compari-
son with the Fk for all tested raters. This procedure was repeated
until a minimum kappa value of 20.41 was achieved without sig-
nificantly better Fk results for one rater of the group who was
excluded in comparison with the Fk for all tested raters.
Second, to strengthen the validity between acoustic measure-
ment and the selected rater panel of auditory-perceptual judgment,
further analysis was performed only on voice samples that were
labeled as normal voice or absence of breathiness, slightly breathy,
moderately breathy, and severely breathy with a minimum of 50%
consensus of the perceived judgment. Thus, this methodologi-
cal step prevents including only clear classified voice samples.
Third, to assess the predictive validity between the single acous-
tic measures and the Bnean (i€, average B-score over the
abovementioned selected rater panel with the best reliability) in
the concatenated voice samples, the Spearman rank-order

Sound pressure (Pa)

-0.6293+
0

6.031

Time (s)

FIGURE 2. Oscillogram of a concatenated voice sample (derived from subject 979), as used for the acoustic analyses of this study. It is divided

in two areas separated by a gray line in the figure. The left area reflects the concatenated voiced segments of the first 34 syllables of the “Papa en

Marloes” text. The right area reflects the middle 3 seconds of a sustained /a/.
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TABLE 4.

List of 28 Acoustic Measures of the Custom-made Praat Script

Category

Acoustic Measures

Abbreviation

Fourier and linear
prediction
coefficients
spectra

Frequency short-term
perturbation
measures

Frequency short-term
perturbation
measures

Amplitude short-term
perturbations
measures

Combines spectral
and perturbation
features

Four parameters of relative level of high-frequency noise between energy:

- from 0 to 6 kHz and energy from 6 to 10 kHz

— from 0 to 1 kHz and energy from 1 to 10 kHz

— from 0 to 2 kHz and energy from 2 to 10 kHz

— from 0 to 1 kHz and energy from 1 to 4 kHz

Harmonics-to-noise ratio from Dejonckere and Lebacq,®® which analyzes the harmonic
emergence of the spectral display by comprising the frequency bandwidth between
500 Hz and 1500 Hz. A cepstrum was performed to determine Fo and thus to localize
the harmonic structure in the long-term average spectrum.

Differences between the amplitudes of the first and second harmonics in the spectrum.

To localize the first harmonic peak, a cepstrum was performed for Fy determination.

The smoothed cepstral peak prominence is the distance between the first harmonic’s
peak and the point with equal quefrency on the regression line through the
smoothed cepstrum.

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

General slope of the spectrum is defined as the difference between the energy in
0-1000 Hz and the energy in 1000-10,000 Hz of the long-term average spectrum.

Tilt of the regression line through the spectrum is the difference between the energy in
0-1000 Hz and the energy in 1000-10,000 Hz of the trendline through the long-term
average spectrum.

The period standard deviation is the variation in the standard deviation of periods in
which the length of the sample is important for a valid computation of the standard
deviation.

To correct the feature of nonlinearity in PSD, a natural logarithm is used.

Three jitter variations:

- Jitter local is the average difference between successive periods,
divided by the average period

— Jitter of relative average perturbation is the average absolute
difference between a period and the average of it and its two
neighbors, divided by the average period

— Jitter of five-point period perturbation quotient is the average absolute

difference between a period and the average of it and its four closest
neighbors, divided by the average period
Five shimmer variations:

- Shimmer local is the absolute mean difference between the amplitudes

of successive periods, divided by the average amplitude

— Shimmer local dB is the base-10-logarithm of the difference between
the amplitudes of successive periods, multiplied by 20

— Shimmer of the three-point amplitude perturbation quotient is the

average absolute difference between the amplitude of a period and the

average of the amplitudes of its neighbors, divided by the average
amplitude
— Shimmer of the five-point amplitude perturbation quotient is the

average absolute difference between the amplitude of a period and the

average of the amplitudes of it and its four closest neighbors, divided
by the average amplitude
— Shimmer of the 11-point amplitude perturbation quotient is the

average absolute difference between the amplitude of a period and the
average of the amplitudes of it and its 10 closest neighbors, divided by

the average amplitude
Eight acoustic measures based on the glottal-to-noise-excitation (GNE) ratio:*
maximum frequency of 4500 Hz and 3500 Hz, the GNE mean with a bandwidth of

1000 Hz and 3000 Hz, the GNE sum with a bandwidth of 1000 Hz and 3000 Hz, and the

GNE standard deviation with a bandwidth of 1000 Hz and 3000 Hz

Hfno-6000 Hz
Hfno-1000 Hz
Hfno-2000 Hz
Hfno-4000 Hz

HNR-D

H1-H2

CPPs

HNR
Slope

Tilt

PSD

LNPSD
Jit,
Jit-RAP,
Jit-PPQ

Shim,
Shim-dB,
Shim-APQ3,
Shim-APQ5,
Shim-APQ11

GNEmax-4500 Hz, GNEmax-
3500 Hz

GNEmean-1000 Hz,
GNEmean-3000 Hz

GNEsum-1000 Hz, GNEsum-
3000 Hz

GNEsd-1000 Hz,
GNEsd-3000 Hz
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correlation coefficient (r;) and the coefficient of determination
(rs?) between B and the 28 acoustic measures were calcu-
lated. Interpretation guidelines for r, were provided by Frey et al.®®

Fourth, to construct an acoustic model using the combina-
tion of the best acoustic predictors of breathiness, a stepwise
multiple linear regression was applied. A multiple regression equa-
tion was constructed based on the unstandardized coefficients
of the statistical model with a level of significance at P < 0.05.
Furthermore, the multiple regression model was tested for its
normality, linearity, homoscedasticity, and independence.® The
linearity was inspected for plot regression-standardized residu-
als and regression-standardized predicted values with the
dependent variable of auditory-perceptual judgment of breathiness.
Judging the linearity assumption, we need to show a random-
ized distribution of negative and positive values with no obvious
pattern in the plot. To test the independence, the Durbin-
Watson statistic was used. This statistic provides a test for
significant residual autocorrelation. Values closer to 2.0 mean
that residuals are uncorrelated and confirm independence.” Values
less than 1.0 or greater than 3.0 are definitely a cause for concern
in independence.” The homoscedasticity is evaluated with the
Breusch-Pagan test. Homoscedasticity is not present if the P value
is less than P < 0.05. For testing the normality of the whole dis-
tribution, the Anderson-Darling test was used.’”' Normality is not
present if the P value is less than P < 0.05. Additionally, the mul-
ticollinearity was analyzed to avoid confounding of high
correlations between the acoustic variables. Therefore, we used
the variance inflation factor (VIF), which is the reciprocal of tol-
erance: 1/(1-r%). It indicates the degree to which the standard errors
are inflated because of the levels of multicollinearity. VIF values
of 10 or greater were shown as indicative of problematic
multicollinearity.”

Finally, to simplify the interpretation of the scores of the equa-
tion for clinical use, this model was linearly rescaled so that the
outcomes of the equation ranged from 0 to 10. Finally, the rescaled
model was called Acoustic Breathiness Index (ABI).

Fifth, to investigate the concurrent validity of ABI, the r; and
1> between Bea and ABI were calculated. The interpretation
of the r; outcome was addressed to the guidelines by Frey et al.®®

Sixth, to examine the diagnostic accuracy of ABI, several es-
timates of the receiver operating characteristics (ROC) and
likelihood ratio (LR) were evaluated. Diagnostic precision of ABI
was evaluated by its sensitivity (ie, correctly identified breathiness
which tested positive on ABI) and specificity (ie, correctly iden-
tified breathiness when they tested negative on ABI) related to
the ROC outcome. The sensitivity and specificity can vary de-
pending on the chosen threshold of ABI to define a positive result.
This trade-off between sensitivity and specificity was graphi-
cally produced by generating the ROC curve. To create the ROC
curve from ABI, a point, per ABI threshold, was plotted, which
represented the true-positive rate (ie, sensitivity) on the ordi-
nate and the false-positive rate (ie, 1 — specificity) on the abscissa.
A voice sample was considered without breathiness when modal
agreement between the selected judges scored a voice sample
with a mean breathiness result of By < 0.5. A breathy voice
was considered as Biean = 0.50. Thus, breathiness ratings ranged
from Bpean = 0.50 to <3. Furthermore, the ability of ABI to dis-

criminate between normal and breathy voices was represented
by the “area under ROC curve” (Aroc). An Aroc = 1.0 is found
for measures that perfectly distinguish between normal and
breathy voices. An Agroc = 0.5 corresponds with chance-level di-
agnostic accuracy.”” Additionally, to provide further evidence
regarding the value of a diagnostic measure and to help reduce
problems with sensitivity or specificity related to the base-rate
differences in the samples (ie, the uneven percentages of 8%
normophonia, and 92% dysphonia in the 1058 voice samples),
LRs should also be calculated.” The “LR for a positive result”
(LR+) yields information regarding how the odds of the disease
increase when the test is positive. LR+ provides information re-
garding the likelihood that an individual is breathy when testing
positive. The “LR for a negative result” (LR-) is an estimate
that helps to determine if an individual does not have a partic-
ular disorder when testing negative on the diagnostic test. LR—
provides information regarding the likelihood that an individ-
ual has no breathiness when testing negative. As a general
guideline, the diagnostic value of a measure is considered to be
high when LR+ >10 and LR— <0.1.” Because LR statistics con-
sider sensitivity and specificity simultaneously, they are less
vulnerable to sample size characteristics and base-rate differ-
ences in the sample between normal and breathy voices.”

Seventh, cross-cohort validation was achieved on the number
of all selected voice samples. Therefore, a new selected set of
these data was used because concurrent validity might differ from
the one on which it was initially modeled. This methodologi-
cal step was necessary to explore whether the initial model loses
accounted variance (r,%) and concurrent validity when used on
groups other than the group on which it was developed. There-
fore, 1, scores between B-scores and ABI scores were calculated
for 50 randomly selected subgroups of 10, 50, 100, 250, and 400
voice samples. This method of cross-cohort validation is similar
to a method described by Maryn et al."

RESULTS

Reliability of auditory-perceptual judgment and final
selection of the rater panel

Intra-rater reliability showed no significant differences in Ck
values (t = 11.509, P =0.403) between all 12 raters, but four raters
did not reach the minimum of the acceptable reliability level
(Ck=0.32t0 0.39) and had to be excluded. The remaining eight
raters had a range of Ck between 0.43 and 0.54.

Inter-rater reliability was executed on the remaining eight raters
who reached an Fk of 0.31, and a significantly better Fk result
was found if three raters were excluded (t =13.9, P = 0.000, to
t=43.195, P =0.000). After the fifth round, the Fk increased suf-
ficiently and this was the first time the minimal rater reliability
of Fk =0.41 was reached in the group with four raters. Unfor-
tunately, there was still a significantly better Fk result if one rater
was excluded (t=6.78, P =0.009). Avoiding the exclusion of
too many raters (ie, in the worst case, only a single rater remains),
we decided to deviate from our criteria. Thus, we followed only
the criteria of a rater panel with acceptable rater reliability and
tolerated a significant improvement in rater reliability by ex-
cluding further raters. Finally, all analyses of perceptual Bean
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FIGURE 3. Frequency distribution of the mean auditory-perceptual breathiness ratings (average of B-scores of the four identified judges) of the

1042 concatenated voice samples.

ratings were conducted on the panel of the four raters men-
tioned above. This rater panel judged the breathiness severity
of the 1058 voice samples. The breathiness judgment of only
16 voice samples showed a lower than 50% consensus between
the four raters. This was necessary to assign each voice sample
to a specific breathiness severity. In these 16 cases, the specific
assignment of a severity was not feasible and thus, these voice
samples were excluded from further analyses.

Figure 3 shows the distribution of the 1042 evaluated voice
samples by this panel of the four selected raters. These samples
were used for further analyses.

Concurrent validity of single acoustic measures and
multivariate model

Table 5 summarizes the descriptive data for the 28 acoustic mea-
sures by separating the voice samples between perceptually judged
non-breathy voices (n = 127) and breathy voices (n =915). The
correlations (r,) and coefficients of determination (r,%) between
Buean and these 28 acoustic measures are shown in Table 6. The
concurrent validity of the single acoustic measures revealed a
wide range of high absolute r,-values® (eg, CPPs: r; = 0.768 and
most of GNE parameters ranging from r, = 0.718 to r; = 0.705)
and very low absolute rs-values (eg, PSD: r, = 0.069, LNPSD:
1= 0.069, HI-H2: r; = 0.098). The strongest correlation was iden-
tified for CPPs (1, = —0.768), which explained 59% of the variation
of the auditory-perceptual judgment of breathiness. Further-

more, with the exception of PSD and LNPSD, for which low
significant correlations were found (P < 0.05), all correlations
were significant at P < 0.01.

Furthermore, the statistics of normality, linearity,
homoscedasticity, independence, and multicollinearity showed
the following results for the ABI model. The linearity of the model
had a randomized distribution of negative and positive values
with no obvious pattern in the plot. The independence of the
model showed a value of 1.975 in the Durbin-Watson test and
it confirmed that the residuals are uncorrelated. There were also
no problems in multicollinearity because the VIF was less than
10 in all acoustic parameters. However, the results of the Breusch-
Pagan test confirmed heteroscedasticity of the model, because
the P level was P < 0.000.

Heteroscedasticity exists through more deviation of some ABI
results related to the perceived breathiness degree. The promi-
nence breathiness degrees with the highest deviation between
ABI scores and perceived breathiness judgment were at the
degrees of slightly and severely breathy voices. More disagree-
ment at the perceived degrees of slight breathiness judgment was
found,® and the higher level of deviation could also be ex-
plained for the current data. At severely breathy degrees, acoustic
measurements showed numerous variations of consistency because
the voice signal is irregular or aperiodic in nature. These find-
ings are especially present in acoustic measures that are based
on fundamental frequency.”™ This effect of variation might explain
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TABLE 5.

Descriptive Outcomes of the 28 Acoustic Measures Between Non-breathy and Breathy Voice Samples

Non-breathy Voices (n = 127)

Breathy Voices (n = 915)

Acoustic Measures Mean SD Maximum Minimum Mean SD Maximum Minimum
Hfno-1000 Hz (dB) 1.53 0.88 1.80 1.30 1.60 0.12 1.91 1.11
Hfno-2000 Hz (dB) 1.80 0.13 2.13 1.49 1.83 0.13 2.27 1.29
Hfno-4000 Hz (dB) 1.40 0.07 1.62 1.20 1.47 0.10 1.73 1.02
Hfno-6000 Hz (dB) 2.09 0.15 2.60 1.74 1.96 0.20 2.82 1.15
HNR-D (dB) 25.14 4.43 33.30 14.01 25.78 4.33 34.30 14.40
GNEmean-1000 Hz 0.31 0.03 0.36 0.25 0.26 0.04 0.36 0.10
GNEsum-1000 Hz 809.22 66.10 949.28 641.39 673.74 108.59 945.52 270.73
GNEsd-1000 Hz 0.40 0.03 0.47 0.32 0.33 0.05 0.46 0.13
GNEmax-4500 Hz 0.92 0.04 0.99 0.75 0.81 0.11 0.99 0.33
GNEmean3000 Hz 0.04 0.003 0.05 0.03 0.03 0.006 0.05 0.01
GNEsum3000 Hz 18.10 1.33 20.32 13.78 14.81 2.51 20.31 4.75
GNEsd-3000 Hz 0.18 0.01 0.21 0.14 0.15 0.03 0.21 0.05
GNEmax-3500 Hz 0.88 0.06 0.98 0.69 0.72 0.12 0.97 0.30
H1-H2 (dB) 3.37 2.75 13.26 —-4.14 5.19 4.08 16.93 -11.31
PSD (s) 0.001 0.0004 0.002 0.0003 0.0009 0.0006 0.004 0.0002
LNPSD (s) -6.97 0.38 -5.91 -8.05 -7.18 0.56 -5.46 -8.80
CPPs (dB) 14.38 1.70 18.21 7.47 10.82 2.52 17.63 2.62
Jit (%) 1.72 0.55 4.58 0.80 1.82 0.92 8.90 0.74
Jit-RAP (%) 0.77 0.31 2.61 0.33 0.89 0.53 5.59 0.24
Jit-PPQ (%) 0.87 0.33 2.79 0.43 0.99 0.58 6.19 0.30
Shim (%) 4.38 1.62 13.40 2.14 5.92 3.35 23.38 1.85
Shim-dB (dB) 0.47 0.13 1.23 0.28 0.59 0.28 1.93 0.30
Shim-APQ3 (%) 1.71 0.84 7.47 0.82 2.65 1.73 11.00 0.73
Shim-APQ5 (%) 2.21 0.86 7.23 0.85 3.22 2.02 16.77 0.99
Shim-APQ11 (%) 3.42 1.29 9.33 0.98 4.44 2.50 21.06 1.19
HNR (dB) 18.03 2.56 22.75 7.42 16.80 3.97 25.80 1.22
Slope (dB) -22.33 3.77 -12.24 -31.83 -25.02 4.89 -5.72 -36.28
Tilt (dB) -10.75 0.70 -8.92 -12.76 -9.31 1.27 -4.08 -12.44

the higher deviation at severely breathy voices. Both effects of
higher deviations are expected and reflect the current state of
the art for dysphonia.

Furthermore, the model was analyzed as not normally dis-
tributed based on the results of the Anderson-Darling test
(P <0.0005). This result can be explained by the heterogenic
group of healthy subjects and subjects with voice disorders who
have different voice complaints and degrees of dysphonia. Het-
erogeneity commonly implies a non-normal distribution. The aim
of the current study was to include as many as different voice
disorders and a group of healthy subjects, assessing a wide range
of various degrees in voice quality. The included subjects of the
current study were comparable with the results of epidemio-
logical studies of dysphonia under consideration of the range
and frequency of dysphonia severity level.”

All results of assumptions for multiple regression analysis qual-
ified all expectations to use multiple regression analysis with the
current data.

The stepwise multiple regression analysis revealed that a com-
bination of nine acoustic variables best predicted the perceived
breathiness judgment. The equation, based on the unstandardized
coefficients of the regression, is as follows: ABI =4.668 —
(0,172*CPPs) — (0.193*Jit) — (1.283*GNEmax-4500 Hz) —
(0.396*Hfno-6000 Hz) + (0.01*HNR-D) + (0,017*H1-H2) +

(1.473*Shim-dB) — (0.088*Shim) — (68.295*PSD). The results of
this equation ranged from —0.38 to 3.04. For practically clinical
application, the equation was linearly rescaled on a scale with values
that range between 0 and 10. The resulting equation is as follows:
ABI = (5.0447730915 — [0.172*CPPs] — [0.193*]it] — [1.283*
GNEmax-4500 Hz] — [0.396*Hfno-6000 Hz] + [0.01*HNR-
D] + [0.017*H1-H2] + [1.473*Shim-dB] — [0.088*Shim] —
[68.295*%PSD])*2.9257400394.

The results of the ABI model clearly showed a positive re-
lationship with the auditory-perceptual judgment of breathiness,
and thus the higher an ABI score, the more severe the breathiness
severity and vice versa. The correlation between the result of
ABI and the Bpean-scores was 1, = 0.840 (P = 0.000), revealing
high concurrent validity.® This proportional relationship between
Bmean and ABI is illustrated in Figure 4. The coefficient of de-
termination was r’ = 0.706, indicating that 70.6% of the variance
in Buean Was accounted for by ABIL.

Diagnostic accuracy of ABI

To evaluate the diagnostic accuracy of ABI and its ability to dis-
tinguish non-breathy voices from breathy voices, a ROC curve
was constructed (see Figure 5). The Aroc was 0.948 and re-
vealed high discriminatory power to distinguish non-breathy
voices from breathy voices. The ROC curve was also used to
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TABLE 6.

Correlation Coefficients (rs) and Coefficients of Determi-
nation (r:?2) Between the Auditory-Perceptual Judgment
of Breathiness and the 28 Acoustic Measures

Acoustic Measure re I
PSD —.069* .00
LNPSD —.069* .00
H1-H2 .098** .01
Hfno-2000 Hz —.1563** .02
Jit 176%* .03
Slope - 179** .03
Hfno-1000 Hz .198** .04
Hfno-4000 Hz .235** .06
HNR-D —.254%% .06
Jit-RAP .261%* .07
Jit-PPQ e .07
HNR —.412%% 17
Shim-APQ11 4B7** .21
Shim-dB 489%* .24
Hfno-6000 Hz —.494%* .24
Shim L495%* .25
Shim-APQ5 .536*%* .29
Shim-APQ3 .552%* .30
Tilt .628%* .39
GNEmean-1000 Hz —.683%* 47
GNEsum-1000 Hz —.683** 47
GNEsd-1000 Hz —.691%* .48
GNEmean3000 Hz —.705%* .50
GNEsum3000 Hz —.705%* .50
GNEsd-3000 Hz —.705%* .50
GNEmax-3500 Hz —.715%* .51
GNEmax-4500 Hz —-.718%* .52
CPPs —.768%* .59

* Correlation is significant at the 0.05 level (two-tailed).
** Correlation is significant at the 0.01 level (two-tailed).

identify a cutoff score that achieved the best balance between
sensitivity and specificity and would provide optimal discrim-
ination between the presence and the absence of breathiness. The
ABI threshold of 3.44 was chosen as the optimal cutoff score.
First, a very high specificity of 92.9% was reached to classify
correctly almost all subjects with non-breathy voices. Further-
more, a high sensitivity of 82.4% was found, which classified
correctly the subjects with breathy voices. Second, the likeli-
hood analysis for this ABI threshold revealed the best balanced
outcome for discriminatory power in LR+ and LR statistics.
Thus, sufficient LR+ was reached at 11.63, which complied with
the recommendation of LR+ >10.” This indicates that a posi-
tive ABI score (ie, ABI > 3.44) is very likely to belong to a person
with a breathy voice. The LR— result reached only 0.19 and was
slightly above the recommendation of LR— <0.1. Generally, the
lower the LR—, the more confident the clinician can be that a
person with a below-threshold ABI score (ie, <3.44) has an
absence of breathiness. An LR— <0.10 indicates that a low ABI
score is very likely to have come from a person without a breathy
voice.”

Cross-cohort validation of ABI

The 50 iterated cross-cohort analyses yielded median correla-
tions of 0.835, 0.838, 0.841, 0.843, and 0.843 for randomized
subgroups of 10, 50, 100, 250, and 400 voice samples, respec-
tively. All these results were nearly identical to the original
correlation for all 1042 voice samples. Figure 6 represents the
distribution of these cross-cohort correlations. The median cor-
relation gradually increased by extending the size of the
subgroups, and the variation in the correlations decreased con-
siderably (eg, sub10 with a range of 1, = 0.576, sub50 with a range
of 1, =0.246, sub100 with a range of r, = 0.123, sub250 with a
range of r, =0.095, and sub400 with a range of r;=0.063). A
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FIGURE 4. Scatterplot and linear regression line illustrating the proportional relationship between Acoustic Breathiness Index and Bpean (the

two lines above and under the regression fit line delineate the upper and the lower boundaries, respectively, of the 95% prediction interval).
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FIGURE 5. ROC curve illustrating the diagnostic accuracy of

ABI.

wide variation plus outliers was apparent only in a very small
subgroup of 10 selected voice samples (ie, ranged from r, = 0.375
to ry = 0.951). However, the concurrent validity was mainly con-
centrated at r, > 0.80 in all subgroups. These results suggest the
stability of ABI across subsets of voice recordings.

DISCUSSION
The aim of this research was to develop an acoustically based
quantification of breathiness in voice with research methods anal-
ogous to those applied for the development of AVQI.!'>3%#!

Therefore, concatenated voice samples of continuous speech and
sustained vowel [a:] segments were used. Concatenated voice
samples showed perceptually and acoustically high ecological
validity in the evaluation of voice quality. In several investiga-
tions, the stepwise multiple regression analysis showed the highest
concurrent validity in comparison with single acoustic mea-
sures by creating a multivariate acoustical model to identify the
most robust acoustic predictors in overall voice quality.'>?*2%303
Therefore, this statistical analysis model was used to find the
best acoustic predictors in a multivariate model for breathiness
as well.

The present study attempted to explore a new acoustic mul-
tivariate model for breathiness based on the following. First, a
selection of acoustic predictors in breathiness was used.’ Second,
a large number of normophonic and dysphonic voice samples
were included. Finally, a strict selection of the rater panel based
on the knowledge of several affecting factors® disturbing the per-
ceived judgment plus more critical statistical selection criteria
in rater reliability were implemented. In this attempt, 28 acous-
tic measures were used. For clinical and practical reasons, Praat
freeware was chosen. The most used parameters were spectral
or cepstral markers (ie, Hfno, HNR-D, H1-H2, HNR, slope, tilt,
and CPPs). Furthermore, frequency perturbation (ie, PSD,
LNPSD, and jitter), amplitude perturbation measures (ie,
shimmer), and GNE, which combines spectral and perturba-
tion features, were used.

Absolute correlation coefficients between these single acous-
tic variables and B.n-scores revealed marked correlations for
the CPPs and the majority of GNE measures. The findings that
these two parameters are the most powerful predictors of
breathiness have previously been reported in literature.’ They
are especially designed for the determination of breathiness. '
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FIGURE 6. Box-and-whisker plots and median illustrating the cross correlations between B and ABI for 50 subgroups of 10, 50, 100, 250, and
400 randomly chosen voice samples of the dataset with 1042 voice samples.
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The present development of a weighted algorithm of
multiparametric analysis based on stepwise multiple regres-
sion created a model for breathiness (ie, ABI) consisting of nine
acoustic measures. The two most predictive constituents in this
model were CPPs and GNEmax-4500 Hz. These two param-
eters were also the best predictors as single acoustic measures
for the evaluation of breathiness. Although only GNE and CPPs
parameters revealed marked absolute correlations between
auditory-perceptual judgments (ie, 15 > 0.70) in the present study,
the ABI model included only one GNE parameter. However,
Hfno-6000 Hz, HNR-D, and H1-H2 were also implemented in
ABI, which have been found to predict breathiness as well.” Al-
though LNPSD revealed the status of an acoustic predictor for
breathiness,® the non-logarithmic form of PSD was imple-
mented in ABI. Both LNPSD and PSD reached the lowest
bivariate correlations with the auditory-perceptual judgment (ie,
both r; = —0.069), but PSD was a significant contributing factor
in the ABI model. The last three measures that were part of ABI
were standard perturbation measures in which two amplitude per-
turbation measures (ie, Shim and Shim-dB) and one frequency
perturbation measure (ie, Jit) were incorporated. Although Shim
and Shim-dB showed moderate bivariate correlations in the
present study (ie, r, = 0.495 and r, = 0.489, respectively), it is
not surprising that shimmer significantly determines the ABI
model. First, some shimmer variables revealed high outcomes
as one of best predictors in a recent meta-analysis in the eval-
uation of breathiness.® Second, both Shim and Shim-dB were
also essential constituents in the AVQI model for the assign-
ment of overall voice quality.

Jit, however, was unexpectedly included in ABI. Only a pitch
perturbation quotient variate emerged as one of the best predic-
tors of breathiness in the meta-analysis.® Furthermore, the bivariate
correlation between Jit and auditory-perceptual judgment was
low in this study (r; = 0.176). Nevertheless, the Jit was an im-
portant component in the ABI model and has to be included.

To run ABI in Praat (see Figure 7), a customized Praat script
is provided in the supplementary data for clinical and research pur-
poses. In a few seconds, the script automatically analyzed the
recorded segments of continuous speech and sustained vowel. At
the end of the analysis, one quantified score for the whole voice
sample is reported to objectify the presence, the degree, and the
progression of breathiness in a sufficiently valid and reliable way.

With an initial value of r, = 0.840 between Bc., and ABI, this
acoustic model can be considered to relate acceptably and pro-
portionally with perceived breathiness. This outcome outperforms
other acoustic models for breathiness reported by Hammarberg
et al,””> Wolfe and Steinfatt,>* Eskenazi et al,” Kreiman et al,”
Wolfe et al,”” Bhuta et al,’® and Eadie and Baylor.*> Otherwise,
comparable or better results in outcome are reported by
Hammarberg et al** and Stranik et al.** These other models,
however, analyzed only sustained vowels or continuous speech,
whereas ABI was particularly developed to deal with both speech
types for voice analysis. Furthermore, the present study in-
cluded samples of more than 1000 subjects encompassing all
degrees and types of dysphonia, which to our knowledge is the
largest and therefore most representative multivariate study of
acoustic measurement of breathiness.

Next to the concurrent validity, ABI’s diagnostic accuracy was
also investigated in this study through ROC statistics and LR.
In general, ABI correctly identified the presence of breathiness
in voice in 94.8% of the cases (ie, Aroc = 0.948), and it con-
firmed a very high accuracy in the evaluation of breathiness.
Furthermore, to distinguish between non-breathy voices and
breathy voices, the selected cutoff score at ABI = 3.44 showed
the best balance between sensitivity (ie, 82.4%) and specificity
(ie, 92.9%). This is supported by the LR statistics, which adjust
for base-rate differences. A threshold of ABI = 3.44 thus re-
vealed excellent discriminatory accuracy for subjects who test
positive (ie, ABI > 3.44).

Unfortunately, diagnostic accuracy statistics were not available
for the other acoustic multivariate constructs for breathiness (eg,
Table 1). Therefore, a comparison with ABI and these other mul-
tivariate constructs for breathiness was not possible on this item.

Limitations and future direction

There are some limitations regarding the present ABI model that
not only restrict the validity and power to distinguish non-
breathy voices and breathy voices, but also provide a direction
for future research.

First, there are two assumptions of multiple regression anal-
ysis (ie, normality and homoscedasticity), which might have
limitations in the current ABI model. The majority of assump-
tions like linearity, statistical independence, and multicollinearity
revealed no conflicts using multiple regression analysis for the
ABI model. To our knowledge, in the research domain of voice
and speech analysis, there was no statistical investigation to test
assumptions for multiple regression analysis by creating a model
based on linear regression analysis.'>*****""® For future direc-
tions, it might be useful to consider these aspects when creating
a new model for voice and speech analysis.

Second, although the validity of ABI is considerable
(r;> = 0.706), a variance in breathiness of 29.4% remains not ac-
counted for by ABI. This effect might be explained through the
outliers outside of the 95% confidence interval and relative wide
range of the 95% confidence interval illustrated in Figure 4. This
status implies that there is more overlap in ABI scores between
adjacent levels of perceived breathiness. Less variance in ABI
per level would increase its discrimination power. In the case
of ABI, the auditory-perceptual judgment of breathiness is one
factor that may have decreased its ability to accurately measure
perceived breathiness. Low inter- and intra-rater reliability ul-
timately contributes to increased error variance in the regression
analysis, leaving less true variance to be explained or ac-
counted for by the acoustic model. The following interventions
were chosen to minimize (the influence of) auditory-perceptual
noise. First, only speech-language therapists with long-standing
experience in the clinical evaluation of voice quality were asked
to rate the samples; they all judged the voice samples in their
own office at their own pace. Third, anchor voices were used
to equalize their internal breathiness severity standard. Fourth,
short breaks were included to deal with attention shift and mo-
tivational constraints. Fifth, only ratings from judges who in
combination showed least variability were used for further sta-
tistical analysis and ABI development. However, in other studies
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A between the amplitude of the 1. & 2. harmonic: 4.223 dB
Shimmer local dB: 0.858 dB

Shimmer local: 8.320 %

Period standard deviation: 0.00201 sec

6.00 0 Frequency (Hz) 4000
€8.43
=
=
-3
°
=3
=
£
8.00 0.003 Quefrency (s) 0.017

ABI: 6.27

FIGURE 7. Example of the graphical output of the Praat script for ABI. Subject 241 was a 41-year-old woman with vocal fold scar. The ABI
(6.27) confirms the By that is equal to 2.25. Top graph: oscillogram. Center left graph: narrowband-spectrogram with window length = 0.03 seconds,
time step = 0.002 seconds, and frequency step = 20 Hz. Center right graph: long-term average spectrum with frequency step = 1 Hz. Bottom left
and right graphs, respectively: power cepstrogram and power cepstrum with time step = 0.02 seconds and ranging between 0.00303 seconds and
0.01667 seconds (ie, 330 Hz and 60 Hz, respectively). Finally, the table below illustrates the outcomes of the nine separate acoustic measures in
the ABI model. The severity line from 0 to 10 demonstrates the ABI value beside the table. The higher an ABI score, the more breathy is the voice
and vice versa. The green area corresponds to the absence of breathiness and the red area corresponds to breathiness in voice. (For interpretation
of the references to color in this figure legend, the reader is referred to the Web version of this article.)

regarding acoustic breathiness assessment with less voice samples
and raters, rater reliabilities were at best comparable with those
in the present study.”’"** In future, to increase intra- and inter-
rater reliability, an advanced and intensive training might be

meaningful for the chosen judges. Furthermore, the addition of
using narrowband spectrograms in the evaluation of breathiness
increases the reliability as investigated by Martens et al,*' Nufiez-
Batalla et al,*” and Barsties et al.** Criteria of a continuum
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breathiness severity in narrowband spectrograms could be used
as in Sprecher et al.”* This scheme showed a high correlation
with the perceived breathiness judgment.®

Third, the criteria of a freeware single-software solution limited
the inclusion of further strong acoustic predictors® such as LO — L1
(ie, differences between the amplitude of the fundamental and
formant 1 in the long-term average spectrum), the smoothed pitch
perturbation quotient, normalized noise energy of the selection
of 1-5 kHz (NNE 1000-5000 Hz), smoothed amplitude pertur-
bation quotient, and CPP.

Fourth, the intra-cohort correlations were investigated on nu-
merous subgroups of the same sample on which ABI was
originally modeled. In future, an external validation study should
be achieved to test the validity of ABI on reproducibility with
alternative subjects and settings outside the initial study.

Fifth, further investigations might be useful to verify the ac-
curacy between ABI and the perceived rating of breathiness in
comparison with other multiparametric indices (eg, AVQI) and
further perceived ratings of voice quality (eg, overall voice quality,
roughness, strain). The aim of our investigation was to evalu-
ate the originality of ABI that corresponds to the perceived rating
of breathiness.

Sixth, more research is necessary as to what extent the phe-
nomenon of breathiness (ie, perceptually or acoustically measured)
corresponds to physiological aspects of vocal fold vibration like
glottal closure. There are investigations that have shown mod-
erate correlations between glottal closure and perceived breathiness
as well as with acoustic parameters (eg, jitter, shimmer).%
However, there is still a lack of research that has assessed the
analyses of laryngeal imaging and perceived or acoustic mea-
surements (eg, CPPs, various GNE parameters) at the same time.
Therefore, in the current stage, no firm conclusion can be drawn
between physiological aspects of vocal fold vibration and per-
ceived or acoustic measurements.

CONCLUSION

ABI showed strong concurrent validity and high diagnostic
accuracy for the evaluation of vocal breathiness. Furthermore,
high ecological validity was accomplished in this multivariate
model considering both continuous speech and sustained vowel
segments. These two speech types were meaningful for voice
quality analysis,*®"*** and the equalization of the proportions
of these two speech types was considered.*** The included
subjects represented a voice clinic population reflecting differ-
ent ages, genders, different types and degrees of dysphonia as
well as nonorganic and organic laryngeal pathologies, and
normophonia. The outcome of this study accomplishes an
important step toward practical, reliable, and valid objective
voice assessments. ABI supports the clinical and scientific
assessment of breathiness in both subjects with voice disorder
and vocally healthy subjects.
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