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ABSTRACT

Purpose: Identifying efficacious measures to characterize dysphonia in complex
neurodegenerative diseases is key to optimal assessment and intervention. This
study evaluates the validity and sensitivity of acoustic features of phonatory dis-
ruption in amyotrophic lateral sclerosis (ALS).

Method: Forty-nine individuals with ALS (40-79 years old) were audio-recorded
while producing a sustained vowel and continuous speech. Perturbation/noise-
based (jitter, shimmer, and harmonics-to-noise ratio) and cepstral/spectral
(cepstral peak prominence, low—high spectral ratio, and related features) acous-
tic measures were extracted. The criterion validity of each measure was
assessed using correlations with perceptual voice ratings provided by three
speech-language pathologists. Diagnostic accuracy of the acoustic features
was evaluated using area-under-the-curve analysis.

Results: Perturbation/noise-based and cepstral/spectral features extracted from
/a/ were significantly correlated with listener ratings of roughness, breathiness,
strain, and overall dysphonia. Fewer and smaller correlations between cepstral/
spectral measures and perceptual ratings were observed for the continuous
speech task, although post hoc analyses revealed stronger correlations in
speakers with less perceptually impaired speech. Area-under-the-curve analy-
ses revealed that multiple acoustic features, particularly from the sustained
vowel task, adequately differentiated between individuals with ALS with and
without perceptually dysphonic voices.

Conclusions: Our findings support using both perturbation/noise-based and
cepstral/spectral measures of sustained /a/ to assess phonatory quality in ALS.
Results from the continuous speech task suggest that multisubsystem involve-
ment impacts cepstral/spectral analyses in complex motor speech disorders
such as ALS. Further investigation of the validity and sensitivity of cepstral/
spectral measures during continuous speech in ALS is warranted.

Amyotrophic lateral sclerosis (ALS) is a fatal neuro-
degenerative disease characterized by the progressive loss of
muscle strength and function. Over the course of the disease,
most individuals with ALS will experience bulbar symptoms
affecting speech, feeding, and swallowing (Haverkamp et al.,
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1995). Over 80% of individuals with ALS develop dysarthria
(B. Tomik & Guiloff, 2010), primarily a mixed spastic—
flaccid subtype resulting from the deterioration of both
upper motor neurons (UMNs) and lower motor neurons
(LMNs) involved in speech production (Darley et al., 1969).

Dysphonia in ALS

Dysphonia, or an impairment of voice production,
is a commonly reported sign of dysarthria in individuals
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with ALS due to abnormal motor function of the larynx.
Chen and Garrett (2005) conducted a medical record
review of 44 patients with bulbar-onset ALS and reported
that 48% presented with dysphonia. Detectable changes in
voice quality or loudness are observed in both patients
with spinal-onset symptoms and those with bulbar-onset
symptoms (Robert et al., 1999). Commonly reported pho-
natory characteristics associated with dysphonia in ALS
include hoarseness, roughness, strain, and breathiness
(Carrow et al., 1974; Chen & Garrett, 2005; J. Tomik
et al., 2015). In a study of 69 patients with ALS, 80% pre-
sented with a harsh voice quality; 67% with a breathy
quality; and 59% with a strained-strangled vocal quality
(Carrow et al., 1974). J. Tomik et al. (2015) reported
hoarseness in 47% of their sample at initial evaluation,
which increased to 55% at reevaluation 6 months later.

Measuring Dysphonia in ALS

Valid, reliable, and easily implemented measures of
dysphonia are critical to efficacious assessment and treat-
ment for individuals with ALS. Various quantitative
acoustic measures have been used in prior literature to
assess phonatory function in ALS, particularly to identify
bulbar involvement, track bulbar decline over time, and
monitor progress during clinical trials (see Chiaramonte &
Bonfiglio, 2020, for a review).

Traditional (Perturbation/Noise-Based) Acoustic
Measures

Among the most commonly used acoustic measures
for quantifying dysphonia in ALS have been jitter (a mea-
sure of cycle-to-cycle variation in frequency) and shimmer
(a measure of cycle-to-cycle variation in amplitude; J. Kent
et al, 1992; Ramig et al, 1990; Robert et al., 1999;
Silbergleit et al., 1997). These two measures are considered
acoustic perturbation measures since they reflect the
amount of involuntary variation (or perturbation) in the
vocal signal. In addition, a noise measure—the harmonics-
to-noise ratio (HNR; a measure of turbulent noise present
in the voice signaly—has also been used. These features are
often considered acoustic correlates of perceptual measures
of voice. Both jitter and shimmer have primarily been asso-
ciated with perceived roughness and overall voice quality
(Arends et al., 1990; Hillenbrand, 1988; Lopes et al., 2012),
whereas HNR has been associated with perceived breathi-
ness and roughness (Bhuta et al., 2004; Hillenbrand, 1988).

Jitter, shimmer, and HNR have been used to iden-
tify aberrant voice production in subjects with ALS. For
example, a study of 10 women with ALS found that five
participants had abnormal levels of jitter and six had abnor-
mal levels of shimmer relative to healthy controls (J. Kent
et al., 1992). Significantly higher jitter values have been
found in individuals with ALS compared with healthy

controls even when the speakers with ALS present with per-
ceptually normal voices (Silbergleit et al., 1997). A longitudi-
nal case study examining acoustic voice features of a 69-
year-old man with ALS revealed a trajectory of decreasing
vocal quality over 6 months, from no initial vocal symptoms
to vocal dysfunction acoustically characterized by increased
shimmer and jitter and abnormal HNR (Ramig et al.,
1990). Another longitudinal case study followed a 53-year-
old woman with ALS over 2 years and documented highly
variable values of shimmer, jitter, and HNR over time,
rather than steady changes (R. D. Kent et al., 1991).

Although these studies suggest the efficacy of tradi-
tional perturbation- and noise-based measures of dyspho-
nia in ALS, existing literature related to acoustic charac-
terization of dysphonia in ALS is limited by several meth-
odological factors. First, many studies utilizing these
acoustic features in ALS include small sample sizes (e.g.,
J. Kent et al., 1992; Ramig et al., 1990; Strand et al.,
1994), which precludes generalization to the heterogeneous
population of individuals with ALS. Additionally, con-
cerns regarding the psychometric limitations of these mea-
sures have been raised (Brockmann-Bauser & Drinnan,
2011; Carding et al., 2004; Martin et al., 1995; Yiu, 1999);
for instance, the reliability of jitter values may decrease as
the severity of dysphonia increases (Rabinov et al., 1995).
Finally, perturbation analysis is limited to sustained
vowels produced at a steady pitch (Garrett, 2013), since it
relies on accurate time-based detection of cycle bound-
aries. Specifically, characteristics of continuous speech
such as short vowel durations, fundamental frequency var-
iation, pauses, and voiceless consonants may significantly
impact perturbation measures (Awan et al., 2010).

Cepstral/Spectral Measures of Dysphonia

A growing body of literature has demonstrated the
utility of cepstral and spectral approaches (e.g., cepstral
peak prominence [CPP], low-high spectral ratio [L/H
ratio], and related features) as an alternative to traditional
acoustic measures for objectively measuring dysphonia
(Awan et al., 2010; Brinca et al., 2014; Heman-Ackah
et al., 2003, 2014; Yu et al., 2018). Significant advantages
of cepstral/spectral measures over traditional acoustic
measures include that they can be extracted from continu-
ous speech (Heman-Ackah et al., 2002) and that they may
be more reliable across the range of impairment severity
than traditional features (Heman-Ackah et al., 2003).

CPP values are obtained from a signal’s cepstrum
(or, more formally, the real part of the cepstrum), which
is calculated by applying an inverse Fourier transforma-
tion to the magnitude of the frequency spectrum. For sig-
nals with strong harmonic components, the cepstrum con-
tains a tall peak at a location corresponding to the period
of the harmonic frequencies, and the CPP is defined as the
distance between that peak and a regression line through
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the cepstrum as a whole. CPP values are generally higher
in voices with strong periodicity and lower in voices char-
acterized by aperiodic noise and have been shown to cor-
relate with listener perception of overall dysphonia (Eadie
& Baylor, 2006; Heman-Ackah et al., 2002; Jannetts &
Lowit, 2014; Murton et al., 2020) and breathiness
(Hillenbrand & Houde, 1996; Jannetts & Lowit, 2014;
Schultz et al., 2021). There is less agreement regarding the
correlation between cepstral measures and the perceptual
characteristic of roughness, with some studies showing a
significant relationship (da Silva Antonetti et al., 2020)
and others showing no correlation (Heman-Ackah et al.,
2002). The standard deviation of CPP (CPP SD) has also
shown potential as an acoustic measure of dysphonia
(Awan et al., 2014; Carson et al., 2016; Watts & Awan,
2011), likely in part because it is reflective of frequency
and amplitude variations in normal speech intonation pat-
terns (Watts & Awan, 2011).

The utility of cepstral/spectral analyses for discrimi-
nation and/or progress monitoring has been explored in
clinical populations including individuals with Parkinson’s
disease (Behrman et al., 2020; Benba et al., 2017; Orozco-
Arroyave et al., 2015), hypokinetic and ataxic dysarthria
(Byeon, 2021; Jannetts & Lowit, 2014), and Friedreich
ataxia (Carson et al., 2016), with results providing promis-
ing evidence that cepstral measures are associated with
perceptual voice characteristics in dysarthric speakers.
Indeed, the American Speech-Language-Hearing Associa-
tion expert panel tasked with developing a protocol for
instrumental voice evaluation (Patel et al., 2018) recom-
mended CPP as a global measure of dysphonia severity.
However, given the complex nature of voice and speech
impairment in ALS including breathy, strained, and/or
rough voice quality, we extended our evaluation of
acoustic measures to include CPP SD, L/H ratio and its
variance (the standard deviation of L/H ratio [L/H ratio
SD]), and the Cepstral Spectral Index of Dysphonia
(CSID).

L/H ratio, a spectral measure used in voice evalua-
tion, is typically calculated as the ratio of spectral energy
below 4 kHz and spectral energy at or above 4 kHz. L/H
ratio has been shown to differentiate typical from dys-
phonic voices (Yu et al., 2018) and is correlated with the
perceptual features of breathiness and overall dysphonia
severity (Awan & Roy, 2006; Schultz et al.,, 2021),
although its usefulness for differentiating dysphonic from
nondysphonic voices may be limited (Lowell et al.,
2012). L/H ratio SD reflects its variability across the
duration of a voice sample, and a higher value on this
measure may be interpreted as corresponding to better
laryngeal support for dynamic adjustments of the larynx
particularly in continuous speech (Watts, 2015). The
CSID is a multivariate estimate of dysphonia severity
that incorporates CPP, CPP SD, L/H ratio, and L/H

ratio SD to approximate a rating from a 100-point visual
analog scale of overall dysphonia severity (Awan et al.,
2016).

To date, the application of cepstral/spectral mea-
sures to quantify phonatory function in individuals with
ALS has been limited. Chiaramonte and Bonfiglio (2020)
conducted a systematic review of 26 studies published
between 1990 and 2019 that used acoustic methods to
analyze voice in bulbar ALS; of note, no studies meeting
their inclusion criteria used cepstral or spectral measures.
Byeon et al. (2016) reported significant differences in
values of CPP and L/H ratio between a group of eight
women with ALS and 20 healthy controls. More
recently, Eshghi et al. (2021) compared four groups of
individuals with ALS: predominantly hypernasal, pre-
dominantly dysphonic, mixed hypernasal and dysphonic,
and voice/hypernasality asymptomatic. They showed that
values of CPP differentiated all groups except asymptom-
atic versus mixed and that the L/H ratio did not differ
among groups.

The Effect of Task on Cepstral/Spectral
Measures of Dysphonia

The nature of a speech stimulus can affect cepstral/
spectral values. Zraick et al. (2005) found that CPP values
differed significantly when measured during a sustained
vowel or during continuous speech from the same speaker.
Different sentences included in the protocol for the Con-
sensus Auditory-Perceptual Evaluation of Voice (CAPE-
V) have different levels of correlation with the CSID, and
none of those correlations are as strong as the correlation
with a sustained vowel (Awan et al., 2010). Supporting
this finding, Watts (2015) reported a significant main
effect of sentence type on measurements of CPP, L/H
ratio, and L/H ratio SD and recommended the use of a
variety of stimuli during clinical voice assessment to over-
come the effect of glottal and supraglottal differences on
acoustic measurements.

Measuring Dysphonia in Complex
Neurodegenerative Diseases Such as ALS

The complexity of neurodegenerative diseases such
as ALS, in which multiple speech subsystems (i.e., respira-
tory, phonatory, resonatory, and/or articulatory) may be
affected, complicates the direct assessment of single subsys-
tems since each may have a significant confounding effect
on the measurement of the others. For example, the co-
occurrence of dysphonia and hypernasality (impairments of
the phonatory and resonatory subsystems, respectively) in
ALS has been shown to have contradictory effects on spec-
tral energy (Eshghi et al., 2021), potentially reducing the
validity of acoustic measures in populations in which both
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subsystems are impacted. Foundational research validating
acoustic voice measures has often focused on individuals
with dysphonia at the exclusion of individuals with multiple
subsystem impairment (e.g., Awan et al, 2010; Heman-
Ackah et al., 2003; Kreiman et al., 2002; Rabinov et al.,
1995). Voice analysis in ALS is also complicated by the
variable manifestation of the disease across individuals
(Swinnen & Robberecht, 2014) and within an individual
across time (Ravits & La Spada, 2009). The diagnosis of
ALS requires evidence of clinical signs of co-occurring
UMN and LMN involvement. Lesions to these distinct
neural pathways are thought to result in vastly different
phonatory disorders, with UMN dysfunction producing a
spastic dysphonia and LMN dysfunction producing a flac-
cid dysphonia (Colton et al., 2011).

The involvement of multiple speech subsystems also
appears to impact auditory-perceptual voice evaluations, in
which listeners make subjective judgments of dysphonic fea-
tures such as roughness, breathiness, or strain. Auditory-
perceptual voice assessments are very common and consti-
tute the current gold standard for voice evaluation in ALS.
However, they require specialized training, are prone to
reliability constraints (Kreiman & Gerratt, 2010; Lu &
Matteson, 2014; Webb et al., 2004), and may be compli-
cated by the co-occurrence of subsystem impairments. For
example, Imatomi et al. (2003) synthesized voices with
varying degrees of roughness and hypernasality and found
that severely rough voices were rated as less hypernasal
than normal or moderately rough voices, especially in the
case of severe hypernasality. Taken together, the above
evidence suggests that the interaction of voice and speech
impairments—which manifest specifically during continuous
speech and will be less noticeable or absent during a task
such as a sustained vowel—is likely to have a significant
effect on the acoustic assessment of voice and the correla-
tions between acoustic features and perceptual voice
ratings.

Given the lack of validation of measures of dyspho-
nia in ALS, the overarching aim of this research is to
identify valid, reliable, and sensitive acoustic features for
monitoring bulbar impairment in ALS. In the long term,
this research aims to facilitate assessment and intervention
to mitigate the devastating impacts of the disease. As an
initial step toward that goal, we sought (a) to establish the
criterion validity of acoustic features for evaluating dys-
phonia in ALS based on their relationship to the current
gold standard (i.e., auditory-perceptual assessment) and
(b) to examine the diagnostic accuracy of acoustic features
for identifying dysphonia in this population. Specifically,
our research questions are as follows:

Research Question 1. Are perturbation/noise-based and
cepstral/spectral acoustic measures valid indicators of dys-
phonia severity in speakers with ALS?

To comprehensively address this question, we also exam-
ined the following:

Research Question 1.1. Does the correlation between
cepstral/spectral measures and perceptual voice features
differ by task?

Research Question 1.2. Is the correlation between
cepstral/spectral measures and perceptual voice features
impacted by speech impairment severity?

Research Question 2. What is the diagnostic accuracy of
perturbation/noise-based and cepstral/spectral measures for
detecting dysphonia among individuals with ALS?

Method

Data for this study were collected from participants
as part of a longitudinal, multisite project conducted at
the University of Nebraska—Lincoln and the University of
Toronto. Additional data from four participants were col-
lected through the Dominant Inherited ALS (DIALS)
Network, a multicenter study at Massachusetts General
Hospital and Washington University. All study procedures
were approved by the institutional review boards of all
institutions involved in data collection.

Participants

The participants included 49 individuals (ages 40—
79 years, M = 60.2, SD = 9.5; 22 women) diagnosed with
ALS by a neurologist using the revised El Escorial criteria
(Brooks et al., 2000). Inclusion criteria for the study were
being a native speaker of English and demonstrating suffi-
cient cognitive, hearing, vision, and literacy skills to com-
plete the research tasks. Participants were excluded if they
had a history of other neurological disorders (e.g., stroke).
Participants passed hearing screenings at 25 dB for both ears
at 500, 1000, 2000, and 4000 Hz, except participants from
the DIALS study, who reported no hearing concerns. Partic-
ipants demonstrated a range of dysarthria severity on a vari-
ety of assessments, from no impairment to severely affected.
For participants whose scores on the Speech Intelligibility
Test (SIT; Yorkston et al., 2007) were available (n = 45),
scores ranged from 6.4% to 100% intelligibility (M = 87.9,
SD = 21.5), and their speaking rate derived from the SIT
ranged from 37.8 to 251.9 words per minute (n = 44, M =
138.8, SD = 53.5). Table 1 presents relevant demographic
and clinical information about the sample.

Procedure

Participants were audio-recorded using a high-quality
lapel microphone (Audio-Technica AT831R) located
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Table 1. Participant demographics.

Variable n M SD Min Max
Age (years) 49 60.2 9.5 40.7 79.4
Time since symptom onset (months) 42 36.6 34.0 7.0 183.0
Intelligibility (% words understood) 45 87.9 21.5 6.4 100.0
Speaking rate (words per minute) 44 138.8 53.5 37.8 251.9
Sex

Female 22

Male 27
Site of onset

Bulbar 7

Spinal 31

Mixed 6

Unavailable 5

Note. Min = minimum; Max = maximum.

approximately 15 cm from the mouth, with a sampling
rate of 44.1 kHz and 16-bit resolution. In one session, par-
ticipants were recorded producing a sustained vowel and
reading a passage aloud. For the sustained vowel task,
participants were instructed to produce /a/ for as long as
possible on one breath at their typical pitch and loudness
following a model from the researcher. For the passage
reading task, participants read aloud the Bamboo Passage,
a 97-word paragraph written at a fifth-grade reading level
initially designed to aid in automatic pause boundary
detection (Green et al., 2004). This study used existing
data from projects with aims such as quantifying the rate
of subsystem decline in ALS using pause frequency and
duration; thus, the most commonly available continuous
speech sample in our sample was the Bamboo Passage.

Acoustic Processing

Acoustic analysis consisted of a multistep process.
First, all files were down-sampled to 22050 Hz. For sustained
vowels, a steady-state 2-s portion of the vowel beginning at
least 1 s after voicing onset was extracted in Praat (Boersma
& Weenink, 2022). For the Bamboo Passage recordings, files
were trimmed to leave approximately 500 ms before the
beginning of the first word and after the end of the last word.
The Loudness Normalization function in Audacity (Audacity
Team, 2021) was used to standardize root-mean-square

Table 2. Cepstral/spectral variables with definitions and interpretations.

(RMS) amplitude to —20 dB for sustained vowels and to —30
dB for continuous speech, facilitating perceptual ratings by
generating signals of comparable perceived loudness. Continu-
ous speech was standardized to a lower RMS amplitude than
sustained vowels to avoid clipping related to plosive bursts.

Perturbation- and Noise-Based Measures

The Voice Report command in Praat was imple-
mented on the trimmed sustained /a/ recordings to extract
the following features: local jitter (i.e., frequency perturba-
tion calculated as the average absolute difference between
consecutive periods, divided by the average period), local
shimmer (i.e., amplitude perturbation calculated as the
average absolute difference between the amplitudes of con-
secutive periods, divided by the average amplitude), and
HNR (i.e., the ratio of acoustic periodicity to noise,
expressed in decibels).

Cepstral/Spectral Measures

Cepstral/spectral measures were extracted from the sus-
tained vowel and continuous speech samples using Analysis of
Dysphonia in Speech and Voice (ADSV; PENTAX Medical,
2011). The cepstral/spectral variables of interest and their defi-
nitions (as provided in ADSV documentation) are provided in
Table 2. Participant sex was accounted for when calculating
CSID values derived from sustained /a/; a single calculation

Variable Description

CPP Cepstral peak prominence. The mean difference between the actual and linear regression predicted cepstral peaks for the
selected voiced data frames.

CPP SD CPP standard deviation. The standard deviation of the mean differences between the actual and linear regression predicted
cepstral peaks for the selected voiced data frames.

L/H ratio Low-high spectral ratio. The mean ratio of signal energy below 4 kHz to the energy above 4 kHz for the selected voiced
data frames.

L/H ratio SD L/H ratio standard deviation. The standard deviation of the ratio of signal energy below 4 kHz to the energy above 4 kHz
for the selected voiced data frames.

CSID Cepstral Spectral Index of Dysphonia. An acoustic estimate of dysphonia severity incorporating multiple cepstral- and

spectral-based measures.
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was used for all participants during the continuous speech
task (Awan et al., 2016; Peterson et al., 2013).

Perceptual Analysis

Three of the authors (M.F.M., O.M., and H.P.R.),
who are speech-language pathologists with expertise in
voice/dysarthria research and perceptual voice evaluation
(M = 5.5 years), independently rated the phonatory quality
of all participants using the sustained /a/ and, in a separate
rating session, the Bamboo Passage recordings. For each
participant, roughness, breathiness, strain, and overall dys-
phonia were rated on 100-point visual analog scales adapted
from the CAPE-V (Kempster et al., 2009) with descriptive
labels of “normal” corresponding to 0 and “severe” corre-
sponding to 100. For the Bamboo Passage recordings, lis-
teners additionally rated each participant’s dysarthria sever-
ity and resonance impairment, also on 100-point visual ana-
log scales, in order to aid our interpretation of perceptual
ratings within the context of ALS-related dysarthria. Data
were collected via REDCap (Harris et al., 2009), a browser-
based electronic data capture system. Each rater heard the
files in a different randomized order. Raters were permitted,
but not required, to listen to each audio file up to 3 times.
Operational definitions for each voice feature were discussed
with each rater before their rating sessions and presented on
the screen during all ratings. Roughness was defined as per-
ceived irregularity in voice; breathiness, as excess air escape
during voicing; strain, as excess vocal effort/hyperfunction;
overall dysphonia, as a global estimate of voice quality dur-
ing speech; hypernasality, as the degree of altered resonance
due to increased resonance in the nasal cavity; and overall
speech impairment, as the overall speech impairment severity
considering all speech subsystems. Each participant received
a single rating for each perceptual feature per task, calcu-
lated as the average of the three listeners’ ratings.

Inter- and Intrarater Reliability

Reliability was assessed within (intrarater) and across
(interrater) the three listeners. To assess interrater reliability,
ratings for each perceptual feature (i.e., roughness, breathiness,
strain, overall dysphonia, hypernasality, and overall speech
impairment) by the three raters were compared. To assess
intrarater reliability, a randomly selected 30% of the recordings
(15 recordings: nine men, six women) was rated a second time
by each of the three raters, resulting in 64 total ratings (49 +
15) per task completed by each listener. Interrater reliability
was measured using two-way random effects intraclass correla-
tion coefficients (ICCs; absolute agreement, mean of k raters
type)-1CC(2,k)—calculated with the irr package in R (Gamer
et al., 2012). Intrarater reliability was assessed using two-way
mixed-effects ICCs (consistency, mean of k raters type)-ICC(3,
k)—for each perceptual feature for each rater using the irr pack-
age in R. ICCs were then averaged across raters to generate an
intrarater reliability score for each feature.

Statistical Analysis

Criterion Validation of Acoustic Features
(Research Question 1)

The validity of acoustic measures was evaluated
using correlation coefficients between each acoustic feature
and the perceptual voice measures. The Kolmogorov—
Smirnov test of normality was conducted to assess the
normality of model residuals for each pair of perceptual/
acoustic features (e.g., roughness and CPP derived from
the sustained vowel task). For pairs that did not violate
the assumption of normality (p > .05; n = 11, 21% of cor-
relations), Pearson correlation coefficients and associated
p values were calculated; for pairs that did violate the
assumption of normality (p < .05; n = 41), Spearman’s
rank correlation coefficients and associated p values were
calculated. To examine differences in correlations across
tasks, the correlations between perceptual ratings and
acoustic features were analyzed during both the sustained
vowel task and the continuous speech task due to known
effects of speech stimulus on cepstral/spectral values.

To examine the impact of speech impairment severity
on cepstral/spectral values, three separate post hoc analyses
were conducted on data from the continuous speech task.
To examine the effect of overall speech impairment on the
correlations, the sample was stratified into two groups: a
“no/low speech impairment” group of subjects who
received a perceptual rating of 10 or less on overall speech
impairment and a “high speech impairment” group of sub-
jects who were rated higher than 10. To examine the effect
of intelligibility, the sample was divided into a “high intel-
ligibility” group of subjects who were above 94% intelligi-
ble on the SIT and a “low intelligibility” group of those
who were 94% intelligible or less. This cutoff was chosen
because an intelligibility level above 94% is the recom-
mended severity grouping corresponding to clinical severity
ratings of “normal” (Stipancic et al., 2021). To examine the
effect of hypernasality, the sample was divided into a “no/
low hypernasality” group who were rated as 10 or less on
hypernasality and a “high hypernasality” group who
received a rating above 10. While standards for visual ana-
log scale ratings of hypernasality severity are not currently
established, Baylis et al. (2015) found that most subjects
rated as 0 on a 0-5 equal-appearing interval scale of hyper-
nasality were also rated below 10 on a visual analog scale
of hypernasality. Correlation coefficients and associated p
values calculated for each acoustic feature/perceptual rating
pair were calculated for these six groups using the same
methods described above for the entire pooled sample.

Diagnostic Accuracy of Acoustic Features
(Research Question 2)

The area under the receiver operating characteristic
(ROC) curve (AUC) was then calculated and used to
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quantify the overall performance of each acoustic variable at
differentiating perceptually normal and dysphonic voices
(i.e., its diagnostic accuracy). The AUC can range from 0 to
1, with .5 indicating that a feature is no better than chance at
discriminating between participants, a .7—.8 being considered
adequate, and a .8-.9 being considered excellent (Hosmer
et al., 2013). Given known voice changes related to normal
aging of the larynx (Kendall, 2007) and the age range of the
participants in this study, as well as the strong but inherently
imperfect reliability of the CAPE-V (Karnell et al., 2007), a
cutoff of 5 or below on any of the perceptual features was
considered to be “normal” or “non-dysphonic” for the AUC
analysis (i.e., mean ratings of 0—4 on the 100-point visual
analog scales were considered normal, and mean ratings of
5-100 were considered abnormal). Additionally, the follow-
ing values were calculated: the optimal threshold of each fea-
ture for classifying dysphonic versus perceptually normal
voices, the specificity of each feature (i.e., the proportion of
participants with a perceptually normal voice who were cor-
rectly classified), the sensitivity of each feature (i.e., the pro-
portion of participants with a perceptually dysphonic voice
who were correctly classified), and the accuracy of each fea-
ture (i.e., the number of participants correctly classified).
These analyses were conducted using the pROC (Robin
et al., 2011) and ROCR (Sing et al., 2005) packages in R.

Results

Reliability of Listener Ratings

The inter- and intrarater reliability of the perceptual
voice and speech features are presented in Table 3. All

Table 3. Inter- and intrarater reliability scores by three skilled raters
for perceptual ratings of voice quality, hypernasality, and speech
impairment during (a) a sustained vowel and (b) continuous speech.

Interrater Intrarater
reliability reliability
Feature ICC(2,k) ICC(3,k), M (range)
Sustained /a/
Roughness .81 .93 (0.91-0.95)
Breathiness .86 .84 (0.76-0.90)
Strain .65 .85 (0.78-0.96)
Overall dysphonia .89 .93 (0.89-0.96)
Hypernasality .81 .94 (0.88-0.97)
Continuous speech
Roughness .80 .85 (0.82-0.90)
Breathiness .87 .73 (0.50-0.89)
Strain .89 .93 (0.89-0.98)
Overall dysphonia .81 .83 (0.67-0.95)
Hypernasality 91 .93 (0.91-0.94)
Speech impairment 97 .95 (0.94-0.96)

Note. All values were significant at the level of p < .001. ICC =
intraclass correlation coefficient.

values in Table 3 were significant at the level of p < .001.
Using the guidelines provided by Koo and Li (2016),
ICCs revealed good interrater reliability (i.e., .75-.90 aver-
aged across three raters) for all perceptual features, except
hypernasality and speech impairment in the continuous
speech task, which were both excellent (i.e., > .90), and
strain in the sustained vowel task, which was moderate
(i.e., .50-.75). Intrarater reliability for all perceptual fea-
tures ranged from good to excellent, except breathiness in
the continuous speech task, which was moderate.

Listener Ratings and Acoustic Features

Means, standard deviations, and ranges for the rat-
ings of each perceptual voice feature are included in
Table 4. In the sustained vowel task, overall dysphonia
was rated as the most impaired (M = 18.80, SD = 17.15),
whereas breathiness was rated as the least impaired (M =
11.95, SD = 14.09); in the continuous speech task, strain
was rated as the most impaired (M = 17.64, SD = 19.61),
whereas breathiness was rated as the least impaired (M =
8.36, SD = 10.82). Table 5 shows the means, standard
deviations, and ranges of values for all acoustic features
included in this study.

Criterion Validity of Acoustic Features
(Research Question 1)

A summary of the correlations between perceptual
ratings and values of each acoustic variable is presented in
Table 6. For the sustained vowel task, all three perturbation/
noise-based features (i.e., jitter, shimmer, and HNR) demon-
strated moderate to very strong (correlation coefficient > .5
and > .8, respectively) and statistically significant (p <
.001) correlations with all four perceptual features of dys-
phonia. Cepstral/spectral acoustic measures, especially
those related to CPP (i.e., CPP, CPP SD, and CSID),
were also significantly correlated with perceptual

Table 4. Descriptive statistics of mean perceptual voice ratings
across subjects.

Feature M SD Min Max
Sustained /a/
Roughness 15.18 16.86 0.00 67.33
Breathiness 11.95 14.09 0.00 64.33
Strain 13.04 12.84 0.00 43.00
Overall dysphonia 18.80 17.15 0.00 61.67
Continuous speech
Roughness 13.95 14.12 0.00 74.33
Breathiness 8.36 10.82 0.00 50.00
Strain 17.64 19.61 0.00 69.67
Overall dysphonia 17.37 16.20 0.00 71.67

Note. N = 49, range = 0—-100. Min = minimum; Max = maximum.
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Table 5. Descriptive statistics of acoustic features.

Sustained vowel Continuous speech

Feature M SD Min Max M SD Min Max
Jitter 0.007 0.010 0.001 0.072 — — — —
Shimmer 0.050 0.034 0.008 0.201 — — — —
HNR 19.473 5.862 0.132 32.591 — — — —
CPP 11.364 2.576 1.926 15.437 5.240 1.412 1.952 9.223
CPP SD 1.037 0.731 0.367 3.040 3.525 0.652 1.851 5.043
L/H ratio 35.308 5.372 23.312 44.819 32.735 5.781 19.950 42.022
L/H ratio SD 1.734 0.722 0.796 4.944 9.421 1.743 4.873 13.798
CSID 16.540 18.870 -13.669 81.335 6.340 15.390 -24.052 42.160

Note. Em dashes indicate that there are no values to report for these features (i.e., jitter, shimmer, and HNR) for the continuous speech
task because they cannot be calculated from continuous speech. Min = minimum; Max = maximum; HNR = harmonics-to-noise ratio;
CPP = cepstral peak prominence; CPP SD = CPP standard deviation; L/H ratio = low—high spectral ratio; L/H ratio SD = L/H ratio standard
deviation; CSID = Cepstral Spectral Index of Dysphonia.

measures—in several cases, with stronger correlations than
traditional perturbation/noise measures (i.e., CPP x Breath-
iness, CSID x Strain, and CSID x Overall Severity). Cor-
relations between cepstral/spectral measures and percep-
tual ratings during the continuous speech task were fewer
and smaller, although CPP, CPP SD, and L/H ratio were
significantly correlated with perceptual ratings. Additional
analysis of the correlations among severity groups based
on overall speech impairment, intelligibility, and hyperna-
sality is presented in Table 7, demonstrating that, in gen-
eral, correlations during continuous speech are stronger in
subjects with less severe speech impairment.

Diagnostic Accuracy of Acoustic Features for
Differentiating Normal and Dysphonic Voices
(Research Question 2)

The AUC, threshold, specificity, sensitivity, and
overall classification accuracy for each acoustic feature are
presented in Table 8. All perturbation/noise-based acoustic

features (i.e., jitter, shimmer, and HNR) extracted from the
sustained /a/ demonstrated outstanding AUCs (i.e., > .90;
Hosmer et al., 2013). CSID had an excellent AUC (i.e.,
.80-.90), and CPP, CPP SD, and L/H ratio SD each had
AUC:s in the acceptable range (i.e., .70-.90). L/H ratio did
not demonstrate an adequate ability to differentiate these
groups (i.e., < .70). For the continuous speech task, none
of the assessed acoustic features (i.e., CPP, CPP SD, L/H
ratio, L/H ratio SD, or CSID) demonstrated an adequate
ability to differentiate between groups.

Discussion

Consistent with previous literature reporting dyspho-
nia among individuals with ALS, most participants in our
sample were perceptually rated as presenting with dyspho-
nia characterized by roughness, strain, and/or breathiness.
However, the complex manifestation of UMN and LMN
dysfunction in individuals with ALS, particularly during

Table 6. Correlations between perceptual voice ratings and acoustic measures.

Sustained /a/

Continuous speech

Feature Roughness Breathiness Strain Severity Roughness Breathiness Strain Severity
Jitter T9 59** .66™* T — — — —
Shimmer 7 .65 60" A — —_ — —_
HNR —.81"* —.59"** —.64** -.69** — — — —
CPP -.53"* - 74" —-.45* -.67" .01 -.19 .33* 15
CPP SD .68 37 .64 617 -.26 —-.40* -.03 -.13
L/H ratio =17 .01 -.22 -.09 15 31 37 32"
L/H ratio SD .32* .20 40 .33" -.20 -.07 -.27 -.20
CSID 78 .63 .69™* 75" .24 .03 -.19 -.05

Note. Em dashes indicate that there are no values to report for these features (i.e., jitter, shimmer, and HNR) for the continuous speech
task because they cannot be calculated from continuous speech. HNR = harmonics-to-noise ratio; CPP = cepstral peak prominence; CPP
SD = CPP standard deviation; L/H ratio = low-high spectral ratio; L/H ratio SD = L/H ratio standard deviation; CSID: Cepstral Spectral Index
of Dysphonia.

*p < .05. ”p <.01. *p < .001.
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Table 7. Correlation coefficients and significance levels between perceptual ratings and acoustic features during continuous speech, sepa-
rated by speech impairment, intelligibility, and hypernasality severity levels.

Speech impairment Intelligibility Hypernasality
Pooled No/low High High Low No/low High
Correlation pair N =49 n=23 n=26 n =36 n=9 n =34 n=15
CPP x
Roughness .01 -A4T7* .01 -.32 .04 —.64* -.26
Breathiness -.19 —.42* =27 -.46* -.13 —.49* -.43
Strain 33" -.19 42+ -.22 .60* -.33 .24
Voice severity .15 -.27 A7 -.30 .31 —.46™ -.16
CPP SD x
Roughness .26 -51* -.19 —.42¢ -.47 —61 -.45
Breathiness -.40* -.59** -.40* —.59%** -.37 —.64* -.35
Strain -.03 -.31 13 -.36* .01 —-.46™ -.03
Voice severity -.13 -.40 -.02 —.44* -12 -.56"* -17
L/H ratio x
Roughness .15 19 -.35 .30 .23 42 -.29
Breathiness 317 .24 -.08 .34 .26 48 -.15
Strain 37 .45* -.10 AT .35 B .00
Voice severity .32* .20 -.09 .35 49 48** -.01
L/H ratio SD x
Roughness -.20 -.07 -1 -.05 -.02 -.22 -.06
Breathiness -.07 22 -.04 -.10 .08 -.07 .04
Strain -.27 -.22 -.26 -.16 -17 -25 -.33
Voice severity -.20 -.04 -17 -.16 -.02 -.23 -.10
CSID x
Roughness .24 .45* .29 AT .00 51 .53*
Breathiness .03 15 .10 .23 -.13 21 .35
Strain -.19 -.11 -.28 .07 -.47 09 .02
Voice severity -.05 .15 .00 .22 -.37 29 .21

Note.

standard deviation; CSID = Cepstral Spectral Index of Dysphonia.

*p <.05. *p < .01. **p < .001.

CPP = cepstral peak prominence; CPP SD = CPP standard deviation; L/H ratio = low—high spectral ratio; L/H ratio SD = L/H ratio

continuous speech, appears to complicate the relationship
between acoustic measures and perceptual ratings of dys-
phonia. This study was designed to examine the efficacy
of various acoustic measures for the assessment of dys-
phonia in ALS, including both traditional perturbation/

Table 8. Classification accuracy values for each acoustic feature.

noise-based measures (i.e., jitter, shimmer, and HNR) and
cepstral/spectral measures of voice quality (i.e., CPP, L/H
ratio, CSID, and the variability of CPP and L/H ratio),
which are relatively understudied among individuals with
ALS. An optimal acoustic measure of voice quality should

Statistic Jitter Shimmer HNR CPP CPP SD L/H ratio L/H ratio SD CSID
Sustained vowel
AUC .908 914 910 .764 .733 .585 731 .826
Threshold 0.004 0.034 22.858 10.770 0.790 33.617 1.173 6.670
Specificity 1.000 1.000 .900 1.000 .900 .800 .600 .800
Sensitivity .718 .769 .846 .487 513 462 .923 795
Accuracy 776 .816 .857 592 592 .531 .857 .796
Continuous speech
AUC — — — .562 .690 .660 .564 .562
Threshold — — — 4.763 3.545 30.184 9.299 3.666
Specificity — — — .846 .769 .615 .769 .692
Sensitivity — — — A72 .667 722 .500 611
Accuracy — — — 571 .694 .694 571 .633
Note. Em dashes indicate that there are no values to report for these features (i.e., jitter, shimmer, and HNR) for the continuous speech

task because they cannot be calculated from continuous speech. HNR = harmonics-to-noise ratio; CPP = cepstral peak prominence; CPP
SD = CPP standard deviation; L/H ratio = low—high spectral ratio; L/H ratio SD = L/H ratio standard deviation; CSID = Cepstral Spectral
Index of Dysphonia; AUC = area under the curve (boldface indicates an AUC above 0.7).
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be reliable, reproducible, and correlated with dysphonia
severity (Heman-Ackah et al., 2003), and with these cri-
teria in mind, we examined (a) the criterion validity of
each acoustic measure via their correlations with percep-
tual ratings and (b) the diagnostic accuracy of each acous-
tic measure for differentiating speakers with and without
perceptually dysphonic voices.

Summary of Findings

Sustained Vowel Task

For the sustained /a/ task, both analyses confirmed
that jitter, shimmer, and HNR are robust acoustic mea-
sures of dysphonia, which were strongly correlated with
four of the most common auditory-perceptual features of
vocal dysfunction: roughness, breathiness, strain, and
overall dysphonia severity. These findings confirm previ-
ous literature demonstrating associations between jitter
and shimmer with roughness and overall voice quality
(Arends et al., 1990; Hillenbrand, 1988; Lopes et al.,
2012) and between HNR and breathiness and roughness
(Bhuta et al., 2004; Hillenbrand, 1988). Additionally, our
findings provide evidence supporting jitter and shimmer as
markers of breathiness and strain and HNR as a marker
of strain and overall dysphonia severity. Our findings also
add to the literature reporting abnormal levels of jitter,
shimmer, and HNR in individuals with ALS (e.g., J. Kent
et al., 1992; R. D. Kent et al., 1991; Ramig et al., 1990;
Silbergleit et al., 1997).

Strong and significant correlations were also found
between cepstral/spectral acoustic features and perceptual
ratings in the sustained vowel task. In fact, the strongest
acoustic correlate of breathiness was CPP, and the stron-
gest acoustic correlate of both strain and overall dyspho-
nia severity was CSID. In particular, it appears that
acoustic features related to CPP (i.e., CPP, CPP SD, and
CSID) correlate well with perceptual ratings in the sus-
tained vowel task, confirming prior findings (Heman-
Ackah et al., 2002; Hillenbrand & Houde, 1996). Interest-
ingly, despite literature linking L/H ratio to perceptual rat-
ings of dysphonia (e.g., Awan & Roy, 2006; Schultz et al.,
2021; Yu et al., 2018, although see Eshghi et al., 2021;
Lowell et al., 2012), we did not observe significant correla-
tions between L/H ratio and any of the perceptual fea-
tures. However, L/H ratio SD demonstrated several signif-
icant correlations of fair strength (i.e., correlation coeffi-
cient > .3) with ratings of roughness, strain, and overall
dysphonia severity.

AUCs are an effective way to summarize the overall
diagnostic accuracy of an assessment (Mandrekar, 2010).
For the sustained vowel task, all perturbation/noise-based
acoustic features (i.e., jitter, shimmer, and HNR) demon-
strated outstanding discrimination between dysphonic and
nondysphonic voices (i.e., AUCs > .90; Hosmer et al.,

2013). Cepstral/spectral measures also discriminated the
groups with excellent (i.e., CSID) or acceptable (i.e., CPP,
CPP SD, and L/H ratio SD) diagnostic accuracy, defined
as an AUC > .8 and > .7, respectively, supporting the
notion that CPP can effectively discriminate between per-
ceptually dysphonic and nondysphonic voices (Awan &
Roy, 2005; Sauder et al., 2017). Of note, while perceptual
ratings of dysphonia varied widely among our sample, the
mean values of each rating suggest that our sample was
skewed toward less dysphonic voices. The fact that most
acoustic features demonstrated solid diagnostic accuracy
despite our relatively mild sample supports the robustness
of these features, specifically that they perform well even
with low levels of dysphonia.

Continuous Speech (Reading Passage Task)

In the continuous speech task, CPP and CPP SD
were each significantly correlated with only one perceptual
feature (i.e., CPP x Strain and CPP SD x Breathiness),
and CSID was not significantly correlated with any per-
ceptual features. The negative correlation between CPP
SD and breathiness was expected since CPP SD is sensi-
tive to changes in frequency and amplitude that are likely
diminished in the presence of breathiness (Watts & Awan,
2011). A potential explanation for the lack of correlations
with CSID is that this measure—an acoustic estimate of
dysphonia severity based on an algorithm incorporating
several cepstral- and spectral-based measures related to
CPP and L/H ratio (Awan et al., 2016; Peterson et al.,
2013)—has only been validated for use with sustained /a/
and with the protocol of the CAPE-V (Awan et al., 2016).

Some of the correlations between cepstral/spectral
measures and perceptual ratings in the continuous speech
task were unexpected. First, L/H ratio was significantly
correlated with breathiness, strain, and overall dysphonia
severity during the continuous speech task but was not
correlated with any perceptual features in the sustained
vowel task. Of further interest, these significant correla-
tions in the continuous speech task were all positive. Typi-
cally, a higher L/H ratio—indicating a larger concentra-
tion of spectral energy in the fundamental frequency and
lower formats—is associated with perceptually nondyspho-
nic voices (Watts & Awan, 2011). However, our results
indicated that as ratings of breathiness, strain, and overall
dysphonia severity increased in our sample, so did L/H
ratio. Because the perceptual feature with the strongest
positive correlation with L/H ratio was strain, it may be
that speakers with ALS who demonstrate a strained vocal
quality are producing less high-frequency energy, because
laryngeal hyperfunction may dampen even a normal, non-
dysphonic amount of high-frequency noise.

Second, the only significant correlation with CPP in
the continuous speech task (i.e., CPP X Strain) suggested
that, in our sample, higher CPP values—typically
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associated with a greater periodicity and stability of
phonation—were associated with ratings of increased strain.
This result was unexpected since CPP and strain have been
shown to be strongly negatively correlated in speakers with
dysphonia (Lowell et al., 2012). However, a relatively high
CPP value associated with strain is not unprecedented.
Anand et al. (2019) found a high positive correlation (r =
.80, p < .001) between CPP and strain during a sustained
vowel task. Wolfe and Martin (1997) found higher values
of CPP in strained voices than in hoarse or breathy voices.
Kapsner-Smith et al. (2022) did not find a significant differ-
ence in CPP between speakers with vocal hyperfunction
(typically associated with strain) and nondysphonic con-
trols. They not only attributed the absence of group differ-
ences primarily to the relatively low overall dysphonia
severity ratings of their hyperfunctional group but also
acknowledged the potential role of unexplored differences
between hyperfunctional speakers and other populations.
Indeed, cepstral/spectral analyses are similarly underinvesti-
gated in ALS, and such unexpected relationships may be
idiosyncratic to the disease.

The Effect of Task on Acoustic Voice
Assessment in ALS

In the current investigation, the correlations between
cepstral/spectral measures and ratings of voice quality dur-
ing continuous speech differed in meaningful ways from
the same correlations derived from the sustained vowel
task, in line with previous findings (Phadke et al., 2020;
Watts & Awan, 2011). During continuous speech, cepstral
measures are affected by fluctuations in a variety of laryn-
geal and articulatory factors including vocal intensity, fun-
damental frequency, sound pressure level, syllable stress,
vowel context, and vowel type (Awan et al., 2012; Phadke
et al., 2020; Sampaio et al., 2020).

During sustained vowel production, several cepstral/
spectral measures—particularly those related to CPP—were
strongly correlated with perceptual ratings of vocal quality,
matching or outperforming the traditional perturbation/noise
measures in the correlation analyses. Sustained vowels (typi-
cally, as in this study, /a/) offer a standardized voice sample
with several practical advantages in a clinical setting, includ-
ing ease of elicitation and production. They are also less
confounded by co-occurring articulatory impairments that
may disrupt a listener’s ability to focus on the voice signal
(de Krom, 1994). However, there is evidence that acoustic
measures derived from sustained vowels are not valid clinical
indices of the severity of dysphonia in continuous speech (Qi
& Hillman, 1997, Wolfe et al., 1995). Furthermore, the
requirement that commonly used acoustic measures of voice
quality (e.g., jitter and shimmer) must be obtained during
sustained vowel production limits the applicability of these
measures to more ecologically valid assessment tasks such as

continuous speech. Of note, shimmer and jitter are similarly
impacted by vocal intensity and the specific vowel being pro-
duced, as well as by fundamental frequency (Brockmann
et al., 2011) and vowel type (Akif Kili¢ et al., 2004).

Continuous speech, on the other hand, is more rep-
resentative of habitual voice use patterns (de Krom, 1995;
Eadie & Baylor, 2006), containing pitch and loudness var-
iations that serve as important perceptual indicators of
vocal dysfunction (Askenfelt & Hammarberg, 1986). CPP
has been shown to correlate with perceptual measures
obtained from continuous speech samples (Heman-Ackah
et al., 2002), and CPP SD is sensitive to features of con-
tinuous speech that impact the variability in the voice sig-
nal’s periodicity, such as changes in the vowel spectrum
and changes in the frequency spectrum due to intonation
patterns (Watts & Awan, 2011). Importantly, in our cur-
rent investigation, the correlations during continuous
speech improved when our correlation analysis was lim-
ited to speakers with perceptually normal or low levels of
overall speech severity and hypernasality, suggesting that
the acoustic assessment of continuous speech is compli-
cated by various factors related to dysarthric speech.

The Effect of Speech Impairment on Voice
Assessment in ALS

The assessment of dysphonia in complex neurologi-
cal diseases such as ALS requires careful consideration of
the influences of multisubsystem impairment on both per-
ceptual ratings and acoustic features. In this study, the
lack of expected correlations between cepstral/spectral fea-
tures and roughness, breathiness, and overall severity in
the continuous speech task was largely unexpected, given
that CPP has been shown to be a valid indicator of vocal
quality across dysphonia severity levels (Murton et al.,
2020) and is even more strongly correlated with breathi-
ness and roughness during continuous speech than during
a sustained vowel task (Heman-Ackah et al., 2002). It
may be that particular characteristics of motor speech dis-
orders (e.g., reduced articulation rate, reduced vowel
space, and increased frequency and length of pausing)
confound cepstral/spectral acoustic measures when applied
to individuals with complex neurodegenerative diseases.
Additionally, the mixed spastic—flaccid dysarthria associ-
ated with ALS, which may manifest as variable dysphonia
profiles within and across speakers, has the potential to
“cancel out” straightforward associations among individ-
uals with complex neurodegenerative diseases.

To address the lack of significant correlations in the
continuous speech task, we conducted post hoc correlation
analyses within groups of individuals with and without
perceptual hypernasality, reduced intelligibility, and over-
all speech impairment. These analyses revealed compelling
findings revealing that the associations of cepstral/spectral
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features and perceptual ratings of vocal quality are not
consistent across dysarthria severity levels in individuals
with ALS. For instance, in the impaired-intelligibility
group (i.e., speakers with < 94% words intelligible), only a
single correlation was significant: CPP X Strain. Of
course, this division resulted in a small number of
speakers in the impaired-intelligibility group (n = 9),
reducing the statistical power of the analysis and making
it less likely that a significant correlation, if present, could
be identified. However, when we examined the impaired-
speech group, which had a larger number of speakers (n =
26), there was a similar decrease in the number of signifi-
cant correlations, with only CPP x Strain and CPP SD x
Breathiness remaining significant. Of particular note is
that, within the no/low speech impairment group—which
is conceptually more similar to a sample with pure dys-
phonia in the absence of dysarthria—CPP was signifi-
cantly correlated with roughness and breathiness in con-
tinuous speech, as expected from prior literature (da Silva
Antonetti et al., 2020; Heman-Ackah et al., 2002;
Hillenbrand & Houde, 1996; Schultz et al., 2021).

However, perhaps the most striking post hoc analy-
sis was the division of our sample by hypernasality sever-
ity. In addition to the acoustic features of dysphonia
addressed in this study, there has also been substantial
progress made regarding acoustic measures of hypernasa-
lity, including one-third octave spectra of isolated vowels
(Eshghi et al., 2021; Kataoka et al., 2001; Lee et al.,
2003). However, acoustic features quantifying vocal and
resonatory quality have been shown to correlate with per-
ceptual ratings primarily when a single subsystem (e.g.,
phonation or resonance) is impacted. The effect of co-
occurring dysphonia and hypernasality—a common fea-
ture of dysarthria due to ALS—on these features remains
largely unknown. Eshghi et al. (2021) examined this issue and
found that CPP values were significantly different among
hypernasal-only, dysphonic-only, and mixed hypernasal-
dysphonic speaker groups. When we examined correlations
among the no/low hypernasality group—which we again
posit is more similar to a group of speakers with pure dys-
phonia without the confounding effects of co-occurring
dysarthria—CPP, CPP SD, and L/H ratio all became sig-
nificantly correlated with all four perceptual measures, with
the sole exception of CPP x Strain. Additionally, the corre-
lation between CSID and roughness became significant, as
it did in the no/low speech severity and high intelligibility
groups. These findings, in conjunction with the high reli-
ability achieved by the raters in this study, provide compel-
ling evidence for a confounding effect of speech impairment
(particularly hypernasality) on acoustic features of dyspho-
nia. Interestingly, the only significant correlation in the
hypernasal group was CSID x Roughness, suggesting that
CSID may be robust to the confounding effect of
hypernasality.

Conclusions

The results of this study show that both perturbation/
noise-based and cepstral/spectral acoustic measures derived
from a sustained /a/ demonstrate adequate criterion validity
and diagnostic accuracy for identifying dysphonia among
individuals with ALS. However, likely due to the complexity
of multisubsystem involvement—including the potentially
confounding influence of articulatory and resonatory impair-
ments common in ALS—the acoustic assessment of dyspho-
nia during continuous speech is more complicated in ALS.

Limitations and Future Directions

Several limitations associated with this project
should be considered in future studies. While some sub-
jects were rated as highly dysphonic, our sample was
skewed relatively low in dysphonia severity, and thus, con-
clusions drawn from this study should be interpreted cau-
tiously in the context of speakers with more severe dys-
phonia. The Bamboo Passage used in this study had not
been validated for use with the CSID, and results for this
analysis should be interpreted with caution. Additionally,
cepstral measures tend to be calculated only over particu-
lar segments of continuous speech, such as an all-voiced
sentence from the CAPE-V, and such an approach would
make findings from future projects more comparable to
prior work. We limited our cepstral/spectral analyses to
measures with substantial representation in prior litera-
ture; other cepstral measures such as CPP distribution
across an utterance should be evaluated for use in
speakers with ALS. Future research may also further
investigate the significant correlations that we found
among jitter/shimmer and breathiness and strain, as well
as the significant correlation between HNR and strain,
which are not commonly reported in other studies. Per-
haps the most important future research direction sug-
gested by the results of this study is to further investigate
and quantify the unique impacts of complex neurodegen-
erative diseases such as ALS on the acoustic assessment of
dysphonia. The relative influence of UMN and LMN
damage resulting in different types of voice impairments
may be investigated by looking at speakers with primarily
spastic speech features and those with primarily flaccid
speech features separately. Additionally, the potentially
confounding influence of articulatory and resonatory
impairments should be investigated in more detail.
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