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Summary: Introduction. The diagnoses of voice disorders, as well as treatment outcomes, are often tracked using
visual (eg, stroboscopic images), auditory (eg, perceptual ratings), objective (eg, from acoustic or aerodynamic signals),
and patient report (eg, Voice Handicap Index and Voice-Related Quality of Life) measures. However, many of these
measures are known to have low to moderate sensitivity and specificity for detecting changes in vocal characteristics,
including vocal quality.

Objective. The objective of this study was to compare changes in estimated pitch strength (PS) with other convention-
ally used acoustic measures based on the cepstral peak prominence (smoothed cepstral peak prominence, cepstral spec-
tral index of dysphonia, and acoustic voice quality index), and clinical judgments of voice quality (GRBAS [grade,
roughness, breathiness, asthenia, strain] scale) following laryngeal framework surgery.

Methods. This study involved post hoc analysis of recordings from 22 patients pretreatment and post treatment (thy-
roplasty and behavioral therapy). Sustained vowels and connected speech were analyzed using objective measures (PS,
smoothed cepstral peak prominence, cepstral spectral index of dysphonia, and acoustic voice quality index), and these
results were compared with mean auditory-perceptual ratings by expert clinicians using the GRBAS scale.

Results. All four acoustic measures changed significantly in the direction that usually indicates improved voice quality
following treatment (P < 0.005). Grade and breathiness correlated the strongest with the acoustic measures (Jr| ~ 0.7)
with strain being the least correlated.

Conclusions. Acoustic analysis on running speech highly correlates with judged ratings. PS is a robust, easily
obtained acoustic measure of voice quality that could be useful in the clinical environment to follow treatment of voice

disorders.
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INTRODUCTION

In today’s health-care environment, emphasis is placed on evi-
denced-based medicine and meaningful quality measures.'
Dysphonia is a common indication for referral to an otolaryn-
gologist and speech pathologist.” Evaluation of patients with
voice disorders involves a combination of some or all of the fol-
lowing: visualization of the vocal tract and folds, perceptual
analysis of the voice, quality of life measures, and acoustic and
aerodynamic analyses of the voice signal." ® Each of these
evaluation techniques provides unique information that is valu-
able to diagnosis and assessment of treatment outcomes.
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Visualization of the vocal folds with flexible laryngoscopy
and videostroboscopy is critical for diagnosis.” However, inter-
pretation and reporting of the various measures (eg, amplitude
and mucosal wave) are subjective and may vary based on the
experience of the clinician® and may be biased because of
the clinician’s intervention.”'” Although many diagnoses of
voice disorders are made or confirmed through laryngeal imag-
ing, measurement of voice quality adds additional information
that can be particularly useful for comparing pre- and post-
treatment results.

With dysphonia as a common concern among the popula-
tion, developing objective measures that can reliably predict
listener perception of the voice is important,'' as clinician-
perceived measures yield variable results, even between experi-
enced clinicians.'”'® Although some attempts have been made
to reduce the variability across clinician ratings (eg, consensus
training'*'”), some degree of variance is likely to remain. Well-
designed objective measures will better support voice care, pro-
fessional recommendations, and reported patient outcomes.

Studies involving most traditional acoustic measures suggest
inconsistency in their effectiveness to measure treatment out-
comes.'® This variation can be attributed to multiple factors,
including the type of system performing the measurement and
the acoustic environment in which the recordings are con-
ducted.'” Furthermore, the majority of these measures can
only be used for sustained vowel assessment, which may not be
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an accurate representation of changes in voice quality.'® More-
over, most traditional measures rely on an accurate fundamen-
tal frequency estimation and, thus, are only appropriately used
for some mildly dysphonic voices. In contrast, voices of
patients with severe dysphonia often cannot be quantified with
traditional approaches that rely on accurate estimation of the
fundamental period.'**

The inability to use many traditional measures beyond the
most mildly dysphonic voices has led to a push to find other
measures that can be used for more severe dysphonic voice.
For example, Little et al. presented a stochastic self-similarity
measure (detrended fluctuation analysis) on steady vowels that
was more robust to noisy environments and was not dependent
on fundamental frequency measures.”’ Another promising
development is the relative fundamental frequency measure
that has been shown to be sensitive to hyperfunction-related
voice disorders’’; however, estimating the relative fundamental
frequency is laborious. Although these two examples seem to
be effective in the contexts of application, they can only be
applied to particular portions of a speech signal and are not
suitable for application to running speech as a whole. In con-
trast, some measures can be applied to connected speech. These
include three based on cepstral peak prominence: smoothed
cepstral peak prominence (CPPS),” the acoustic voice quality
index (AVQI),”* and the cepstral spectral index of dysphonia
(CSID),” and more recently, the estimated pitch strength (PS).”°

CPPS measures the amount of noise or energy in a voice
sample, either sustained vowel or connected speech. The gen-
eral analysis for CPPS is as follows. First, the sample is con-
verted from the spectrum to a cepstrum domain. Then, the
difference between the cepstral peak (first rahmonic) and the
point of equal frequency on a regression line is computed.'’
The regression line takes into account the energy and the win-
dow size of the cepstral analysis to avoid variability in the
amplitude of phonation, as well as background noise in the
testing environment. CPPS has been shown to have sensitivity
and specificity at or above .77 for detecting dysphonia in both
sustained vowels (CPPS-/a/) and running speech (CPPS-s),"
with greater values of CPPS indicating higher (better) voice
quality. In addition, both CPPS-/a/ and CPPS-s seem to be
strongly correlated with listener perception of grade (—0.8 and
—0.86, respectively) and breathiness (—0.7 and —0.71, respec-
tively) on the GRBAS (grade, roughness, breathiness, asthenia,
strain) scale.”

CPPS serves as a basis for calculating other indices for
voice quality, including the CSID and the AVQI. Both of
these measures are multivariate estimates of dysphonia sever-
ity and include variables other than CPPS alone to compute
the dysphonia severity score. For example, the AVQI is calcu-
lated using a weighted combination of six time-frequency and
frequency-domain metrics: CPPS, shimmer local, shimmer
local dB, long-term average spectrum slope, and long-term
average spectrum-tilt, and harmonics-to-noise ratio of the
concatenated acoustic signal.”>?” To obtain the AVQI, both
sustained vowel and continuous speech samples are required.
The CSID seems to be better associated with listener ratings
of severity than the CPPS alone.”®

In contrast, PS comes from psychoacoustic studies examin-
ing how listeners perceive sound. Although this approach has
not been used widely in voice, it is a well-established aspect of
sound perception.”” From a psychoacoustic perspective, pitch
is composed of three elements—the “pitch height,” which
allows a listener to scale sounds from low to high; the “PS,”
which is an estimate of the saliency of a pitch or the degree of
tonality; and the “pitch chroma,” which is a cyclical property
that make sounds that are an octave apart sound similar. To
further illustrate PS, consider the same note played on a flute
and a piano. The pitch height for the two sounds would be
equal, as the notes are the same, but the PS is greater in the
note played by the piano.

This concept is applicable to a broad range of vocal acoustic
signals, including voices that lack a clear fundamental fre-
quency. As a result, PS is able to describe a wide range of dys-
phonic voices and has been successfully used in modeling the
perception of dysphonic voice quality.”** Previous studies
have shown that PS has an inverse relationship with the percep-
tual construct of breathiness; the higher the value of PS, the
lower the score of listener-perceived breathiness (= 0.989).”
A recent study demonstrated the effectiveness of PS in compar-
ing pre- and post-treatment voices in patients with presbypho-
nia, vocal fold masses, and muscle tension dysphonia,
supporting its potential as a clinical outcome measure.”’

The present study builds on an earlier report that compared
estimated PS values pretreatment and post treatment.”' In this
current retrospective cohort study, sustained /a/ vowels and
running speech samples were compared from 22 patients
treated with type I thyroplasty for glottic insufficiency at Lake-
shore Professional Voice Center, Lakeshore Ear, Nose &
Throat Center (St. Clair Shores, MI). The purpose of the pres-
ent study was to compare changes in estimated PS with other
conventionally used acoustic measures based on the cepstral
peak prominence (CPPS, CSID, and AVQI) and clinical judg-
ments of voice quality (GRBAS scale) following laryngeal
framework surgery. It was hypothesized that PS would differ-
entiate changes in voice quality before and after thyroplasty at
levels similar to, or better than, the CPPS-based measure. We
also hypothesized that PS would show correlations to clinician
judgments of voice quality using the GRBAS scale that would
be similar to, or better than, the CPPS-based measures.

METHODS

Patients

The present study was approved by both the St. John Hospital
and Medical Center’s Institutional Review Board and the
Michigan State University Human Research Protection Pro-
gram. Patients were selected randomly from a database pre-
served at the Lakeshore ENT and Professional Voice Center.
Twenty-two patient samples, which included both steady vowel
productions and running speech, were selected randomly from
a database. Of these 22 patients, 19 had unilateral vocal fold
paralysis, 2 had vocal fold paresis, and 1 had an arytenoid dis-
location. There were 7 men (ages 23—80 years old) and 15
women (ages 16—72 years old).
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Recordings

Two sets of recordings were obtained from each patient. The
first recording occurred at the patients’ first visit to the clinic as
a part of their routine voice evaluation. The second recording
was obtained following phonosurgical intervention (type I thy-
roplasty) and 6 weeks of voice therapy. Each recording set
included both sustained /a/ phonation and a reading of the first
paragraph of the Rainbow Passage. Recordings were made
with a condenser professional microphone (Perception 120;
AKG, Vienna, Austria) connected to a digital recorder (Mar-
antz PMD 671; Oade Brothers Audio, Thomasville, GA) in an
IAC sound suite (IAC Acoustics, North Aurora, IL). The
recording microphone-to-mouth distance was held constant at
10cm. Digital recordings were made at a sampling rate of
48 kHz with 16 bits per sample quantization. For analysis, all
recordings were resampled to 44.1 kHz. For analysis, the sec-
ond sentence of the Rainbow Passage was extracted, which is
consistent with prior research studies.*””

Acoustic analysis

Analysis of all samples was conducted using custom MATLAB
scripts (MathWorks, Natick, MA) and PRAA T.** Custom
writing MATLAB scripts calculated pitch and PS using the
Aud-SWIPE (Auditory Sawtooth Waveform Inspired Pitch
Estimator”™*°). Simultaneously, the MATLAB code also called
in PRAAT calculated CPPS using the published routines,
which are a part of the AVQL”® Finally, the CSID was esti-
mated from using the Analysis of Dysphonia in Speech and
Voice (ADSV model 5109; KayPENTAX, Montvale, NJ). It
should be noted that for the CPPS, PS, and CSID, the second
sentence of the Rainbow Passage was used; for the AVQI,
steady vowel recordings were also used and used the entire pro-
duction of the steady vowel available in the recording.

Auditory-perceptual analysis

The pre- and post-treatment recording of the second sentence
of the Rainbow Passage were randomly presented to six fellow-
ship-trained voice pathologists in a quiet room using head-
phones. The type of headphones was not held standard
because listeners completed ratings remotely. All raters

reported normal hearing, had 1—10 years of postfellowship
clinical experience, and used GRBAS regularly in clinical prac-
tice. Twenty-five percent of the stimuli were randomly selected
and repeated to allow estimation of the intrarater reliability.
Each stimulus was rated using the GRBAS method (scale from
0-3).

Statistical analysis

Intra- and inter-rater reliabilities were calculated using intraclass
correlation (ICC") for each rating category on the GRBAS
scale. Because factors such as age, diagnosis, and severity of dis-
order were not the focus of the present study, statistical analysis
was primarily comparative in nature. Therefore, parameter
change (pretreatment to post treatment) was analyzed for each
metric individually using a simple paired Student ¢ test (one-
tailed, assuming that each voice should improve, thus parame-
ters should be moving in only one direction). Type I errors due
to multiple comparisons were controlled for using Bonferroni
correction (five GRBAS measures and four acoustic measures).
Additionally, simple cross correlations across all metrics were
conducted to compare similarities.

RESULTS
All four acoustic metrics showed a significant change
from pretreatment to post treatment (Table 1). Both PS and
CPPS increased significantly (33.19%—37.40%, P =0.0039,
and 10.20—13.95dB, P<0.0001, respectively), whereas the
CSID and the AVQI decreased significantly (58.47—40.75,
P <0.0001, and 4.92—3.30, P <0.0001). Higher values for PS
and CPPS indicate more periodic signals and are usually
indicative of a better voice quality. Similarly, lower values for
the CSID and the AVQI indicate a reduction in dysphonia
severity. The skewness of the metrics (although using a small
sample size) indicates that the distributions are between fairly
symmetrical (between —0.5 and 0.5) and moderately skewed
(between 0.5 and 1.0, both negative and positive). The kurto-
sis (eg, combined weight of tails relative to the rest of the dis-
tribution) of the parameters was calculated; a kurtosis less
than 0 indicated light tails of the distribution, and values
greater than 0 indicated a heavy tailed distribution™; the

TABLE 1.
Acoustic Metrics From the Second Sentence of the Rainbow Passage
Description PS CPPS (dB) CSID AvQl

Pretreatment Mean 33.19 10.20 58.47 4,92
SE 1.56 -0.73 5.06 0.37
Skewness —0.89 —0.52 0.11 0.82
Kurtosis 0.12 0.08 -1.18 2.30

Post-treatment Mean 37.40 13.95 40.75 3.30
SE 0.99 0.40 3.36 0.24
Skewness 0.18 -0.49 -0.09 -0.15
Kurtosis -0.83 0.19 —0.68 -0.13

tTest P 0.0039 <0.0001 <0.0001 <0.0001

Cohen's d 0.70 0.83 0.90 1.11

Note: Pre- and post-treatment and Pvalues (paired ttest, one-tailed) are shown.
Abbreviation: SE, standard error.
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TABLE 2.
Average GRBAS (Six Reviewers) From the Second Sentence of the Rainbow Passage
Description G R B A S

Pretreatment Mean 1.58 1.10 1.11 0.88 0.97
SE 0.19 0.16 0.20 0.19 0.12
Skewness 0.31 0.72 0.71 0.91 0.64
Kurtosis -1.19 -0.19 —0.80 —0.46 —0.45

Post-treatment Mean 0.81 0.71 0.39 0.25 0.62
SE 0.09 0.08 0.09 0.08 0.08
Skewness 0.41 0.80 1.07 1.88 0.75
Kurtosis —0.96 0.19 0.05 2.84 -0.44

tTest P 0.0002 0.0021 0.0002 0.0012 0.0015

Cohen’s d 1.13 0.67 1.04 0.93 0.75

Note: Pre- and post-treatment and Pvalues (paired Student ttest, one-tailed) are shown.

Abbreviation: SE, standard error.

pretreatment AVQI had a heavy-tailed distribution represent-
ing the wide range of AVQI values before treatment. Note
that the paired 7 tests compared the pre- and post differences
in acoustic measures, which were more normally distributed
and appropriate for parametric testing.

Average GRBAS ratings from the pre- and post-treatment
recordings across all subjects are shown in Table 2. Results from
t tests (with Bonferroni correction) on each rating indicate that
all ratings were significantly lower (improved) post treatment.

The mean intrarater and inter-rater reliabilities for the
GRBAS ratings ranged from 0.76 to 0.89 and from 0.70 to
0.90, respectively. These values are consistent with prior
literature indicating a high level of reliability.'®*” Table 3
shows intra-ICC(2, k) for the GRBAS ratings on the repeated
files. One rater (VI) produced an intra-ICC(2, k) of 0.0 because

TABLE 3.

Intrarater Reliability for Each Rater

Rater G R B A S

| 0.90 0.49 0.92 0.96 0.61
Il 0.81 0.89 0.95 0.85 0.77
1] 0.90 0.65 0.95 0.92 0.80
\% 0.81 0.86 0.91 0.78 0.81
\" 0.92 0.74 0.91 0.88 0.83
Vi 0.96 0.95 0.70 0.00* 0.83
Mean 0.88 0.76 0.89 0.88 0.78
SD 0.06 0.17 0.09 0.07 0.09

Note: All values are ICC(2, k) measured over 2 replicates and 12 stimuli.
* Excluded from mean and SD.
Abbreviation: SD, standard deviation.

TABLE 4.
Inter-rater Reliability Over All Raters

G R B A S
ICC(2, k) 0.85 0.81 0.90 0.89 0.70

Note: All values are ICC(2, k) measured over 6 raters and 46 stimuli.
Ratings were averaged over replicates (12 stimuli).

of floor effects in ratings of asthenic and was excluded from
mean and standard deviation calculations for asthenia. Table 4
shows inter-ICC(2, k) for each GRBAS rating category across
all raters.

Cross correlation of the GRBAS ratings and the three acous-
tic measures is shown in Table 5. Grade and breathiness corre-
lated strongly with the acoustic measures (Jr| ~ 0.7). All four
metrics were highly correlated (jr] > 0.85), and CPPS and
AVQI were very highly correlated (—0.95) because of the pres-
ence of CPPS as a factor in the calculation of AVQL

DISCUSSION

All measures (PS, AVQI, CSID, CPPS, and GRBAS ratings)
showed that the patients had significant voice quality improve-
ment following clinical intervention. This finding illustrates
that each of these four objective measures are potentially of
value in the clinic. All four objective measures correlated well
with GRBAS dimensions except for strain. The weak correla-
tion with strain is consistent with prior literature comparing
subjective ratings and objective measures.”’ Furthermore, two
factors may have impacted the weak correlation between the
four voice outcome measures evaluated here and subjective
judgments of strain. First, the primary deficit in patients with
unilateral vocal fold paralysis is poor glottic closure, which
leads to significant breathiness and sometimes roughness, but
often has limited change in strain. The weak correlation may
simply reflect the lack of variability in strain seen in these
patients. Second, many of the outcome measures evaluated
here were developed primarily to capture changes in breathi-
ness or roughness. PS, in particular, was designed as a measure
of breathiness and correlated very well with grade and breathi-
ness of the GRBAS scale.

PS is a robust measure, based on psychoacoustic analysis. It
is grounded between two values: white noise, which has a PS of
zero, and a perfectly periodic sawtooth wave, which is assigned
a value of one. Similar to CPPS, CSID, and AVQI, PS can cas-
ily be put into simple clinical software and is applicable to
a wide range of voice signals. PS can be estimated from
connected speech, and the acoustic signal needs minimal



Adam D. Rubin, et al

Comparison of Pitch Strength With Acoustic Outcome Measures

799

TABLES.
Cross Correlation for All Ratings and Measures
G R B A S PS CPPS CSID Aval
G 1.00
R 0.69 1.00
B 0.84 0.29 1.00
A 0.76 0.18 0.91 1.00
S 0.58 0.59 0.33 0.44 1.00
PS —0.80 —0.65 —0.68 —0.50 —0.31 1.00
CPPS —0.73 —0.43 -0.74 —0.62 —0.26 0.69 1.00
CsID 0.79 0.46 0.78 0.66 0.30 —0.85 -0.79 1.00
AvaQl 0.69 0.41 0.69 0.54 0.18 —0.69 —0.93 0.73 1.00
conditioning or manual checking to provide quality output. REFERENCES

Although CPPS and PS are both clinically friendly and rela-
tively easy to use, cepstral peak measures on voice have been
shown to be dependent on several factors unrelated to the
talker.*' Estimated PS, on the other hand, is based on a percep-
tual construct at its core. Although PS did not show any benefit
over the cepstral-based measurements in the present study, the
psychoacoustic construct of PS has the advantage of attribut-
ing it directly to how a listener perceives sound quality. This
attribute may not be feasible with cepstrum-based analyses.

There are several limitations to the present study. First of all,
it is retrospective and acoustic analyses were performed on
recorded samples at one voice center. Real-time analysis in a
prospective study involving multiple institutions would yield
stronger evidence for the use of measures to track treatment
outcomes. Also, all recordings were made in a sound-treated
booth. The majority of speech pathologists likely do not have
as controlled an environment to obtain recordings. This limita-
tion could have potential implications on the clinical utility of
these measures. To this end, current research efforts are look-
ing to quantify which measures are least sensitive to back-
ground noise and could prove useful for determining the ideal
acoustic measure for everyday clinical use.

CONCLUSIONS

PS is a practical, easily obtained acoustic measure of voice
quality that has shown promise for use in the clinical
environment to assess treatment-related changes in voice disor-
ders. PS performs at least as well as CPPS and AVQI and is a
true perceptual construct. Reliable objective outcome measures
are important to develop to continue to evaluate our diagnostic
and treatment capabilities and to create evidence-based proto-
cols for the management of voice disorders.
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