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ABSTRACT

Purpose: This study examined the discriminative ability of acoustic indices of
vocal hyperfunction combining smoothed cepstral peak prominence (CPPS) and
relative fundamental frequency (RFF).

Method: Demographic, CPPS, and RFF parameters were entered into logistic
regression models trained on two 1:1 case—control groups: individuals with and
without nonphonotraumatic vocal hyperfunction (NPVH; n = 360) and phono-
traumatic vocal hyperfunction (PVH; n = 240). Equations from the final models
were used to predict group membership in two independent test sets (n = 100
each).

Results: Both CPPS and RFF parameters significantly improved model fits for
NPVH and PVH after accounting for demographics. CPPS explained unique var-
iance beyond RFF in both models. RFF explained unique variance beyond
CPPS in the PVH model. Final models included CPPS and RFF offset parame-
ters for both NPVH and PVH; RFF onset parameters were significant only in the
PVH model. Area under the receiver operating characteristic curve analysis for
the independent test sets revealed acceptable classification for NPVH (72%)
and good classification for PVH (86%).

Conclusions: A combination of CPPS and RFF parameters showed better dis-
criminative ability than either measure alone for PVH. Clinical cutoff scores for
acoustic indices of vocal hyperfunction are proposed for assessment and
screening purposes.

Voice disorders affect as many as 30% of individuals hyperfunction (VH), a physiological response to increased
at some point in their lives (Cohen, 2010) and may signifi- vocal demands or challenging vocal situations, may cause
cantly impact an individual’s ability to participate in transient disruption of vocal function in speakers with typ-

social and work settings (Ma & Yiu, 2001). Vocal ical voices (Hunter & Titze, 2009; Whitling et al., 2015;
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Xue et al., 2019). For some speakers, VH may become
chronic, causing increased and poorly regulated muscle
tension and varying degrees of vocal limitations, and is
considered an etiological factor in the most frequently
occurring types of voice disorders (Hillman et al., 2020;
Oates & Winkworth, 2008). This atypical laryngeal muscle
tension may manifest with altered aerodynamic and vibra-
tory function consistent with increased vocal fold collision
forces leading to phonotrauma (Espinoza et al., 2017,
Hillman et al., 1990; Van Stan, Mehta, Ortiz, Burns,
Marks, et al., 2020). Alternatively, VH may produce altered
vocal fold biomechanics consistent with decreased collision
forces and often with incomplete glottal closure that do not
cause phonotrauma but reduce vocal efficiency and lead to
fatigue and discomfort from voice use (Espinoza et al.,
2017; Van Stan, Ortiz, Cortes, et al., 2021). A recently
updated theoretical framework of VH (Hillman et al.,
2020) designates these two fundamentally different types of
VH as phonotraumatic VH (PVH), considered to be an eti-
ological factor in benign lesions of the lamina propria, and
nonphonotraumatic VH (NPVH), considered to be an etio-
logical factor in primary muscle tension dysphonia (pMTD,;
Morrison & Rammage, 1993; Naunheim & Carroll, 2017,
Van Houtte et al., 2011; Verdolini et al., 2014).

Current gold standard clinical assessments of increased
laryngeal muscle tension, thought to be a core feature of
both NPVH and PVH, rely on visual-perceptual judgments
via laryngostroboscopy, auditory-perceptual evaluation of
strain, manual palpation of the perilaryngeal region, and
patient self-report (Kempster et al., 2009; Khoddami et al.,
2015; Poburka et al.,, 2017; Ruel & Thibeault, 2020).
Although these tools provide some information about vocal
function and health, they are subject to rater error and bias
due to their subjective nature (Kreiman & Gerratt, 1998;
Poburka et al., 2017; Stepp, Heaton, et al., 2011; Yiu et al,,
2014). Current clinical assessments lack objective, standard-
ized measures of VH, which could aid in differential diagno-
sis and in documenting when vocal function has normalized.
Although recent studies of daily voice use in patients with
VH using ambulatory monitoring demonstrate that objective
measures can differentiate speakers with NPVH, speakers
with PVH, and speakers with typical voices and are sensitive
to changes after treatment (Van Stan, Mehta, Ortiz, Burns,
Marks, et al., 2020; Van Stan, Mehta, Ortiz, Burns, Toles,
et al., 2020; Van Stan, Ortiz, Cortes, et al., 2021; Van Stan,
Ortiz, Marks, et al., 2021), these measures require long-term
monitoring and use of equipment outside the clinic. Devel-
opment of objective measures of VH that can be adminis-
tered in the clinic is the goal of this study.

Acoustic measures may provide objective, reliable,
and relatively low-cost tools to assess aspects of the voice
signal that convey information about underlying vocal
function. Relative fundamental frequency (RFF) is an
acoustic measure that is hypothesized to be sensitive to
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the changes in vocal fold tension, abduction, and trans-
glottal pressure that take place during voicing offsets and
onsets and occur during the production of a voiceless con-
sonant between two vowels (vowel-voiceless consonant—
vowel [VCV]; Fukui & Hirose, 1983; Halle & Stevens,
1971; Ladefoged, 1967; Stevens, 1977). The fundamental
frequencies of the last 10 cycles of phonation during voic-
ing offset and the first 10 cycles during voicing onset are
measured and normalized in semitones relative to steady-
state phonation. During voicing offset, fundamental fre-
quency (f,) would be expected to decrease due to
decreased transglottal pressure as the vocal folds abduct
(Ladefoged, 1967; Titze, 1989). Furthermore, results of a
recent computational modeling study suggest that the
decrease in vocal fold collision forces during the abduc-
tory gesture lead to decreases in f, (Serry et al., 2021).
However, in speakers with typical voices, an increase in
longitudinal vocal fold tension is hypothesized to counter-
act the expected drop in f, during voicing offset; this ten-
sion is thought to carry over and increase f, during voic-
ing onset when elevated transglottal pressure also increases
fo (Halle & Stevens, 1971; Jaiswal, 2011; Ladefoged, 1967;
Lofqvist et al., 1989; Stevens, 1977). Because of elevated
baseline longitudinal vocal fold tension (Hillman et al.,
1989), speakers with VH are hypothesized to be less able
to increase tension to counteract the effects of abduction
and decreased transglottal pressure during voicing offsets,
resulting in lower offset RFF values relative to speakers
with typical voices (Stepp et al., 2010). Increased trans-
verse tension and associated higher collision forces during
steady-state phonation in speakers with PVH may cause a
larger drop in f,, further lowering offset RFF (Heller
Murray et al., 2017; Kunduk et al., 2006; Serry et al.,
2021; Watson, 1998). Onset RFF wvalues, which are
thought to be positive in speakers with typical voices due
to increased longitudinal tension and increased transglottal
pressure (Halle & Stevens, 1971; Lofqvist et al., 1989;
Stevens, 1977), are similarly expected to be lowered in
speakers with VH due to the inability to further increase
tension. Transverse tension may also decrease onset RFF
values because increased closing velocities could limit the
time over which increased transglottal pressure is active
(see Heller Murray et al.,, 2017, for discussion). Thus,
because of the biomechanical differences between NPVH
and PVH described earlier, including increased transverse
tension and associated collision forces in PVH, RFF may
be differentially sensitive to these two types of VH.

Prior studies support the sensitivity of RFF to VH.
RFF explained a large portion of the variance in kine-
matic measures of laryngeal stiffness in healthy adults,
supporting the hypothetical relationship between RFF and
laryngeal tension (McKenna et al., 2016). RFF offset and
onset values have been shown to be significantly lower in
speakers with hyperfunctional voice disorders relative to
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control speakers (Stepp et al., 2010). Furthermore, in a
study of speakers with hyperfunctional voice disorders
(n = 13 with pMTD, n = 3 with vocal fold nodules) before
and after successful behavioral voice therapy, RFF signifi-
cantly increased after treatment, becoming more similar to
values observed in speakers with typical voices (Stepp,
Merchant, et al., 2011). However, in a study comparing
RFF measures obtained at pre- and postsurgical visits
from speakers undergoing phonosurgery (n = 18 with
vocal fold nodules or polyps) with no behavioral inter-
vention during the measurement period, RFF was not
significantly different after surgery (Stepp et al., 2010).
The authors interpreted this finding as suggesting that
decreased RFF reflects functional (i.e., VH) rather than
structural (i.e., phonotrauma) impairment, which, in the
case of the postsurgical patients, may represent habituated
compensatory hyperfunction that persists even in the
absence of the lesion(s). In addition, RFF was more sensi-
tive than listener ratings of overall severity (OS) and of
vocal effort (i.e., strain) to the presence of a hyperfunc-
tional voice disorder in speakers with very mild or no
voice quality impairment (Stepp et al., 2012), suggesting
that RFF may provide complementary information to
measures of dysphonia severity.

In addition to being sensitive to differences in laryn-
geal tension during voice production, RFF has been
shown to have diagnostic potential in detecting the presence
of hyperfunctional voice disorders. Heller Murray et al.
(2017) examined the ability of RFF values to discriminate
between speakers with NPVH, speakers with PVH, and
control speakers. Consistent with theoretical predictions,
they found RFF Offset Cycle 10 to be significantly lower
in speakers with NPVH than in control speakers. Further-
more, speakers with PVH had significantly lower RFF
Offset Cycle 8-10 values than either control speakers or
speakers with NPVH. Onset Cycle 1 was significantly
lower in speakers with PVH than in control speakers;
there were no other significant differences between groups
related to onset RFF. Differences between speakers with
NPVH and speakers with PVH may be explained by the
presence of increased transverse tension in speakers with
PVH, hypothesized to lower both offset and onset RFF
values. The discriminative ability of RFF Offset Cycle 10
and Onset Cycle 1 was examined using receiver operating
characteristic (ROC) curves (Heller Murray et al., 2017).
Although RFF Offset Cycle 10 discriminated speakers
with PVH from controls with typical voices with good
accuracy (area under the ROC curve [AUC] = .80), the
discriminative ability of RFF for NPVH was more lim-
ited. One limitation of this study was its relatively small
sample size, with 49 control speakers, 54 speakers with PVH,
and 35 speakers with NPVH. In a larger group of speakers,
Roy et al. (2016) found a significant main effect of NPVH
status on RFF onset, such that speakers with pMTD (n =

111) had shallower slopes than controls (n = 20), whereas
there were no significant differences for RFF offset. A signif-
icant limitation of this study was the large number of unana-
lyzable samples, substantially higher than in some recent
studies of RFF in speakers with voice disorders (Heller
Murray et al., 2017; Vojtech et al., 2019). This may be due
in part to methodological differences, in particular, the pho-
netic context of the analyzed tokens, which included
unstressed vowels (Lien et al., 2014), limiting comparisons
between this study and others.

In addition to elevated laryngeal tension, some, but
not all, speakers with VH present with complaints of
altered voice quality or dysphonia (Ruel & Thibeault,
2020). Dysphonia may occur due to dysregulated subglot-
tal pressure and vibratory function secondary to atypical
vocal fold posturing and/or structural changes due to pho-
notrauma (Espinoza et al., 2017; Hillman et al., 1990,
2020). Acoustic measures have shown potential for sensi-
tivity to OS of dysphonia (Maryn et al., 2009), as well as
specific voice quality parameters such as strain (e.g.,
Anand et al, 2019), roughness, and breathiness (von
Latoszek et al., 2018). In recent decades, smoothed ceps-
tral peak prominence (CPPS; Hillenbrand et al., 1994,
Hillenbrand & Houde, 1996) has been established by
numerous studies as a valid and reliable acoustic correlate
of dysphonia (Awan & Roy, 2009; Awan et al., 2009;
Heman-Ackah et al., 2002; Maryn, Corthals, et al., 2010;
Maryn, De Bodt, & Roy, 2010; Wolfe & Martin, 1997,
Wolfe et al., 2000) and was recommended in 2018 by an
American Speech-Language-Hearing Association expert
panel as part of a standard instrumental protocol for
clinical voice assessment (Patel et al., 2018). A cepstrum
is a Fourier transform of the power spectrum of a voice
signal and measures the cepstral magnitude of “quefren-
cies” and corresponding “rahmonics.” The dominant
rahmonic is called the “cepstral peak,” and voices that
are more periodic—and therefore have more well-defined
harmonic structures—display higher cepstral peaks.
CPPS has been found to correlate with auditory-
perceptual judgments of specific voice quality parameters
including breathiness (Hillenbrand & Houde, 1996),
roughness (Awan & Roy, 2005), and strain (Lowell
et al., 2012), although it appears to have the strongest
relationship with global judgments of OS of voice quality
(Maryn et al., 2009).

Although CPPS alone has been shown to have
acceptable accuracy rates in detecting the presence of a
voice disorder (Murton et al., 2020; Sauder et al., 2017),
multiparameter acoustic indices have been developed to
improve sensitivity and specificity (Awan & Roy, 2009;
Awan et al., 2009, 2016; Maryn, Corthals, et al., 2010;
Maryn, De Bodt, & Roy, 2010; Peterson et al., 2013).
Similarly, a multiparameter approach to the acoustic mea-
surement of VH may prove superior to the use of RFF
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alone. To our knowledge, CPPS has not specifically been
examined for discriminative ability in VH. However, it was
shown to be significantly lower in speakers with vocal fold
nodules (a subgroup of speakers with PVH; n = 50) than in
control speakers (n = 50; Radish Kumar et al., 2010). Fur-
thermore, it predicted 48% of the variance in the Vocal
Fatigue Index (Nanjundeswaran et al., 2015) scores in
speakers with (n = 50) and without (n = 50) VH
(Mahalingam et al., 2020). Given the predominant clinical
signs of excessive laryngeal muscle tension and dysphonia
in patients with hyperfunctional voice disorders, the acous-
tic measures RFF and CPPS may provide complementary
information and enhanced accuracy in detection of VH.

The purpose of this study was to assess the discrimi-
native ability of a combination of acoustic measures of
laryngeal tension and dysphonia to detect hyperfunctional
voice disorders in a large sample of speakers with NPVH,
speakers with PVH, and control speakers without voice
disorders. Specifically, this study builds upon prior work
examining the relationship of RFF to VH (Heller Murray
et al., 2017; Roy et al., 2016; Stepp et al., 2010; Stepp,
Merchant, et al., 2011) by using a multidimensional
acoustic approach to detecting NPVH and PVH, combin-
ing multiple parameters of RFF and CPPS in multivariate
models. These measures are thought to be sensitive to dif-
ferent core clinical features of hyperfunctional voice disor-
ders, including increased laryngeal tension (RFF) and dys-
phonia (CPPS), and therefore should provide better diag-
nostic accuracy in these populations than either measure
alone. The study questions were as follows: (a) In a large
data set, do RFF parameters and CPPS parameters distin-
guish between individuals with NPVH and control
speakers, and individuals with PVH and control speakers,
and do these categories of acoustic measures provide
complementary information about the likelihood of VH?
(b) What is the most parsimonious combination of RFF
and CPPS parameters that best distinguishes NPVH from
typical voice and PVH from typical voice, and with what
degree of sensitivity and specificity? (c) What clinical cut-
off scores for composite RFF/CPPS indices would be most
appropriate to detect the likely presence of NPVH and
PVH? We hypothesized that a combination of RFF and
CPPS parameters would predict voice disorder status for
both NPVH and PVH, with each type of acoustic measure
(RFF and CPPS) providing unique information. We also
hypothesized that the combination of RFF parameters
that best predicted the presence of NPVH versus PVH
would differ due to differences in underlying laryngeal
function, with onset RFF serving as a significant predictor
in PVH due to elevated transverse tension but not in
NPVH. The resulting multiparameter acoustic indices may
provide clinically meaningful objective indicators of NPVH
and PVH to assist in diagnosis and track progress in
response to intervention.
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Method
Participant Characteristics

Speech recordings were selected from a database of
extant data from prior studies conducted in the Stepp Lab
for Sensorimotor Rehabilitation Engineering at Boston
University and the Center for Laryngeal Surgery and Voice
Rehabilitation at Massachusetts General Hospital (MGH).
Speakers were categorized into three groups: speakers with
no history of a voice disorder (control speakers), speakers
with NPVH, and speakers with PVH. All speakers were at
least 18 years of age and had a minimum of six VCV stim-
uli available in the database. Eligibility criteria for control
speakers included no self-reported history of a voice disor-
der and voice quality rated as within normal limits by an
experienced voice clinician (see below for rating proce-
dures). Eligibility criteria for speakers with VH included a
diagnosis consistent with NPVH or PVH confirmed by a
referring laryngologist. Speakers with neurogenic diagnoses
(e.g., laryngeal dystonia, vocal fold paresis/paralysis) or
structural pathology not consistent with PVH (e.g., papil-
loma, carcinoma, and trauma not related to phonation)
were excluded from the study. Speakers with VH were
categorized into NPVH or PVH by the authors (M.R.K.S.,
JM.V., JJP.N.) based on the referring diagnosis. These
criteria resulted in the identification of 312 potential con-
trol speakers (203 women, 109 men, M,,. = 37 years,
SD = 22, range: 18-100), 252 speakers with NPVH (172
women, 80 men, M,,. = 41 years, SD = 18, range: 18-88),
and 182 speakers with PVH (146 women, 36 men, M,z =
33 years, SD = 15, range: 18-77). Speakers in the NPVH
group were diagnosed with pMTD. Speakers in the PVH
group were diagnosed with benign vocal fold lesions or
other diagnosis consistent with a phonotraumatic etiology,
including vocal fold nodules, polyps, cysts, or scar. There
was no inclusion criterion for lesion size. Information about
voice diagnoses for the speakers in the PVH group is
included in Table 1. Participants either completed written
consent in compliance with either the Boston University
Institutional Review Board or the Mass General Brigham
Institutional Review Board, or approval for use of clinical
data was obtained from the Mass General Brigham Institu-
tional Review Board for retrospective analysis of acoustic
data.

Audio Recording Procedures and
Speech Stimuli

All signals were acquired digitally and recorded for
off-line analysis. Participants were recorded at one of two
locations: (a) in a sound-treated room at Boston University
using a head-mounted microphone (model WH20XLR;
Shure) sampled at 44.1 kHz with 16-bit resolution or (b) in
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Table 1. Diagnoses in the phonotraumatic vocal hyperfunction
group (N = 182).

No. of
Diagnosis participants
Vocal fold nodules (bilateral) 114
Vocal fold polyp (unilateral or bilateral) 60
Vocal fold fibrovascular lesion (unilateral) 3
Vocal fold cyst (unilateral) and vocal fold 2
fibrovascular lesion (unilateral)
Vocal fold polyp (unilateral) and vocal fold 1
fibrovascular lesion (unilateral)
Vocal fold polyp (unilateral) and vocal fold 1
sulcus (unilateral)
Vocal fold scar 1

a sound-treated room at MGH using a Sony ECM-44B
microphone sampled at 50 kHz with 16-bit resolution.
During each recording, an examiner first modeled the
target utterances before the participant repeated them.
Utterances consisted of three sets of three VCV
instances, with the voiceless consonant /f/ and the corner
vowels /a/, /i/, and /u/ (i.e., /afa afa afa/, /ifi ifi ifi/, and /
ufu ufu ufu/), for a total of nine VCVs. VCVs were mod-
eled with equal stress on each syllable. These stimuli
were chosen as they were shown to yield low intraspea-
ker variability in RFF measures in previous studies
(Lien et al., 2014; Park & Stepp, 2019). Due to low-
frequency noise present in some of the samples recorded
at MGH, a high-pass filter was applied to the affected
samples, with a cutoff frequency of 70 Hz.

Auditory-Perceptual Ratings of Voice Quality

Binary voice quality ratings (a response of “yes” or
“no” to the prompt, “Within normal limits?”) were col-
lected to confirm inclusion in the control speaker group.
Stimuli from these speakers (/ifi ifi ifi/) were presented in
random order using a custom MATLAB interface. Fifteen
percent of samples were randomly repeated for intrarater
reliability and agreement analyses. All samples were rated
by a voice-specialized clinician with 4 years of clinical
experience assessing and treating patients with voice disor-
ders (D.B.P.). A rating of “yes” was used as an inclusion
criterion for control speakers, resulting in a final set of
312 speakers out of 319 potential control speakers. Fifteen
percent of samples were rated by a second voice-
specialized clinician with 12 years of experience (M.R.K.S.)
in order to assess interrater agreement. Agreement was
assessed by calculating the percentage of agreement in
repeated ratings of the same stimulus (probability of chance
agreement = 50%), within (D.B.P.) and across (D.B.P.
and M.R.K.S.) raters. The percentage of intrarater agree-
ment was 98.6%. The percentage of interrater agreement
was 95.2%.

Auditory-perceptual ratings of OS of voice quality
were collected for speakers in the NPVH and PVH groups
for descriptive purposes. The stimuli (/ifi ifi ifi/) were pre-
sented in random order using a custom MATLAB inter-
face. Fifteen percent of samples were randomly repeated
for intrarater reliability analysis. All samples were rated
by D.B.P. and 15% were also rated by M.R.K.S. to assess
interrater reliability. Reliability was assessed by calculat-
ing Pearson’s correlation coefficients (r). Intrarater reli-
ability for D.B.P. was r = .92. Interrater reliability was
r = .68, within the range of interrater reliability values
found in previous studies of highly trained listeners
(Kreiman et al., 1993). The interrater reliability result may
have been impacted by a relative lack of variance in the
severity of our sample, which comprised many speakers
with mild-moderate dysphonia. For speakers with NPVH,
the mean rating of OS was 16.2 (SD = 12.6, range: 0-77).
For speakers with PVH, the mean rating of OS was 20.6
(SD = 13.4, range: 0-94).

Acoustic Analyses

RFF was calculated using a semi-automated
MATLAB algorithm (MathWorks, 2016; Vojtech et al.,
2019). After identification of voiceless consonant loca-
tions in each utterance, the algorithm determines the
boundaries of voiceless consonants and vowels and calcu-
lates the f, of the 10 voicing cycles immediately preceding
(voicing offset) and immediately following (voicing onset)
the voiceless segment. The f, of each cycle is converted to
semitones using the cycle farthest from the voicing bound-
ary as reference, as these are closer to the center of the
vowel and therefore most representative of steady-state
phonation (i.e., offset cycles are converted to semitones
relative to Offset Cycle 1, and onset cycles are converted
to semitones relative to Onset Cycle 10). All available
RFF instances for each speaker were averaged to obtain
mean values for each offset and onset cycle. Across
speakers, at least two RFF instances were available for
90.1% of speakers.

Average RFF values were used to derive six RFF
parameters, after Buckley et al. (2020): RFFoff10 and
RFFonl (the mean RFF value for the boundary cycles at
voicing offset and onset), RFFoff10-9 and RFFonl-2 (the
difference between the two cycles closest to voicing offset
and the two cycles closest to voicing onset to approximate
the rate of change closest to voicing transitions), and
RFFoff10-5 and RFFoni-6 (the difference between the
midpoint of offset/onset and the respective boundary
cycle). The boundary cycles RFFoff10 and RFFonl pro-
vide information about the difference between steady-state
phonation and the cycle closest to the voiceless period.
However, the rate of change in RFF across cycles does
not tend to be linear, and the other parameters provide
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information about the rate of change where the slope
tends to be steepest (e.g., Heller Murray et al., 2017,
Stepp et al., 2010). Changes in slope across RFF cycles
could relate to underlying biomechanical factors such as
the loss of collision forces during voicing offset (Serry
et al., 2021). In addition to these parameters, mean RFF
values of all cycles were calculated for each group and
visually inspected for patterns to identify additional poten-
tial parameters. For the NPVH group, group differences
were apparent across all offset cycles and Onset Cycles 1
and 2. Similar patterns were observed for PVH, though
with a larger magnitude of group differences, particularly
for onset cycles. Therefore, two additional RFF parame-
ters were calculated: the sum of all offset cycles excluding
the reference cycle (i.e., 2 through 10, RFFoffTotal) and
the sum of Onset Cycles 1 and 2 (RFFonil+2). RFF
parameters were calculated for all speakers who had a
minimum of two usable RFF instances, after McKenna
and Stepp (2018). With a minimum of six recorded VCV
samples per participant, conservatively at least two sam-
ples should be usable to calculate RFF for most speakers
(Eadie & Stepp, 2013), and averaging across at least two
RFF instances should provide a more robust estimate of
RFF than using a single instance.

Two CPPS parameters were calculated from the
concatenated vowel segments of the VCV samples. CPPS
mean has been used in multiparameter acoustic indices of
voice quality (Awan et al.,, 2010; Maryn, De Bodt, &
Roy, 2010) and has been shown to discriminate between
speakers with and without dysphonia (Sauder et al.,
2017). In addition, CPPS SD significantly predicted lis-
tener ratings of dysphonia severity, with higher CPPS SD
values associated with increased dysphonia severity in sus-
tained phonation (Awan et al., 2010). Because the VCV
samples used in this study were produced with equal
stress, the concatenated vowel segments are more akin to
sustained phonation than connected speech; thus, a similar
relationship would be expected.

CPPS parameters were obtained by a combination
of MATLAB (MathWorks, 2016) and Praat (Boersma &
Weenink, 2013) scripts. First, a custom MATLAB script
concatenated all audio samples per participant, selecting
only vowel segments with a root-mean-square thresholding
procedure. The threshold for voicing was 10% of the max-
imum signal value found in each recording. Then, these
concatenated samples were split into smaller audio frames
using an 87-ms window size with a window overlap of 79
ms. A Praat script was used to calculate single CPPS
values for each audio frame. From these time series data,
the parameters CPPS mean and CPPS SD were calcu-
lated. In order to reduce potential biases in the CPPS
mean estimated by this procedure, window size and win-
dow overlap parameters were determined empirically in
such a way that the error between the CPPS value
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obtained by the Praat script with the entire concatenated
audio sample and the CPPS mean value obtained by the
method described was minimized.

Statistical Analysis

All statistical analyses were conducted using IBM
SPSS Statistics software Version 26. Significance for all
statistical tests was set a priori at p < .05.

Missing data were assessed prior to dividing speakers
into training and test sets. Across all speakers, 9.9% of
cases had missing data. All missing data were RFF
values due to fewer than two usable onset or offset RFF
instances. Little’s Missing Completely at Random (MCAR)
test was conducted to assess patterns of missing data.
The result suggested data were not MCAR (y°> =
132.378, df = 15, p < .001). It is likely that RFF data
were missing not at random (MNAR), that is, influenced
by voice signal type, severity, or other systematic factors.
Because missing data estimation methods under the
MNAR assumption are complex and cannot with cer-
tainty account for potential bias, these methods were not
used (Jakobsen et al., 2017). Instead, cases with missing
data were deleted listwise (i.e., all data were removed for
cases with missing values for any parameter) before pre-
paring training and test sets. Implications for potential
bias are included in the discussion.

Four sample sets were created with a 1:1 ratio of
cases and controls: NPVH training, NPVH test, PVH
training, and PVH test. Due to higher recruitment of uni-
versity students and older speakers with typical voices
from previous experiments in the Stepp Lab, there was an
excess of control speakers in the age brackets of 18-28
and 58-68 years. Therefore, control speakers in these
ranges were randomized, and a subset was removed such
that the total number of remaining control speakers was
equal to the number of remaining VH cases (n = 230 for
NPVH, n = 170 for PVH). This resulted in a combined
NPVH/control sample of n = 460 (n = 230 cases, n = 230
controls) and a combined PVH/control sample of n = 340
(n = 170 cases, n = 170 controls). A random subset of 100
speakers (n = 50 cases, n = 50 controls) was held out from
each combined sample (NPVH/control, PVH/control) for
use as independent test sets to assess the classification per-
formance of the regression equations derived from the
training sets in untrained sets of data. The final sample
characteristics are presented in Table 2.

Multiple logistic regression was used to examine
relationships between predictor parameters and voice dis-
order status in the NPVH and PVH training samples. The
RFF parameters implemented in the models were the six
parameters included in previous studies—namely, RFFoff10,
RFFonl, RFFoff10-9, RFFoff10-5, RFFonl-2, and RFFonl-6
(Buckley et al., 2020)—and two parameters derived from
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Table 2. Final sample characteristics for training and independent test sets.

Age range

Data set N Female Male Age M (years) Age SD
NPVH training

Cases 180 125 55 40 17-77 17

Controls 180 113 67 39 18-100 22
PVH training

Cases 120 95 25 32 18-77 14

Controls 120 79 41 38 18-90 22
NPVH test

Cases 50 36 14 42 19-83 19

Controls 50 36 14 37 18-83 22
PVH test

Cases 50 43 7 33 18-73 15

Controls 50 31 19 34 18-100 21
Note. NPVH = nonphonotraumatic vocal hyperfunction; PVH = phonotraumatic vocal hyperfunction.

inspection of group means in the NPVH and PVH training
samples, RFFoffTotal and RFFonl+2. These RFF parame-
ters encompass aspects of the RFF measure known to be
sensitive to VH, including late offset cycles (NPVH and
PVH) and early onset cycles (PVH; Heller Murray et al.,
2017). Differences between Offset Cycles 9 and 10, and 5
and 10, and between Onset Cycles 1 and 2, and 1 and 6,
were used to approximate the slope of the offset and onset
during the portion of cycles that are changing the most
(Lien et al., 2014) while reducing the number of parameters
(e.g., individual RFF cycles) entered into the model. The
CPPS parameters included in the models were CPPS mean
and CPPS SD, which have been shown to correlate with lis-
tener ratings of dysphonia severity and discriminate between
speakers with and without voice disorders (Awan et al,
2010; Sauder et al., 2017).

To contrast the relative contributions of RFF and
CPPS parameters in predicting disorder status in NPVH
versus PVH, separate models were constructed to predict
voice disorder status for speakers with NPVH versus con-
trol speakers and for speakers with PVH versus control
speakers. Sequential predictor entry was used to assess the
relative contributions of control parameters (age and sex),
RFF parameters, and CPPS parameters in separate
blocks. Each model was fit to the training sets twice to
assess the effect of RFF parameters above and beyond
CPPS (Block 1, control parameters; Block 2, eight RFF
parameters; Block 3, two CPPS parameters) and the effect
of CPPS parameters above and beyond RFF (Block 1, con-
trol parameters; Block 2, two CPPS parameters; Block 3,
eight RFF parameters), as shown in (Equations 1-3). Sex
was effect-coded (1 = female, —1 = male). Disorder status
was dummy-coded (1 = disorder present, 0 = disorder
absent). The final model in each case included all control,
RFF, and CPPS parameters. Sensitivity and specificity were
determined for each model. Pearson correlation coefficients
were calculated between all pairs of predictor and outcome

parameters to provide descriptive information about rela-
tionships among parameters.

Logit (Disorder Status) = by + by x Age + by x Sex (D)

Logit (Disorder Status) = by + by x Age + by x Sex + b3
x RFFoff 10 + by x RFFonl
+ bs x ARFFoff'10-9 + be
x ARFFoff 10-5 + b;
x RFFoffTotal + bg
X ARFFonl-2 + by
X ARFFonl-6 + by
X RFFonl+2

(2a)

or

Logit (Disorder Status) = by + b; x Age + by x Sex + b3

x CPPS mean + by (2b)
xCPPS SD
Logit (Disorder Status) = by + b1 x Age + by x Sex 3)

+b3 x CPPS mean + by

x CPPS SD + bs x RFFoff 10
+be x RFFonl + by

X ARFFoff 10-9 + bg

x ARFFoff 10-5 + bg

x RFFoffTotal + by

X ARFFonl-2 + by,
XARFFonl-6 + by,
X RFFonl+2

In order to determine the simplest models with the
best performance in predicting voice disorder status, step-
wise logistic regression with forward predictor selection
using the likelihood ratio method was subsequently
applied to the two training sets (NPVH/control and PVH/
control). Alpha for entrance was set to .05, and alpha for
removal was .10. Because the case and control samples
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were not age- and sex-matched, these demographic param-
eters were not included in the stepwise models. The two
CPPS parameters and eight RFF parameters were entered
in the stepwise regression models.

For each model (NPVH and PVH), the equation
resulting from the stepwise regression performed on the
training set was applied to the independent test set to pre-
dict voice disorder status. ROC analyses were used to
assess the discriminative performance of the models in
detecting the presence of a voice disorder in the test sets.
The AUC was calculated for each test set. Sensitivity,
specificity, and likelihood ratios (LR+ and LR-) were
also calculated to describe the models’ performance in
classifying the test sets. Sensitivity refers to the percentage
of individuals who have a condition who receive a positive
result on a test (i.e., true positive rate). Specificity refers
to the percentage of individuals who do not have a condi-
tion who receive a negative result on a test (i.e., true nega-
tive rate). LRs provide information about the diagnostic
value of a test by estimating the odds that a person with a
positive result will have the condition (LR+ = sensitivity/
[1 — specificity]) and a person with a negative result will
not (LR— = [1 — sensitivity]/specificity). For example, if
LR+ = 2.0, a person who receives a positive test result is
twice as likely to have the condition (e.g., VH) than some-
one with a negative test result. Two different cutoff cri-
teria were used. A cutoff of 0.50 was the criterion used in
the regression models and was used to calculate sensitivity,
specificity, and LRs. A second cutoff criterion was also
selected to maximize sensitivity while maintaining a speci-
ficity of at least 60.0% in order to assess the potential of
the models as screening tools for VH (Awan et al., 2016).
Such screening tools could be useful to detect potential
VH in high-risk populations, such as students entering
teacher training programs or studying performing voice,
or people employed in vocally demanding professions.

Results

Group mean data for RFF and CPPS parameters
in the NPVH and PVH training sets are presented in
Figures 1 and 2 for descriptive purposes. Means, standard
deviations, and zero-order correlations among all parame-
ters in the NPVH and PVH training sets are provided in
Tables 3 and 4.

Sequential Logistic Regression Models

Two sequential logistic regression models were fit
for each of the training sets (NPVH and PVH). The order
of entry of predictor parameter blocks was varied across
the two fits as follows: (a) demographic parameters, RFF

8 Journal of Speech, Language, and Hearing Research o 1-21

Figure 1. Relative fundamental frequency (RFF) means and 95%
confidence intervals in semitones (ST) for (a) the nonphonotraumatic
vocal hyperfunction (NPVH) training set (speakers with NPVH, n =
180, blue triangles; controls, n = 180, black squares), and (b) the
phonotraumatic vocal hyperfunction (PVH) training set (speakers
with PVH, n = 120, red circles; controls, n = 120, black squares).
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parameters, and CPPS parameters and (b) demographic
parameters, CPPS parameters, and RFF parameters. Note
that the final models are identical, regardless of the order
of entry of predictor parameter blocks. The results of
these models are given in Tables 5-8.
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Figure 2. Means and 95% confidence intervals for (a) CPPS mean
and (b) CPPS SD, for the nonphonotraumatic vocal hyperfunction
(NPVH) training set (speakers with NPVH, n = 180, blue triangles;
controls, n = 180, black squares) and the phonotraumatic vocal
hyperfunction (PVH) training set (speakers with PVH, n = 120, red
circles; controls, n = 120, black squares). CPPS = smoothed ceps-
tral peak prominence.
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As shown in Table 5, Block 1, which included the
control parameters sex (effect coded, 1 = female, —1 =
male) and age, did not significantly improve model fit for
NPVH compared to the null model with no predictors,
y* = 2.10, p = .350, Nagelkerke pseudo R*> = .01 (correct
classification hit rate of 53.3%). When RFF parameters
were entered in Block 2, there was a significant improve-
ment in model fit to the data, chhange = 17.55, p = .014,
Nagelkerke pseudo R*> = .07 (correct classification hit
rate increased to 59.4%). This change was driven by
RFFoff10-9 and RFFoffTotal. When CPPS parameters
were entered in Block 3, there was a significant improve-
ment in model fit, chh.dnge = 67.87, p < .001, Nagelkerke
pseudo R? = .29 (correct classification hit rate increased

to 71.4%). This change was driven by both CPPS mean
and CPPS SD. This indicates that CPPS parameters
uniquely explained variance in NPVH status above and
beyond sex, age, and RFF parameters. Sensitivity (cor-
rect identifications) of the final model was 71.1%, and
specificity (correct rejections) was 71.7%.

As shown in Table 6, when CPPS parameters were
instead entered in Block 2, there was a significant improve-
ment in model fit to the data, chhange = 74.47, p < .001,
Nagelkerke pseudo R? = .26 (correct classification hit rate
increased to 66.9%) over Block 1. This change was driven
by both CPPS mean and CPPS SD. When RFF parame-
ters were entered in Block 3, there was not a significant
improvement in model fit, X2011a11gc = 1095, p = .141,
Nagelkerke pseudo R* = .29, though there was an increase
in the correct classification hit rate (71.4%). This indicates
that RFF parameters did not uniquely explain variance in
NPVH status above and beyond sex, age, and CPPS
parameters.

PVH

As shown in Table 7, Block 1, which included the
control parameters sex (effect coded, 1 = female, —1 =
male) and age, significantly improved model fit for PVH
compared to the null model with no predictors, y* =
10.50, p = .005, Nagelkerke pseudo R*> = .06 (correct clas-
sification hit rate of 58.3%). This was driven by a small
but significant coefficient for age. When RFF parameters
were entered in Block 2, there was a significant improve-
ment in model fit to the data, chhange = 47.83, p < .001,
Nagelkerke pseudo R> = .29 (correct classification hit
rate increased to 70.0%). This change was driven by
RFFoff10 and RFFoffTotal. When CPPS parameters
were entered in Block 3, there was a significant improve-
ment in model fit, chhange = 42.01, p < .001, Nagelkerke
pseudo R* = .46 (correct classification hit rate increased
to 77.5%). This change was driven by CPPS SD. This
indicates that CPPS parameters uniquely explained vari-
ance in PVH status above and beyond sex, age, and
RFF parameters. Sensitivity (correct identifications) of
the final model was 78.3%, and specificity (correct rejec-
tions) was 76.7%.

As shown in Table 8, when CPPS parameters were
instead entered in Block 2, there was a significant
improvement in model fit to the data, Xzohange = 62.73, p
< .001, Nagelkerke pseudo R*> = .35 (correct classification
hit rate increased to 71.3%). This change was driven by
CPPS SD. When RFF parameters were entered in Block 3,
there was a significant improvement in model fit, chhange =
27.12, p < .001, Nagelkerke pseudo R> = .46 (increase in
the correct classification hit rate to 78%). This change was
driven by RFFoffTotal. This indicates that RFF parame-
ters uniquely explained variance in PVH status above and
beyond sex, age, and CPPS parameters.
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Table 3. Pairwise Pearson correlation coefficients between outcome and predictor parameters in the nonphonotraumatic vocal hyperfunction

(NPVH) training set.

Measure

M SD 1. 2. 3. 4. 5 6 7. 8 9 10. 11. 12, 13.

Outcomes

1. NPVH 0.50 (0.50) —
Demographic parameters

2. Sex (female) 0.66 (0.47) .07 —

3. Age 39.21 (19.65) .03 -.03 —
CPPS parameters

4. CPPS mean 13.01 (2.06) .09 -12 -10 —

5. CPPS SD 4.25 (0.69) -41 -.19 .07 10 —
RFF parameters

6. RFFoff10 -1.14 (0.99) -.07 .02 -.20 .02 .00 —

7. ARFFoff10-9 -0.23 (0.58) .01 .08 -.07 .01 -.02 .61 —

8. ARFFoff10-5 -1.02 (0.93) -.04 .05 -.20 .03 -.05 .97 .68 —

9. RFFoffTotal -3.49 (3.26) -14 -05 -.16 .01 .08 .82 .15 .68 —

10. RFFon1 2.21 (1.13) -14 -20 .00 .07 A7 .05 -.05 .03 1 —

11. ARFFon1-2 0.38 (0.85) -.09 -.36 .05 .09 .21 .11 .02 .09 .14 .58 —

12. ARFFon1-6 1.96 (1.08) -15 -24 .01 .05 A7 .08 -.05 .05 14 .96 .63 —

13. RFFon1+2 4.04 (1.90) -12 -08 -.02 .04 11 .02 -.08 .00 .07 .93 .25 .87 —

Note. N = 360. Bolded values indicate statistically significant correlations (o < .05). CPPS = smoothed cepstral peak prominence; RFF =

relative fundamental frequency.

Stepwise Logistic Regression Models

To generate parsimonious regression equations for
application to the independent test sets and potential
future use, two stepwise logistic regression models were
run to predict NPVH and PVH status using the training
sets. As shown in Table 9, this resulted in a significant
model fit for NPVH, »*(3) = 79.02, p < .001, Nagelkerke
pseudo R = .26 (correct classification hit rate of 67.2%).
Sensitivity (correct identifications) of this final model was
63.9%, and specificity (correct rejections) was 70.6%. The

resulting regression equation is shown in Equation 4. Note
that the correct classification hit rate and the variance
explained by the NPVH stepwise model is equal to the
NPVH CPPS-only model, as can be seen by comparing
Tables 9 and 6. As shown in Table 10, stepwise regression
also resulted in a significant model fit for PVH, y*(4) =
88.90, p < .001, Nagelkerke pseudo R* = .41 (correct clas-
sification hit rate of 75.0%). Sensitivity (correct identifica-
tions) of this final model was 72.0%, and specificity (cor-
rect rejections) was 78.0%. The resulting regression equa-
tion is shown in Equation 5.

Table 4. Pairwise Pearson correlation coefficients between outcome and predictor parameters in the phonotraumatic vocal hyperfunction

(PVH) training set.

Measure

M SD 1. 2. 3. 4, 5 6 7. 8 9 10. 1. 12, 13.

Outcomes

1. PVH 0.50  (0.50) —
Demographic parameters

2. Sex (female) 0.73 (0.45) 15 —

3. Age 3488 (1851) -.18 -.24 —
CPPS parameters

4. CPPS mean 13.04 (1.86) .04 -.01 -.10 —

5. CPPS SD 415  (0.75) -49 -27 .09 A7 —
RFF parameters

6. RFFoff10 -1.30 (0.98) -12 -.01 -.04 .04 .01 —

7. ARFFoff10-9 -0.27 (0.51) .05 .21 .02 .07 -.17 .62 —_

8. ARFFoff10-5 -1.14  (0.89) -.05 .05 -05 04 -05 .97 .68 —

9. RFFoffTotal -4.05 (8.37) -.27 -.18 -.04 .02 .19 .85 .23 .70 —

10. RFFon1 2.01 (1.18) -30 -.28 .05 .08 .30 .06 -.08 .00 .18 —

11. ARFFon1-2 0.22 (0.91) -.23 -.30 .07 A7 .27 13 -.06 .07 .25 .59 —

12. ARFFon1-6 1.76  (1.14) -32 -29 .07 .09 .30 10 -.01 .03 21 97 .63 —

13. RFFon1+2 3.80 (1.97) -.26 -.20 .03 .02 .23 .02 -.01 -.03 .10 .93 24 .87 —_

Note. N = 240. Bolded values indicate statistically significant correlations (p < .05). CPPS = smoothed cepstral peak prominence; RFF =

relative fundamental frequency.
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Table 5. Nonphonotraumatic vocal hyperfunction logistic regression results using sequential predictor entry, with relative fundamental frequency (RFF) entered before smoothed
cepstral peak prominence (CPPS).

Block 1 Block 2 Block 3
Variable X total Nagel. HR b XZchange X total Nagel. HR b XZchange X total Nagel. HR b
Model fit 2.10 .01 0.53 17.55 19.65 .07 0.59 67.87 87.52 .29 0.71
Coefficients
Intercept -0.17 0.26 4.38
Female 0.53 0.08 0.02
Age 0.00 0.00 0.01
RFFoff10 3.63 3.85
ARFFoff10-9 -1.08 -0.81
ARFFoff10-5 -2.05 -2.54
RFFoffTotal -0.56 -0.52
RFFon1 0.20 0.28
ARFFon1-2 0.11 0.26
ARFFon1-6 -0.50 -0.58
RFFon1+2
CPPS mean 0.16
CPPS SD -1.52

Note. N = 360. Bolded values indicate statistical significance (p < .05). Block 1 chi-square df = 2; Block 2 df = 9; Block 3 df = 11. RFFon1+2 did not enter into the model due to
redundancies. Nagel. = Nagelkerke pseudo R»; HR = hit rate.
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Table 6. Nonphonotraumatic vocal hyperfunction logistic regression results using sequential predictor entry, with smoothed cepstral peak prominence (CPSP) entered before relative
fundamental frequency (RFF).

Block 1 Block 2 Block 3

Variable X total Nagel. HR b XZchange X total Nagel. HR b XZchange X total Nagel. HR b

Model fit 2.10 .01 0.53 74.47 76.57 .26 0.67 10.95 87.52 .29 0.71

Coefficients
Intercept -0.17 4.02 4.38
Female 0.53 0.03 0.02
Age 0.00 0.01 0.01
CPPS mean 0.17 0.16
CPPS SD -1.54 -1.52
RFFoff10 3.85
ARFFoff10-9 -0.81
ARFFoff10-5 -2.54
RFFoffTotal -0.52
RFFon1 0.28
ARFFon1-2 0.26
ARFFon1-6 -0.58
RFFon1+2

Note. Bolded values indicate statistical significance (p < .05). N = 360. Block 1 chi-square df = 2; Block 2 df = 4; Block 3 df = 11. RFFon1+2 did not enter into the model due to
redundancies. Nagel. = Nagelkerke pseudo R2; HR = hit rate.
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Table 7. Phonotraumatic vocal hyperfunction logistic regression results using sequential predictor entry, with relative fundamental frequency (RFF) entered before smoothed cepstral
peak prominence (CPPS).

Block 1 Block 2 Block 3
Variable Y total Nagel. HR b XZehange Y total Nagel. HR b XZchange X total Nagel. HR b
Model fit 10.50 .06 0.58 47.83 58.34 .29 0.70 42.01 100.35 .46 0.78
Coefficients
Intercept 0.46 1.50 5.85
Female 0.26 -0.15 -0.32
Age -0.02 -0.03 -0.02
RFFoff10 6.69 4.87
ARFFoff10-9 -1.37 -1.33
ARFFoff10-5 -3.84 -2.66
RFFoffTotal -1.06 -0.83
RFFon1 0.30 0.41
ARFFon1-2 0.01 0.11
ARFFon1-6 -0.88 -0.95
RFFon1+2
CPPS mean 0.17
CPPS SD -1.62

Note. N = 240. Bolded values indicate statistical significance (p < .05). Block 1 chi-square df = 2; Block 2 df = 9; Block 3 df = 11. RFFon1+2 did not enter into the model due to
redundancies. Nagel. = Nagelkerke pseudo R2; HR = hit rate.
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Table 8. Phonotraumatic vocal hyperfunction logistic regression results using sequential predictor entry, with smoothed cepstral peak prominence (CPPS) entered before relative
fundamental frequency (RFF).

Block 1 Block 2 Block 3

Variable Y total Nagel. HR b XZehange Y total Nagel. HR b XZchange X total Nagel. HR b

Model fit 10.50 .06 0.58 62.73 73.23 .35 0.71 27.12 100.35 .46 0.78

Coefficients
Intercept 0.46 6.01 5.85
Female 0.26 -0.06 -0.32
Age -0.02 -0.02 -0.02
CPPS mean 0.16 0.17
CPPS SD -1.78 -1.62
RFFoff10 4.87
ARFFoff10-9 -1.33
ARFFoff10-5 -2.66
RFFoffTotal -0.83
RFFon1 0.41
ARFFon1-2 0.11
ARFFon1-6 -0.95
RFFon1+2

Note. N = 240. Bolded values indicate statistical significance (p < .05). Block 1 chi-square df = 2; Block 2 df = 4; Block 3 df = 11. RFFon1+2 did not enter into the model due to
redundancies. Nagel. = Nagelkerke pseudo R2; HR = hit rate.
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Table 9. Nonphonotraumatic vocal hyperfunction (NPVH) logistic regression results using stepwise predictor entry.

Variable %2(3) p Pseudo R? Sens Spec HR b (SE) Wald p

NPVH model fit 79.02 < .001 26 0.64 0.71 0.67

Coefficients
Intercept 4.05 (1.05) 14.81 < .001
CPPS mean 0.16 (0.06) 7.63 .006
CPPS SD -1.51 (0.21) 52.31 < .001
RFFoffTotal -0.08 (0.04) 4.40 .036

Note. N = 360. Sens = sensitivity; Spec = specificity; HR = hit rate; SE = standard error; CPPS = smoothed cepstral peak prominence;

RFF = relative fundamental frequency.

Logit (NPVH Status) = 4.05+ 0.16 x CPPS mean —  (4)
1.51 x CPPS SD — 0.08 x
RFFoffTotal

Logit (PVH Status) = 4.56 + 0.20 x CPPS mean—1.66 (5)
xCPPS SD — 0.46 x ARFFonl-6 —
0.13 x RFFoffTotal

Classification Accuracy Using Test Sets

The regression equations resulting from the two
stepwise regression models were used to calculate pre-
dicted probabilities (I = disorder, 0 = control) for the
speakers in the untrained NPVH and PVH test sets. ROC
curves were generated using the predicted probabilities
from each test set (see Figure 3). ROC analysis revealed
an AUC for the NPVH test set of .72 (95% CI [.61, .82)),
consistent with an acceptable classifier. For PVH, AUC
was .86 (95% CI [.79, .93]), consistent with a good classi-
fier (Hosmer et al., 2013).

Likelihood ratios, sensitivity, and specificity were
calculated for two different cutoff criteria. A cutoff of
0.50 resulted in an LR+ of 1.94 and an LR— of 0.52 for
NPVH (sensitivity = 66.0%, specificity = 66.0%) and an
LR+ of 3.27 and an LR- of 0.36 for PVH (sensitivity =
72.0%, specificity = 78.0%). For NPVH, a screening cutoff
criterion of 0.48 yielded an LR+ of 1.70 and an LR- of
0.53 (sensitivity = 68.0%, specificity = 60%). For PVH, a

screening cutoff criterion of 0.31 yielded an LR+ of 2.25
and an LR— of 0.17 (sensitivity = 90.0%, specificity = 60%).

Discussion

This study evaluated the discriminative ability of a
combined RFF/CPPS acoustic index of VH in a large
sample of speakers with NPVH, PVH, and typical voices.
In addition to employing sample sizes that were substan-
tially larger than those analyzed in prior studies of RFF
(Heller Murray et al., 2017; Roy et al., 2016; Stepp et al.,
2010) and CPPS (Radish Kumar et al., 2010; Mahalingam
et al., 2020) in this population, we validated the perfor-
mance of our models using large (n = 100 each) indepen-
dent test sets for NPVH and PVH. Validation of regres-
sion models using independent data (i.e., cases that were
not included in the original analysis) is crucial to accu-
rately assess the performance of a model, as overfitting of
predictors to the original data set may inflate the model’s
performance and limit generalizability (Gareth et al.,
2013). The results of this study show that a combination
of RFF and CPPS acoustic parameters can differentiate
between speakers with hyperfunctional voice disorders and
speakers with typical voices with acceptable (NPVH) to
good (PVH) discriminative performance based on AUC.
When the results of logistic regression models derived
from training sets were applied to untrained test stimuli,
speakers with NPVH were classified with 66% sensitivity

Table 10. Phonotraumatic vocal hyperfunction (PVH) logistic regression results using stepwise predictor entry.

Variable x2(4) P Pseudo R? Sens Spec HR b (SE) Wald P

PVH model fit 88.90 < .001 41 0.72 0.78 0.75

Coefficients
Intercept 4.56 (1.42) 10.26 .001
CPPS mean 0.20 (0.09) 4.99 .025
CPPS SD -1.66 (0.28) 36.31 < .001
ARFFon1-6 -0.46 (0.15) 9.09 .003
RFFoffTotal -0.13 (0.05) 7.44 .006

Note. N = 240. Sens = sensitivity; Spec = specificity; HR = hit rate; SE = standard error; CPPS = smoothed cepstral peak prominence;

RFF = relative fundamental frequency.
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Figure 3. Receiver operating characteristic curves for classification
results of the nonphonotraumatic vocal hyperfunction (NPVH) test
set (n = 100, blue) and the phonotraumatic vocal hyperfunction
(PVH) test set (n = 100, red).
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and 66% specificity, whereas a higher accuracy of 72% sen-
sitivity and 78% specificity was obtained for PVH. Both
RFF and CPPS parameters were significant predictors of
NPVH and PVH status. CPPS parameters uniquely pre-
dicted variance in both NPVH and PVH status after
accounting for variance associated with RFF parameters.
However, whereas RFF parameters did not uniquely pre-
dict variance in NPVH status after accounting for variance
associated with CPPS parameters, RFF did uniquely pre-
dict variance in PVH status above and beyond CPPS. Fur-
thermore, the correct classification hit rate and variance
explained were equal in a CPPS-only model (see Table 6)
and a combined RFF/CPPS acoustic index (see Table 9)
for NPVH. In the final regression models, CPPS mean,
CPPS SD, and RFFoffTotal (the sum of RFF offset cycles)
were significant predictors of both NPVH and PVH. Onset
RFF parameters, specifically the slope between Onset
Cycles 1 and 6 (RFFonl-6), were significantly predictive of
PVH and not NPVH, consistent with a previous study of
RFF in these populations (Heller Murray et al., 2017).
RFF offset parameters were significant predictors of
both NPVH and PVH status. Specifically, in both the
NPVH and PVH samples, a more negative RFFoffTotal
was predictive of having a voice disorder, congruent with
the larger downward trajectory in RFF offset cycles seen in
group mean data for both NPVH and PVH compared to
speakers with typical voices (see Figure 1). This is consis-
tent with prior studies of RFF in speakers with VH (Heller
Murray et al., 2017; Lien et al., 2015; Stepp et al., 2010,
2012). Heller Murray et al. (2017) proposed that elevated
longitudinal vocal fold tension occurs in both speakers with
NPVH and speakers with PVH and prevents these speakers

16 Journal of Speech, Language, and Hearing Research » 1-21

from further increasing tension to counteract the effects of
abduction and decreased transglottal pressure during voic-
ing offsets, which cause f, to decrease. In addition to
increased longitudinal vocal fold tension, speakers with PVH
are hypothesized to have increased transverse vocal fold ten-
sion associated with higher collision forces, as a cause and/or
compensation for phonotrauma (Hillman et al., 2020). The
loss of collision forces during voicing offsets is associated
with decreased f,; thus, higher collision forces during steady-
state phonation in PVH may lead to a larger decrease in f,
during voicing offset (Heller Murray et al., 2017; Serry
et al., 2021), as reflected by the more negative coefficient
for RFFoffTotal in the PVH regression model than in the
NPVH model.

RFF onset parameters significantly predicted PVH
and not NPVH status. Specifically, a smaller value for
RFFonl-6, indicative of a shallower RFF onset slope, was
predictive of having PVH. This is consistent with prior
work by Heller Murray et al. (2017) that showed lower
RFF Onset Cycle 1 values in speakers with PVH com-
pared to speakers with typical voices and provides further
support for their hypothesized model of the effects of VH
on RFF. Brief increases in longitudinal vocal fold tension
that occur during devoicing are thought to cause an increase
in f, during voicing onsets in speakers with typical voices
(Halle & Stevens, 1971; Stepp et al., 2010). Elevated baseline
longitudinal vocal fold tension is thought to reduce this effect
in speakers with VH, leading to less positive onset RFF
values (Stepp et al.,, 2010). Furthermore, during voicing
onsets, increased transverse tension may result in lower RFF
onset values, as faster closing velocities may reduce the
impact of increased transglottal pressure that is thought to
increase f, during onsets (Heller Murray et al, 2017;
Ladefoged, 1967). The combined effects of increased longitu-
dinal and transverse vocal fold tension in speakers with PVH
may underlie our finding of lower onset RFF values in this
population. In addition, the combination of both offset and
onset RFF differences may be one reason why our regression
models performed better at differentiating speakers with
PVH from controls than speakers with NPVH.

It is noteworthy that CPPS parameters alone did
not perform as well at classifying speakers with voice dis-
orders in our study as in prior studies (e.g., Murton et al.,
2020; Sauder et al., 2017). In addition, the average CPPS
mean was similar across VH and control groups, as shown
in Figure 2. This may be due to differences in the popula-
tions sampled in these studies. Prior studies of the discrim-
inative ability of CPPS-derived acoustic measures have
included speakers with a wide range of voice disorders
(Awan et al., 2016; Sauder et al., 2017), whereas this study
included only speakers with hyperfunctional voice disor-
ders. In addition, the mean OS of voice quality in our
sample was relatively low (NPVH mean = 16.2/100; PVH
mean = 20.6/100). This may reflect differences between
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people with VH versus the broader clinical population of
people with voice disorders. Speakers with PVH and
NPVH may or may not present with atypical voice quality
and may instead report primary symptoms such as vocal
fatigue and increased vocal effort (Hunter et al., 2020;
Solomon, 2008). When atypical voice quality is present, it
is possible that it is driven by factors other than those
associated with low CPPS mean values (e.g., breathiness;
Heman-Ackah et al., 2002), such as strain. Furthermore,
in speakers with PVH, compensation for the presence of
phonotrauma may explain the lack of difference in CPPS
mean, which replicates findings from ambulatory monitor-
ing studies (Van Stan, Mehta, Ortiz, Burns, Toles, et al.,
2020). Our findings suggest that RFF, an acoustic measure
thought to be sensitive to differences in laryngeal stiffness
(McKenna et al., 2016), may provide complementary infor-
mation to CPPS, an acoustic measure related to voice qual-
ity (Maryn, Corthals, et al., 2010). The combination of
these two measures as an acoustic index of VH provided
superior sensitivity and specificity, in particular for PVH.

In this study, we explored potential clinical cutoff
scores for acoustic identification of hyperfunctional voice
disorders. The choice of cutoff score may depend on the
purpose for which it is used. Cutoff scores of 0.50, the cri-
terion used in our regression models, yielded an LR+ of
1.94 and an LR— of 0.52 for NPVH (sensitivity = 66.0%,
specificity = 66.0%) and an LR+ of 3.27 and an LR— of
0.36 for PVH (sensitivity = 72.0%, specificity = 78.0%) in
our untrained test data. This criterion provided fair discrimi-
native accuracy for NPVH and good discriminative accuracy
for PVH. As part of a comprehensive voice assessment, this
measure may provide objective information about the
presence of VH. An objective measure of VH could improve
clinical management of these disorders by informing treat-
ment decisions as part of a comprehensive assessment
(detecting persistent hyperfunction after surgery, assessing
discharge readiness, etc.). In addition, this measure may
serve as a screening tool to assist prevention in at-risk indi-
viduals. For screening purposes, maximizing sensitivity while
allowing for somewhat decreased specificity may be appro-
priate. For PVH, a substantially lower cutoff score (0.31)
yielded an excellent sensitivity of 90% while maintaining
60% specificity. This cutoff score may be appropriate for use
in voice screenings or clinical contexts without access to lar-
yngoscopy to identify patients at high risk of PVH and to
assess the urgency of otolaryngology referrals.

Several limitations of this study should be noted.
First, prior treatment history was not controlled in this
sample. However, all speakers with voice disorders were
recently seen by a laryngologist, had a current diagnosis
consistent with NPVH or PVH, and were symptomatic at
the time of recording. Second, as noted in the Method
section, 9.9% of cases in our sample had missing RFF
data, because an insufficient number of RFF instances

(minimum of two) could be calculated from their voice
recordings. It is likely that missingness was influenced by
systematic factors, such as dysphonia severity (i.e., RFF
data were MNAR). For this reason, data estimation methods
were not used, and cases with missing data were deleted list-
wise. This approach to missing data may cause bias. However,
if cases with missing data tended to be more severe, this would
be likely to decrease the overall discriminative accuracy of the
models, as discriminative accuracy is more difficult for cases
that are mild to moderate (which includes the majority of our
samples based on auditory-perceptual ratings of OS). Given
that our models performed with acceptable-to-good accuracy
despite this bias, this supports their clinical utility. However,
further testing of the models with samples reflecting a wider
range of severity would be necessary to confirm this. Finally,
regression results in this study related to the demographic
parameters age and sex were used as control variables only
and should not be interpreted with regard to prevalence of
VH. Epidemiological study of the prevalence and risk factors
associated with voice disorders, including VH, has revealed a
higher risk of occurrence in female individuals, and in certain
age groups (Roy et al., 2005). In this study, sex was not a sig-
nificant predictor of VH status in either model, and age was a
modest predictor of PVH. However, because our control sam-
ples comprised speakers with typical voices from several differ-
ent experiments that varied in demographic inclusion criteria,
they do not constitute a truly random sample in terms of age
and sex. Furthermore, although we did not match our samples
for age or sex, we intentionally removed excess speakers from
oversampled age ranges (18-28 and 58-68 years) in order to
create similar age distributions between our patient and con-
trol samples. Thus, our findings should not be interpreted in
terms of the demographic prevalence of VH.

Results of this study support the use of a multi-
parameter acoustic index of VH as part of a comprehen-
sive voice assessment and for screening purposes to iden-
tify individuals at high risk of PVH. However, future stud-
ies of patients with VH before and after successful voice
therapy are needed to evaluate sensitivity of the index to
change and to define a minimally important difference.
Longitudinal study of high-risk voice users would provide
additional support for the screening value of the indices.
Additional acoustic measures should also be evaluated for
their potential to improve the discriminative accuracy of
the NPVH model. For example, acoustic measures related
to the perception of strain (Anand et al., 2019) and
breathiness (von Latoszek et al., 2018) may be sensitive to
changes in voice quality related to increased laryngeal ten-
sion in the context of a high open quotient of vibration
(Espinoza et al., 2017). Specifically, a linear combination
of vowel spectral moments and CPPS may explain more
variance in perceptual ratings of strain than CPPS alone
(Anand et al., 2019). Similarly, a linear combination of
spectral and perturbation measures in addition to CPPS
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may explain more variance in perceptual ratings of breath-
iness than CPPS alone (von Latoszek et al., 2017). These
acoustic measures could be examined for their potential to
improve discriminative accuracy in NPVH above and
beyond CPPS. Furthermore, use of additional stimuli such
as more natural connected speech for CPPS measures may
also improve performance of the models.

Conclusions

Multiparameter acoustic indices of NPVH and PVH
comprising CPPS and RFF parameters were developed.
Although CPPS and RFF parameters provided complemen-
tary information about the presence of PVH, RFF parame-
ters did not add unique variance beyond that of CPPS mea-
sures for NPVH. Logistic regression models determined that
RFF offset parameters were significant predictors of both
NPVH and PVH status, whereas RFF onset significantly pre-
dicted PVH, but not NPVH, consistent with hypothesized
laryngeal biomechanical differences in these two populations.
The NPVH index showed acceptable performance in an
untrained test set in discriminating speakers with voice disor-
ders from speakers with typical voices (AUC = .72), and the
PVH index showed good performance (AUC = .86). Pro-
posed clinical cutoff scores may provide objective informa-
tion about the likelihood of VH as part of a comprehensive
voice evaluation and as a screening tool for PVH.
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