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Voice Quality in Multiple Sclerosis: A Clinical Perspective on
Cepstral Peak Prominence-Smoothed and Harmonic-to-Noise

Ratio

?'§Giulia Fusari, *Alessandro Torchio, *Cinzia Baldanzi, *Sara Isernia, 'Valeria Crispiatico, *“Marco Rovaris,
‘Davide Sgro, *Chiara Vitali, “Alessio Carullo, and **Davide Cattaneo, *{§Milan, and +Turin, Italy

SUMMARY: Objectives/hypothesis. This study aims to evaluate voice quality in people with multiple
sclerosis (pwMS) with moderate-to-severe disability using objective acoustic measures: Cepstral peak promi-
nence-smoothed (CPPS) and harmonic-to-noise ratio (HNR). The objectives are to compare these measures
between pwMS and healthy subjects (HS) and assess their diagnostic accuracy in identifying inadequate voice
quality and the need for voice rehabilitation. We hypothesize that pwMS will exhibit reduced voice quality
compared to HS, with CPPS being a more reliable marker than HNR for assessing vocal impairments and
guiding rehabilitation decisions.

Study design. This cross-sectional study involved 34 pwMS with moderate-to-severe disability and 40 sex-
matched HS.

Methods. Participants’ voice recordings were collected through a I-minute monologue and analyzed using
PRAAT software (University of Amsterdam, Amsterdam, The Netherlands). Acoustic measures, CPPS and HNR,
were extracted and compared between groups. Clinical perceptual judgment was employed as the gold standard.
Diagnostic accuracy of CPPS and HNR was evaluated through receiver operating characteristic curve analysis.
Results. CPPS and HNR values were significantly lower in pwMS compared to HS, indicating impaired voice
quality due to reduced harmonicity and increased aperiodicity. CPPS (threshold = 11.07 dB) demonstrated high
sensitivity (0.76) and specificity (0.82) for detecting inadequate voice quality. HNR (threshold = 11.29 dB)
exhibited lower sensitivity (0.73) and specificity (0.73). CPPS proved to be a more reliable measure than HNR
for identifying vocal impairments and determining the need for rehabilitation.

Conclusions. Our findings confirm significant voice alterations in pwMS compared with a HS group in all
collected measures. Although the data showed that the CPPS can be a valuable tool for voice assessment in
multiple sclerosis, further studies should explore its applicability in broader populations and its integration into
clinical protocols for voice assessment in pwMS.

Key Words: Voice quality-Multiple sclerosis—Acoustical analysis—Rehabilitation—Dysphonia—Cepstral peak

prominence-smoothed.

INTRODUCTION
Multiple sclerosis (MS) is a chronic, immune-mediated
disease of the central nervous system, characterized by the
disruption or loss of axonal myelin driven by both in-
flammatory and degenerative mechanisms.' In addition to
the commonly observed motor symptoms, MS can also
affect communication, particularly speech and voice, im-
pacting all speech subsystems, including respiration, pho-
nation, resonance, articulation, and prosody.” Among
these, articulation and phonation subsystems are the most
frequently impaired, leading to common speech disorders
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in MS: dysarthria and dysphonia.” ° These impairments
frequently co-occur due to shared neuromuscular dys-
functions, significantly reducing speech intelligibility and
voice quality. These voice alterations manifest in the per-
ception of pitch instability, asthenia, hoarseness, and
breathiness, particularly during prolonged phonation.”**
Such changes negatively impact quality of life, limiting
social, professional, and emotional communication. Nu-
merous studies have reported that vocal changes in people
with multiple sclerosis (pwMS) are mainly due to glottic
inefficiency with incomplete glottal closure and posterior
glottal chink,” impaired respiratory support, weakness of
respiratory muscles and fatigability.*® '° Furthermore,
Feijo and collegues demonstrated that dysphonic symp-
toms in MS stem from demyelinating lesions in the peria-
queductal gray matter, which disrupt the concentrated
neuronal projections impairing the synchronous activation
of the respiratory and phonatory musculature.'’

Assessing voice quality in MS is particularly complex
due to its multidimensional nature resulting from the in-
teraction between all speech subsystems. Traditionally,
voice quality has been evaluated through auditory-per-
ceptual assessments using scales such as the GRBAS or
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GIRBAS scales.'”'” In this type of assessment, clinicians
assess voice quality based on listening and rating. While
considered the gold standard,'*'” perceptual evaluations
are inherently subjective, influenced by listener bias, such as
training and experience, and inter-rater variability. Fur-
thermore, these assessments do not fully capture under-
lying physiological deficits, making it challenging to
quantify subtle voice impairments in MS.'® '’ Therefore, to
complement and enhance the robustness of perceptual
evaluations, acoustic analysis can be used.”’*' Acoustical
analysis provides objective and quantifiable measures of
voice quality, reducing the subjectivity of clinical evalua-
tions.” In particular, changes in voice quality correspond
to measurable alterations in the harmonic structure and
periodicity of the signal.””

Among the various parameters used to assess voice quality
and harmonic structure, harmonic-to-noise ratio (HNR) and
cepstral peak prominence-smoothed (CPPS) are two of the
most frequently metrics used in clinic.”**** HNR (dB)
evaluates the overall voice quality through the evaluation of
the periodicity of successive glottal cycles and the ratio be-
tween the harmonic energy (periodic components) and the
noise energy (aperiodic components).”” The periodic compo-
nent arises from vocal-fold vibration, while the non-periodic
component reflects glottal turbulence due to incomplete clo-
sure. Higher HNR values indicate a better voice quality.

Among cepstral-based measures, CPPS (dB) is re-
cognized as one of the most reliable dysphonia parameters
by the American Speech-Language-Hearing.”' In parti-
cular, given a signal, its Cepstrum is equal to the Fourier
transform of the logarithm of its power spectrum. Its ro-
bustness comes from the fact that it does not need previous
pitch detection and tracking.”® Therefore, CPPS quantifies
harmonic dominance in the spectrum and outperforms
HNR in voice analysis, especially in connected speech and
dysphonic or dysarthric voices, as it is less influenced by
fundamental frequency estimation errors.”’”” *° Maryn
et al,”’ conducted a meta-analysis showing CPPS’s superior
performance over traditional perturbation measures (jitter,
shimmer, HNR) across multiple clinical populations and
speaking tasks. As a result, CPPS has been widely in-
corporated into objective dysphonia indices, underscoring
its versatility and clinical relevance, with higher CPPS va-
lues stand for a better voice quality.”’"’

HNR has been studied in the MS population, with mixed
results, some showing no significant differences from healthy
subjects (HS) and others reporting significant differences.
Conversely, the use of CPPS in this population remains
unexplored.” ’ Given the growing clinical interest in CPPS
as a robust measure of voice quality, further investigation
into its diagnostic and clinical relevance in MS is warranted.
This is especially relevant when studying continuous speech.
In fact, clinicians with experience in MS rehabilitation know
that most speech and voice symptoms are most often sig-
naled by the subjects themselves in continuous speech. In
connected speech (eg, monologue), the higher accuracy of
CPPS compared to HNR seems to be proven, as well as its

utility in clinical practice as an outcome to measure the ef-
fects of rehabilitation treatments.””’" ** Although con-
tinuous speech introduces greater variability and presents
methodological challenges in segmentation and standardi-
zation, it offers a more ecologically valid assessment of voice
function by capturing the dynamic and complex nature of
everyday communication in MS.” For this reason, its in-
clusion is increasingly recommended, particularly when as-
sessing individuals with neurological disorders, in whom
voice impairments may be more apparent during connected
speech tasks.'®*”
Therefore, this cross-sectional study aims to:

1. Describe and compare voice quality during mono-
logue, in HS and pwMS with moderate-to-severe
disability combining MS-related clinical measures
(Expanded Disability Status Scale [EDSS], MS-type
and disease duration) and acoustic parameters (CPPS
and HNR).

2. Assess the ability of CPPS and HNR to distinguish
between individuals with adequate and inadequate
voice quality and identify those who require voice
rehabilitation, using clinical perceptual judgment as
the gold standard.

By addressing these objectives, this study seeks to en-
hance the understanding of voice quality in pwMS, em-
phasize the clinical utility of acoustic measures in
monitoring voice changes, and guide the development of
personalized rehabilitation strategies. We hypothesize that
the pwMS will exhibit reduced voice quality compared to
HS, with CPPS emerging as a more reliable marker than
HNR for assessing voice impairments in MS and guiding
rehabilitation decisions.

MATERIAL AND METHODS

Study design

This cross-sectional study was conducted at the
Fondazione Don Carlo Gnocchi IRCCS Santa Maria
Nascente (Milan) between September 2023 and August
2024 and was approved by the local Ethics Committee at
Fondazione Don Carlo Gnocchi in Milan. All participants
provided informed consent and voluntarily agreed to take
part in the study.

Participants
Thirty-four native Italian speakers with MS who were re-
ferred to our Center for routine neurological visits were
recruited with the following inclusion criteria: diagnosis of
MS according to revisited McDonald’s criteria™®; > 18
years of age; Mini-Mental State Examination score > 21
points’’; absence of severe dysarthria (as confirmed by two
speech-language therapists), and ability to understand the
Italian language and the aims of the study.

Participants were excluded if they had other neurological
disorders or clinical history of laryngeal cancer, che-
motherapy, radiotherapy, head and neck trauma or
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endotracheal intubation, visual/hearing impairments hin-
dering the rehabilitation program, relapse, or sudden
changes in MS symptoms within the previous 3 months.
A sample of 40 euphonic native Italian speakers HS, was
also recruited to provide normative data for CPPS and
HNR, being attentive to the female-to-male ratio. All the
HS underwent instrumental voice examinations (video
laryngoscopy with stroboscopic examination) and were
found to be free of larynx and vocal fold pathologies.

PROCEDURE

Sample characteristics

Demographic and clinical characteristics

Age, sex, and smoking habits were collected for the whole
sample. Type of MS, disability level, disease duration, were
collected for the MS group. Disability level was rated using
the EDSS.™

Perceptual characteristics of voice

The GIRBAS scale,'” was used to assess voice quality
through a 1-minute monologue recorded by a speech
therapist (see “Recording setup and audio selection” for
details). In addition, voice intensity (dB sound pressure level
(SPL)) was extracted.

GIRBAS scale consists of six parameters: G (overall
grade of hoarseness), I (instability), R (roughness), B
(breathiness), A (asthenicity), and S (strained quality), each
rated on a four-point equal-appearing interval scale from 0
(no problem) to 3 (severe problem). In our study, three
speech therapists with experience in voice evaluation con-
ducted a blind evaluation of each parameter based on the
recorded monologue. The median of the three ratings from
each parameter was reported.

Recording setup and audio selection
For the MS group, 1 minute of monologue was recorded
using a portable high-quality recorder (24 bit/96 kHz) with
an integrated in-air microphone (Roland, R-05) (Roland,
2036-1 Nakagawa, Hosoe-cho, Hamana-ku, Hamamatsu,
Shizuoka 431-1304, Giappone) placed 30 cm from the
mouth. Participants were asked to speak at their comfor-
table frequency and intensity level. A specific task identical
for each subject was given: Please speak for at least a
minute, explaining: “how to make coffee,” “how you feel
today,” and “what is scheduled for the day.”

Audio tracks were assessed to remove incomplete, satu-
rated, or noisy background files manually.

The same procedure was followed for the HS group, but
they were asked to talk about their day.

Acoustic features extraction

The available voice recordings (34 pwMS and 40 HS) were
analyzed using a PRAAT script (version 6.4.06). Before ex-
tracting the parameters for the vocal analysis, an initial

preprocessing step was performed to remove low frequency
noise and potential artifacts by means of a high-pass filter with
a cut-off frequency of 34 Hz. Then, the silences in each re-
cording were identified and removed using the PRAAT
TextGrid object, with silence defined as a group of samples
within intervals of 46 ms (corresponding to typical inter-syl-
labic pauses in the Italian language) and intensity
below —25 dB.

For each recording, the remaining samples, representing
vocal content, were concatenated into a new wave file to
subsequently compute the vocal parameters. The percen-
tage of voiced signal was calculated using Praat’s “Voice
Report” function.

The HNR was calculated using the PRAAT command
To Harmonicity, which performs short-term HNR analysis
and generates a harmonicity object representing the degree
of acoustic periodicity, by employing the autocorrelation
method described by Paul Boersma.”” The parameters for
the HNR analysis were set as follows: a time step of 10 ms
(the duration of each frame), a pitch floor of 75 Hz (de-
fining the length of the analysis window), a silence
threshold of 0.1 (frames with amplitudes below 10% of the
global maximum amplitude were considered silent), and an
average of 4.5 pitch periods per analysis window. The
Power Cepstrogram was computed using the To Power-
Cepstrogram function, which downsamples the digital se-
quence to 22,050 Sa/second with frames collecting 1024
samples, each corresponding to a time interval of 46.4 ms.
Concerning the spectral calculation by means of the
Fourier transform, a Gaussian weighting window (span-
ning three periods of the pitch floor) was applied to each
frame to mitigate the leakage distortion caused by the non-
coherent sampling of the signal. Then, the Power Cepstrum
was derived by applying a second Fourier transform to the
logarithm of the power spectrum. The mean value of CPPS
was calculated using the Get CPPS command, which de-
termines the average CPP across individual frames after
smoothing the Power Cepstrogram with a time-averaging
window of 14 ms and a quefrency-averaging window of
1 ms. This method of CPPS computation in PRAAT fol-
lows the algorithms implemented and described by Maryn
and Weenink,”’ which are based on the original concept
introduced by Hillenbrand and Houde,"' that enhances the
assessment of the voice signal’s periodicity, reflecting the
harmonicity of the vocal fold vibrations.

In this smoothed Power Cepstrogram, each cepstral
value represents the average of the cepstral values within
the respective averaging window, symmetrically centered
around each frame in both the time and quefrency do-
mains. The peak search is performed within a pitch range
of 60-330 Hz, with a 5% tolerance and parabolic inter-
polation; once the cepstral peak is identified, it is compared
to a regression line calculated by fitting a straight line over
the cepstrum, starting from a quefrency of 1 ms to mini-
mize the influence of very low quefrency data on the fit.*
The CPPS is then obtained by subtracting the peak value to
the one on the regression line at the same quefrency.
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Clinician's perceptive judgment

To integrate objective measures with clinical and percep-
tual assessment, we asked for clinical judgment in distin-
guishing between individuals with adequate and inadequate
voice quality and in identifying those who require voice
rehabilitation. We asked three speech therapists experi-
enced in voice evaluation to make a blind perceptual
judgment of both HS and pwMS by answering the fol-
lowing two questions: question 1—“Based on perceived
voice quality and considering all subsystems, do you judge
this voice as adequate?”, and question 2—“Based on the
perceived voice quality and considering all subsystems,
would you recommend speech therapy treatment for this
person?”. The possible answers were limited to “yes”
or “no.”

STATISTICAL ANALYSIS
Demographic and clinical data were normally distributed
and reported as mean * standard deviation or number
(percentage, %). The GIRBAS scale was presented as the
number (percentage, %) of participants for each score,
showing how participants were distributed across different
severity levels for each of the six parameters.

For each group, the percentage of voiced signal was re-
ported as median and interquartile range (IQR), and a
Wilcoxon test was performed to compare groups.
Acoustical parameters, CPPS and HNR, were reported as
median (5th, 25th, 75th, 95th percentile), and differences
between HS and pwMS were tested using Wilcoxon test.
Higher CPPS and HNR values indicate better voice
quality, while lower values reflect poorer voice quality due
to increased aperiodicity. Since HS and pwMS had dif-
ferent ages, we also performed the between-group analyses,
including age as a covariate with no statistical associations
found with acoustical parameters; since age was not sig-
nificant, we opted for the Wilcoxon test for simplicity and
clarity in comparing the groups. From the HS group, we
used the Sth percentile as a preliminary reference threshold
and reported which pwMS presented CPPS and HNR va-
lues falling below this cutoff. Thus, we reported the fre-
quency (n, %) of pwMS with scores below the threshold,
along with their median (5th, 25th, 75th, 95th percentile)
values for both CPPS and HNR.

In addition, a stepwise linear regression analysis was
conducted to explore the relationship between disease
duration (years), EDSS, SPL, type of MS (relapsing-re-
mitting [RR]; secondary progressive [SP]; primary pro-
gressive [PP]), and the values of HNR and CPPS. Each
model was appropriately specified to meet the assumptions
of linearity, homoscedasticity, and normality. The good-
ness of fit statistics, including R? and adjusted R? were
reported to assess the model’s explanatory power.

Finally, to assess the accuracy of CPPS and HNR in
distinguishing between participants with adequate versus
inadequate voice quality (question 1) and in determining
the need for speech therapy (question 2), receiver operating

characteristic (ROC) curve analysis were performed sepa-
rately for each question. For each acoustic parameter, a
separate optimal threshold was identified for question 1
and question 2 using Youden’s index to maximize the
combined sensitivity and specificity. For each threshold,
performance metrics (ie, sensitivity, specificity, positive
predictive value [PPV], and negative predictive value
[NPV]) were computed.

All the statistical analyses were conducted using
R (version 4.1), and graphical representations of ROC
curves were generated using pROC package in R. All sta-
tistical tests were 2-tailed, and a P-value <0.05 was con-
sidered statistically significant.

RESULTS

Sample characteristics
Demographic and clinical characteristics
In the MS group (N = 34), 20 participants (58.8%) were
female, with a mean age of 56.7 = 11.36 years. In contrast,
the HS group (N = 40) had 27 female participants (67.5%),
with a considerably lower mean age of 29.5 *+ 10.83 years.
Although the proportion of females did not differ sig-
nificantly between the 2 groups (P = 0.60), the significant
difference in mean age (P < 0.001) was accounted for in
the analysis. Moreover, while no HS reported smoking
habits, 12 out of 34 pwMS were active smokers.
Regarding clinical characteristics of pwMS, 19 partici-
pants (57.6%) presented RR, while 14 participants (42.4%)
presented PP or SP MS. The mean EDSS and disease
duration were 6.5 * 1.3 points and 22.9 + 11.9 years,
respectively.

Perceptual characteristics of voice

In the MS group, the median percentage of extracted
voiced signal from the 1-minute monologue was 59.97%,
with an IQR of 13.8%, while in the HS group the median
was 64.8% (8.83%) (P-value = 0.59). The mean voice in-
tensity was 71.7 + 4.0 dB SPL for the MS group and
72.8 £ 5.5 dB SPL for the HS group. In the HS group, all
subjects scored GIRBAS G = 0, indicating no perceptible
voice alteration. In the MS group, the GIRBAS G score
(general degree of voice alteration) and the sub-scores
medians (Instability, Roughness, Breathiness, Asthenia,
and Strain) are reported in Table 1. We also calculated the
mean GIRBAS G scores across raters, which were 0.79,
1.06, and 1.06, points respectively, to facilitate comparison
with previous studies using average values. Twenty-eight
pwMS were evaluated with abnormal GIRBAS G scores
(21 points, mild-to-moderate voice alteration).

Aim 1: To describe and compare voice quality in
pwMS and HS using acoustic measures

CPPS

The median value of CPPS (dB) of a monologue (5th, 25th,
75th, 95th percentile) was 11.71 (9.47, 11.39, 12.56, 13.51)
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TABLE 1.
GIRBAS Scores for MS Group (N = 34)

GIRBAS Scores

0 1

2 3

Global (G)
Instability (1)
Roughness (R)
Breathiness (B)
Asthenia (A)
Strain (S)

6/34 (17.7%)
19/34 (55.9%)
8/34 (23.5%)
29/34 (85.3%)
16/34 (47.1%)
16/34 (47.1%)

21/34 (61.8%)
12/34 (35.3%)
17/34 (50%)
5/34 (14.7%)
13/34 (38.2%)
13/34 (38.2%)

7/34 (20.5%) 0/34 (0%)
3/34 (8.8%) 0/34 (0%)
7/34 (20.6%) 2/34 (5.9%)
0/34 (0%) 0/34 (0%)
5/34 (14.7%) 0/34 (0%)
5/34 (14.7%) 0/34 (0%)

Note: Data are reported as the number (percentage) of pwMS ho achieved the specified score.
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FIGURE 1. Comparison of CPPS values (in dB) between healthy subjects and people with multiple sclerosis. The boxplots represent the
median, interquartile range, and variability of CPPS for each group, with individual data points overlaid.

dB for HS group and 9.07 (6.35, 8.04, 10.21, 12.08) dB for
the MS group (W = 1178.5, P < 0.001) (Figure 1). In our
MS sample, 20 subjects (58.82%) had CPPS values below
the HS group 5th percentile with a median value of 8.33 dB
(6.30, 6.97, 8.84, 9.26).

The linear model assessing CPPS, with independent
variables selected through stepwise analysis, was statisti-
cally significant overall (F =2.77, P =0.02), explaining 62%
of the variance (R? = 0.62, adjusted R? = 0.40). Among the
predictors, only voice intensity (dB SPL) (estimate = 0.17,
SE =0.066, P=0.017) and disease duration (years)

(estimate = 0.076, SE=0.03, P=0.01) emerged as sig-
nificant factors. In contrast, disability level (EDSS) did not
significantly predict CPPS but remained as a predictor in
the stepwise analysis.

HNR

The median value of HNR (dB) of a monologue was 12.88
(9.67, 11.51, 14.02, 16.05) dB for the HS group and 9.20
(5.85,7.62, 10.70, 13.76) dB for the MS group (W = 1153.5,
P < 0.001) (Figure 2).
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FIGURE 2. Comparison of CPPS values (in dB) between healthy subjects and people with multiple sclerosis. The boxplots represent the
median, interquartile range, and variability of CPPS for each group, with individual data points.

In our MS sample, 21 subjects (61.76%) had HNR values
below the HS group 5th percentile with a median value of
7.77 (5.15, 7.25, 8.61, 9.62) dB.

The linear regression model examining HNR, with in-
dependent variables selected through stepwise selection,
was not statistically significant overall (F =0.69, P =0.66).
Additionally, none of the predictors emerged as significant
factors in explaining the variance in HNR.

Aim 2: Diagnostic accuracy of acoustic parameters
The ROC curve analysis was conducted to evaluate the
diagnostic accuracy of CPPS and HNR in differentiating
between participants with inadequate voice quality (ques-
tion 1, Figure 3A), and in determining the need for speech
therapy (question 2, Figure 3B).

For question 1, 33 participants out of 74 (4 HS and 29
MS) were judged to have inadequate voice quality, while
for question 2, 29 participants out of 74 (0 HS and 29 MS)
were judged to be candidates for voice rehabilitation.

CPPS

For CPPS, the optimal threshold for identifying inadequate
voice quality (question 1) and determining the need for
treatment (question 2) was consistently 11.07 dB.

The threshold for identifying inadequate voice quality
(question 1) demonstrated a sensitivity of 0.76 and a spe-
cificity of 0.82. The PPV was 0.84, while the NPV was 0.73.
For determining the need for treatment (question 2), the
same threshold yielded a sensitivity of 0.64, and a specifi-
city of 0.86. The PPV was 0.92, while the NPV was 0.49.

HNR
The optimal thresholds for HNR to identify inadequate
voice quality (question 1) was 11.29 dB and to determine the
need for treatment (question 2) was 11.94 dB. The question 1
threshold resulted in a sensitivity of 0.73 and specificity of
0.73. The PPV was 0.77, while the NPV was 0.69.

The question 2 threshold resulted in a sensitivity of 0.53 and a
specificity of 0.86. The PPV was 0.90, while the NPV was 0.42.

DISCUSSION
This study is the first to examine voice quality during mono-
logue in pwMS with moderate-to-severe disability, focusing on
objective acoustic measures, specifically CPPS and HNR.

Voice quality
Our findings confirm that pwMS present significant voice
alterations compared to HS. This was evident both
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FIGURE 3. ROC curve for CPPS and HNR in response to question 1 (A) and question 2 (B).

perceptually, with 82.3% of pwMS exhibiting mild-to-
moderate voice alterations (GIRBAS), and acoustically,
with significantly lower CPPS and HNR values.

These results are in line with the literature, with studies
reporting that pwMS are perceptually mildly impaired,
both in the overall grade of dysphonia (GRBAS G) and in
all the subscales.”’ In our sample, Breathiness emerged as
the least affected component, with most participants
scoring 0 points. In contrast, a significant percentage of
pwMS exhibited mild Roughness, followed by Asthenia
and Strain. Consistent with our findings, Yasar et al’
identified Roughness as the most prominent feature in
pwMS. Moreover, in agreement with our results, other
studies have reported significantly higher Asthenia (A) and
Strain (S) scores in MS patients compared to controls.”

Considering acoustical assessment, mixed results exist
regarding HNR, with studies reporting normal or low va-
lues in pwMS,’*? while no prior research has specifically
examined CPPS in this population. Our results indicate
that pwMS exhibit voice quality impairments, as reflected
in low CPPS values. Furthermore, our regression analysis
revealed that pwMS with higher voice intensity tend to
show better voice quality. This is in line with Brockmann-
Bauser and colleagues,”" who demonstrated a strong cor-
relation between increased voice intensity and higher CPPS
in both dysphonic patients and normative groups. The re-
lation between voice intensity and the level of harmonics in
the signal may stem from increased muscle tone and medial

compression of the vocal folds, which may result in im-
proved glottal closure and signal periodicity, as indicated
by a higher CPPS."" Clinically, this finding underscores the
importance of maintaining adequate voice intensity for
improved voice quality, highlighting a potential target for
speech therapy intervention. In addition, CPPS was found
to be associated with the disease duration in our group,
suggesting that a longer disease duration is related to a
slight increment in harmonicity. This finding may seem
counterintuitive, as a progressive neurodegenerative disease
like MS would typically be expected to degrade voice
quality over time. However, several factors may contribute
to this relationship, including the presence of compensatory
mechanisms or individual adaptation strategies, due to past
voice rehabilitation experiences. Unfortunately, no pre-
vious studies have directly investigated the relation between
CPPS and disease duration, highlighting the need for fur-
ther research to investigate potential factors associated
with mechanisms underlying voice changes in pwMS.
Regarding HNR, our results showed a lower HNR in
pwMS compared to HS, possibly reflecting inadequate
vocal fold closure, and resulting in excessive airflow
through the glottis. Differently from CPPS, our linear re-
gression did not identify significant predictors for HNR,
suggesting that this parameter might be influenced by fac-
tors beyond those considered in our current model.
Interestingly, EDSS did not significantly predict voice
quality for either CPPS or HNR, suggesting that voice
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impairment in pwMS may not be directly associated with
overall disability level. Alternatively, this could indicate
that the EDSS, which primarily evaluates motor dysfunc-
tion, does not specifically assess voice-related aspects. This
finding aligns with studies reporting no significant asso-
ciation between EDSS and HNR, while the relationship
between CPPS and EDSS remains unexplored.”

Diagnostic accuracy
In the second part of our study, we evaluated the ability of
CPPS and HNR to discriminate between individuals with
inadequate voice quality and those who need voice treat-
ment, using clinical assessment as the gold standard.
Considering CPPS, the results of our study suggest a
unique threshold (11.07dB) for identifying inadequate
voice quality and determining the need for treatment. This
threshold allowed us to correctly classify most participants,
distinguishing between those with and without adequate
voice quality. Notably, when CPPS indicated an in-
adequate voice quality, it was accurate in most cases,
confirming that most individuals flagged as having voice
alterations truly had them. Similarly, when CPPS suggested
adequate voice quality, this was generally reliable, though
with a slightly lower certainty. These findings suggest that
CPPS can be a valuable tool for clinical assessment in MS.
In contrast, HNR demonstrated a lower yet still mean-
ingful ability to distinguish between adequate and in-
adequate voice quality, with its optimal threshold set at
11.29dB. While HNR was able to correctly classify a
substantial portion of participants, its accuracy was slightly
lower than CPPS. This means that, although HNR can
help identify voice impairments, it may be more prone to
misclassifying individuals, either by flagging some adequate
voices as inadequate or failing to detect subtle voice issues.
To date, numerous studies have explored the ability of
acoustic parameters to differentiate pathological from non-
pathological voices, emphasizing the importance of in-
tegrating objective measures with clinical assessments for
improved diagnostic accuracy. Considering CPPS, when
connected speech is studied, threshold values for distin-
guishing dysphonic from non-dysphonic speakers range
from 4.0 to 19.10dB,* depending on factors such as the
extraction algorithm, speech task, and the speaker’s native
language.”*"""* To our knowledge, no studies have speci-
fically investigated the discriminative ability of CPPS in
MS, including only people with MS in the sample. How-
ever, a recent study on Brazilian Portuguese speakers, in-
cluding a small percentage of pwMS,” identified a
threshold of 11.30dB (ROC: 0.872; sensitivity: 76.29%;
specificity: 78.57%), similar to our result. Other recent
studies from Cantor-Cutiva and Murton and collegues,”’
found CPPS to be a strong predictor of voice disorders,
though methodological differences may explain dis-
crepancies with our results. In fact, Cantor-Cutiva and
colleagues conducted a retrospective analysis incorporating
various vocal tasks,”’ including sustained vowel phonation
and the six sentences from the consensus auditory-

perceptual evaluation of voice, while Murton et al’’ ana-
lyzed a standardized reading passage from English speakers
using PRAAT. Differences in study populations, disease
distribution, voice characteristics, and parameters estima-
tion methods likely contributed to this variation.

Although HNR has been less frequently studied as a
diagnostic measure for dysphonia, Nguyen and collea-
gues™® found no significant differences in HNR between
dysphonic and non-dysphonic subjects. Similarly, Shama
et al”’ reported that the time-based HNR had lower dis-
crimination ability in classifying normal and pathologic
voices compared to the spectral-based HNR.

Another way acoustic analysis can support clinical
judgment is to identify individuals needing speech therapy.
In this context, our results suggest that despite CPPS and
HNR presenting similar threshold values, CPPS demon-
strated a stronger ability in detecting pwMS who need
voice rehabilitation, compared to HNR. Specifically, CPPS
demonstrated a stronger ability to correctly identify those
requiring treatment, ensuring that most individuals classi-
fied as needing therapy truly required it. Additionally,
while CPPS was less effective in ruling out those who did
not need intervention, its overall predictive value remained
high. These findings reinforce the idea that CPPS is a more
reliable tool for determining the need for voice rehabilita-
tion, while HNR may still be useful as a supplementary
measure. One possible explanation for the consistent un-
derperformance of HNR compared to CPPS may lie in the
f0-dependent nature of HNR. Since accurate measurement
of HNR requires reliable cycle boundary detection, its
precision decreases in cases of dysphonic voices, where ir-
regular vocal fold vibration complicates this detection. In
contrast, CPPS does not rely on cycle detection, making it
more robust in voices with high variability in vocal fold
vibration."*"

Clinical implications

The findings from Aim 2 highlight CPPS as the most reli-
able acoustic parameter for identifying voice impairment.
However, when evaluating whether these parameters could
guide treatment decisions, our results suggest a limitation.
Specifically, the optimal thresholds for identifying in-
adequate voice quality and determining treatment needs
were nearly identical for both CPPS and HNR. Conse-
quently, all subjects identified as having deviant voice
quality were also considered in need of treatment, ren-
dering the additional threshold for treatment decisions
unnecessary. This suggests that when voice quality is
evaluated in terms of the interactions within all speech
subsystems (question 1), it captures a level of dysfunction
significant enough to warrant intervention.

In fact, in clinical practice with neurological voice dis-
orders, treatment decisions are not solely based on im-
pairments related to the phonatory system (eg, roughness
or breathiness). Rather, they are influenced by alterations
in respiratory control, articulatory precision, and re-
sonance (eg, reduction in voice intensity or the presence of
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dysarthria). Furthermore, the clinical assessment of neu-
rological voice disorders integrates professional compe-
tence based on clinical expertise, often referred to as the
“silent know-how” in vocal rehabilitation, as well as the
patient’s specific needs.”’ Therefore, in our opinion, a
threshold based solely on acoustic parameters may not be
sufficient to guide the decision to initiate or withhold
speech therapy.

Since voice quality is influenced by all these factors, the
slight superiority of CPPS over HNR in identifying pwMS
in need of voice rehabilitation could stem from the fact that
CPPS better reflects the interaction between the phonatory,
respiratory, and resonant systems.’”

In conclusion, while CPPS and HNR are valuable mea-
sures, they represent only two components within a com-
prehensive framework of clinical, objective, and subjective
assessments recommended for clinical voice evaluation.
Importantly, the interpretation of these measures should be
integrated with additional acoustic parameters, aero-
dynamic assessments, perceptual listener ratings, medical
examination findings (including laryngeal endoscopic ima-
ging), and patient self-reports.”’

LIMITS

As with all studies, this work has certain limitations, which
also present opportunities for further research. Firstly, the
study included only pwMS with overall moderate-to-severe
disability, limiting the generalizability of the findings to
broader populations. Additionally, the cohort consisted of
participants with a mild-to-moderate degree of dysphonia,
as assessed by the GIRBAS scale, and some presented mild
dysarthria as perceived by clinicians. Future studies should
include within-group analyses comparing individuals with
and without dysarthria or other speech impairments. Age
differences between HS and pwMS could have introduced
bias in comparisons. However, no statistically significant
correlations were found between age and voice quality in
our study, aligning with findings reported in the literature
related to the effect of aging on CPPS and HNR.™*

Furthermore, variables that could influence voice, such
as respiratory, pulmonary, cognitive, or mood disorders,
and a stroboscopic examination, were not available for all
subjects. Another limitation is that only free speech sam-
ples (monologues) were recorded. While this approach re-
flects an ecological and naturalistic context, it does not
allow for uniform speech material across participants,
which may limit the comparability of results. Additionally,
implementing more standardized tasks, such as sentence
repetition or reading exercises, could enhance consistency
and comparability across subjects. Finally, the higher
proportion of smokers in the pwMS group compared to the
HS group may have influenced some of the acoustic mea-
sures, as smoking can affect voice quality and related
parameters. Future studies should consider controlling for
smoking status during participant recruitment to minimize
its potential confounding effect.

CONCLUSIONS
This study examines voice quality during monologue in
pwMS with moderate-to-severe disability, using CPPS and
HNR as objective acoustic measures. Our findings confirm
significant voice alterations in pwMS compared with a HS
group in all collected measures.

Our findings reinforce CPPS as a valuable tool in MS
voice assessment. Moreover, our results underscore the
importance of integrating acoustic analysis into routine
assessments for pwMS, especially for guiding treatment
decision-making. Including acoustical analysis in clinical
practice may contribute to earlier identification of voice
impairments, facilitate timely interventions, and potentially
improve communication and quality of life.
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