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Abstract

The available quantitative methods for evaluating bulbar dysfunction in patients with amyo-
trophic lateral sclerosis (ALS) are limited. We aimed to characterize vowel properties in
Korean ALS patients, investigate associations between vowel parameters and clinical fea-
tures of ALS, and analyze subclinical articulatory changes of vowel parameters in those with
perceptually normal voices. Forty-three patients with ALS (27 with dysarthria and 16 without
dysarthria) and 20 healthy controls were prospectively collected in the study. Dysarthria was
assessed using the ALS Functional Rating Scale-Revised (ALSFRS-R) speech subscores,
with any loss of 4 points indicating the presence of dysarthria. The structured speech sam-
ples were recorded and analyzed using Praat software. For three corner vowels (/a/, /i/, and
/u/), data on the vowel duration, fundamental frequency, frequencies of the first two formants
(F1 and F2), harmonics-to-noise ratio, vowel space area (VSA), and vowel articulation index
(VAI) were extracted from the speech samples. Corner vowel durations were significantly
longer in ALS patients with dysarthria than in healthy controls. The F1 frequency of /a/, F2
frequencies of /i/ and /u/, the VSA, and the VAI showed significant differences between ALS
patients with dysarthria and healthy controls. The area under the curve (AUC) was 0.912.
The F1 frequency of /a/ and the VSA were the major determinants for differentiating ALS
patients who had not yet developed apparent dysarthria from healthy controls (AUC 0.887).
In linear regression analyses, as the ALSFRS-R speech subscore decreased, both the VSA
and VAl were reduced. In contrast, vowel durations were found to be rather prolonged. The
analyses of vowel parameters provided a useful metric correlated with disease severity for
detecting subclinical bulbar dysfunction in ALS patients.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a devastating neurodegenerative disorder characterized
by degeneration of upper (UMNs) and lower motor neurons (LMNss) in the brain, brainstem,
and spinal cord [1]. Bulbar dysfunction develops in around 30% of people with ALS as their
initial symptom [2], and ultimately appears in most cases. The early detection of bulbar
impairment is crucial for differentiating ALS mimics, predicting the prognosis, communicat-
ing with caregivers, and managing nutritional problems; however, there have been no objec-
tive tools for detecting bulbar dysfunction in patients with ALS [3]. The only measures
routinely employed in clinical practice are the physician’s auditory-perceptual evaluation or
the patient’s self-report, neurological examination, and needle electromyography [4]. Further-
more, bulbar assessment is often confusing to physicians due to artifacts caused by poor relax-
ation of bulbar musculature, particularly in those with mild bulbar impairment.

Speech is produced by coordinated actions of articulatory, resonatory, phonatory, and
respiratory subsystems [5]. Dysfunction of one or more of these speech subsystems causes sev-
eral forms of dysarthria in patients with ALS, typically characterized by mixed spastic-flaccid
subtype presenting with articulatory imprecision, hypernasality, harshness, slow speaking rate,
and prosodic abnormalities, resulting in significant disturbances in communication [5]. Previ-
ous studies have repeatedly shown that phonatory measures such as jitter, shimmer, and har-
monics-to-noise ratio discriminate ALS patients with bulbar impairment from healthy
controls (HCs) [2,4]. However, the articulatory component of speech, rather than the voice
quality, impacts communication and thus should be addressed. Clear pronunciation and the
acoustic quality of each phoneme, the smallest sound unit that makes language-specific mean-
ing distinctions, are tightly linked to articulation [6]. Speech intelligibility significantly deterio-
rates when phonemes are not articulated correctly, and the intended meaning is more likely to
be misunderstood [7].

A syllable is a basic unit of speech that is made up of vowels, consonants, or a combination
of both [8]. Vowels are one of the most important phonemes in speech intelligibility [9]. Since
vowels have a longer duration and higher resonance than consonants, they can serve as the
nucleus of syllables [10]. The tongue is a primary articulator of vowels, and bulbar muscle
weakness in patients with ALS is usually more prominent in the tongue than other bulbar mus-
cles such as the lips and jaw [11,12]. Impairment of vowel articulation has been identified as a
potential surrogate marker for neurodegenerative disorders, such as Parkinson’s disease (PD),
and can even be observed in individuals with rapid eye movement sleep behavior disorder,
which is considered a prodromal stage of PD [13,14]. This impairment may worsen as the dis-
ease progresses [15]. However, there is a lack of studies specifically investigating vowel articu-
latory changes in patients with ALS.

In this study, we aimed to characterize vowel properties observed in Korean patients with
ALS, investigate the association between vowel parameters and clinical features of ALS, and
analyze subclinical articulatory changes of vowel parameters in ALS patients with perceptually
normal voices.

Methods
Study participants

We prospectively collected speech samples from patients with ALS/motor neuron disease and
HCs at Seoul National University Hospital between December 2019 and October 2020. The
diagnosis of ALS/motor neuron disease included definite, probable, or possible ALS according
to the revised El Escorial criteria [16] and also progressive muscular atrophy, which is
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characterized by the degeneration of LMNs without obvious signs of UMN loss [17]. ALS
Functional Rating Scale-Revised (ALSFRS-R) were assessed in all 43 patients, and the presence
or absence of dysarthria was determined by the speech subscore (4 points) of ALSFRS-R [18].
We investigated the onset region, disease duration, UMN and LMN signs in the bulbar seg-
ment, frontal release sign, and forced vital capacity (FVC, % of predicted).

Standard protocol approvals, registrations, and patient consents

This study was approved by the Institutional Review Board of Seoul National University Hos-
pital (IRB No. 1911-111-108). Informed consent was obtained from all study participants
before any procedures. The records of personal information that could identify research sub-
jects will be kept confidential during and after data collection.

Speech collection

We collected speech samples using a voice recorder (ICD-PX370 Mono Digital Voice
Recorder, Sony Corporation, Tokyo, Japan) in a quiet room. The sampling frequency was 44.1
kHz, and the quantization level was set to 16 bits. Experimental participants read the stimuli
written in Korean at a natural speed. The stimuli consisted of two types: (i) six repetitions of
consonant-vowel (CV) open syllables and (ii) consonant-vowel-consonant (CVC) closed
monosyllabic words. A labial lenis stop /p/ was employed as a beginning consonant in a series
of CV open syllables repeated six times. Because /p/ is pronounced using both lips as the main
articulators, it has little effect on the movement of the tongue body, which is primarily used
when pronouncing vowels. Participants were instructed to pronounce each syllable /pi, pu, pa/
six times in a row. In the set of CVC closed monosyllabic words, the corner vowels /i, u, a/
were accompanied by beginning consonants with multiple places of articulation (e.g., labial /p/
, alveolar /t, s/, palatal /t¢/, and velar /k/) and manners (e.g., stop /p, t, k/, fricative /s/, affricate
/tg/). Following the high corner vowels /i, u/, the closing consonant was unified as a labial
nasal /m/. To avoid the monotony of the experimental stimuli, the low back vowel /a/ was fol-
lowed by several closing consonants: alveolar and velar stops, as well as a liquid /1/. Further-
more, with the liquid closing consonant /1/, /a/ had stop onsets with the laryngeal contrast (for
example, lenis /p, t, k, s, t/, tensed /p’, t’, K, 5, tg’/, and aspirated /p", t*, k", tg" /). S1 Table con-
tains a list of the stimuli words.

Speech analysis

Each syllable was automatically detected using the Praat software, and vowels were marked
manually. We measured vowel duration (ms), fundamental frequency (F0, Hz), frequencies of
the first two formants (F1 and F2, Hz), harmonics-to-noise ratio (dB), and calculated the
vowel space area (VSA, Hz?) and vowel articulation index (VAI, conventional unit). We ana-
lyzed the F1 and F2 frequencies of the three vowels (/i/, /u/, and /a/), named corner vowels
because they have extreme F1 and F2 values at both end positions of the tongue (Fig 1).

A Korean vowel diagram is shown in Fig 1. Each vowel has unique formants produced by
the acoustic resonance of the vocal tracts. The frequencies of the F1 and F2 have been regarded
as being the most relevant to the production and perception of vowels [19]. The frequency of
F1 is determined by the tongue’s position on the vertical axis; the frequency of F2 is deter-
mined by the tongue’s position on the horizontal axis and the length of the oral cavity. VSA
refers to the two-dimensional area formed by lines connecting F1 and F2 frequencies of corner
vowels [20]. In patients with an articulatory problem, the value of VSA is usually reduced with
the decreasing high formant frequencies and/or with the increasing low formant frequencies,
called vowel formant centralization [21]. The VAI is designed to be as insensitive to
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Fig 1. Korean vowel diagram. The tongue moves vertically and horizontally within the oral cavity, and corner vowels
(/a/, /i/, and /u/) differ in the position of the tongue when pronounced. Each vowel in the vowel diagram has a unique
first (F1) and second formant (F2).

https://doi.org/10.1371/journal.pone.0292460.9001

interspeaker variability as possible while being as sensitive as possible to vowel formant cen-
tralization. Therefore, we additionally calculated each speaker’s VAI as (F2 of /i/ + F1 of /a/) /
(F2 of /u/ + F2 of /a/ + F1 of /u/ + F1 of /i/) [22].

Statistical analysis

For comparison of clinical features, we performed the Mann-Whitney U test or Kruskal-Wallis
H test for continuous variables and the Pearson’s chi-square test for categorical variables. We
compared group differences in vowel parameters using a one-way analysis of covariance
(ANCOVA) with Tukey’s HSD post-hoc tests with age and sex adjustment. Then we investi-
gated associations of vowel parameters with clinical variables of ALS/motor neuron disease by
multivariable linear regression analyses. In each model, we set vowel parameters with p < 0.05
in ANCOVA tests (vowel duration, F1/F2 frequencies, VSA, and VAI) as outcome variables.
We tested the effects of explanatory variables (FVC and speech subscore of ALSFRS-R) after
adjusting for age and sex. UMN and LMN signs were not included in the explanatory variables
to avoid the multicollinearity problem. The diagnostic performance of selected vowel parame-
ters was assessed by receiver operating characteristic (ROC) curve analysis using logistic
regression with a generalized linear model. A two-tailed p < 0.05 was considered statistically
significant. All statistical analyses were performed using the R software version 4.1.0 (The R
Foundation for Statistical Computing Platform) [23,24].

Results
Clinical characteristics

A total of 43 patients with ALS/motor neuron disease [27 with dysarthria (ALSwD) and 16
without dysarthria (ALSwoD)] and 20 HCs were enrolled. Table 1 summarizes the demo-
graphic information and clinical characteristics of study participants. The female to male ratio
was significantly lower in the ALSwoD group than in the other two groups (ALSwD 55.6%,
ALSwoD 12.5%, HC 50.0%, p = .016). The median age of HCs seemed younger than ALS
patients with or without dysarthria, but there were no statistically significant differences
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Table 1. Demographic and clinical characteristics of the study participants.

Characteristic ALSwD ALSwoD Control P value
(n=27) (n=16) (n=20)

Sex, female (%) 15 (55.6) 2 (12.5) 10 (50) .016
Age (years)* 60.0 [50.0;66.0] 62.5 [48.5;67.0] 54.5 [42.0;60.5] .077
Disease duration (years)* 2.0 [1.0;3.5] 2.0 [1.0;5.0] .768
Onset region .003

Bulbar (%) 12 (44.4) 0 (0.0)

Cervical (%) 8(29.6) 12 (75)

Lumbosacral (%) 7 (25.9) 4 (25)
ALSFRS-R*

Total 37.5 [33.0;42.0] 38.5 [35.0;41.0] 736

Bulbar subscore 9.0 [8.0;10.0] 12.0 [11.0;12.0] <.001

Speech subscore 3.0 [2.0;3.0] 4.0 [4.0;4.0] <.001
FVC (% predicted)* 78.0 [70.0;88.0] 82.0 [68.0;90.0] 836
UMN sign, bulbar (%) 23 (85.2) 6 (37.5) .004
LMN sign, bulbar (%) 21(77.8) 1(6.2) <.001
Frontal release sign (%) 11 (40.7) 1(6.2) .037
Diagnosis .008

Definite ALS 11 (40.7) 1(6.2)

Probable ALS 11 (40.7) 6 (37.5)

Possible ALS 5(18.5) 5(31.2)

PMA 0 (0.0) 4(25.0)

Data are expressed as the number of subjects (%). *Data are expressed as median (25" and 75" percentiles].

Significant findings with P<.050 are in bold fonts.

Abbreviations: ALS, amyotrophic lateral sclerosis; ALSwD, ALS with dysarthria; ALSwoD, ALS without dysarthria; ALSFRS-R, ALS Functional Rating Scale-Revised;
FVC, forced vital capacity; UMN, upper motor neuron; LMN, lower motor neuron; PMA, progressive muscular atrophy.

https://doi.org/10.1371/journal.pone.0292460.t001

(ALSwD 60.0, ALSwoD 62.5, HC 54.5 years old, p = .077). The predicted values of FVC were
slightly reduced both in the ALSWD and ALSwoD groups compared to the reference values
(cut-off 80%), but there was no group difference. The total ALSFRS-R score was similar between
the ALSwD and ALSwoD groups. By group definition, the speech subscore of ALSFRS-R was
4.0 in the ALSwoD group, which was significantly higher than 3.0 in the ALSwD group (p <
.001). Both the bulbar UMN and LMN signs were significantly more frequent in the ALSWD
compared to the ALSwoD group. The proportion of definite ALS was higher in the ALSWD
group, whereas possible ALS and PMA were more common in the ALSwoD group.

Comparison of vowel parameters between groups

Table 2 shows vowel parameters of three corner vowels, /a/, /i/, and /u/ in each group. Vowel
duration of all three vowels were markedly prolonged in the ALSWD group than those in ALS-
woD and HC:s (p < .001 for all comparisons). The F1 frequencies of /a/ in the ALSwD and
ALSwoD groups were significantly lower compared to HCs (ALSwD vs. HC, p < .001; ALS-
woD vs. HC, p < .001). The F2 frequencies of /i/ in the ALSWD group were notably lower than
those in HCs (p < .012). Those of /u/ in the ALSWD group were markedly longer than in the
ALSwoD and HCs (ALSwD vs. ALSwoD, p < .048; ALSwD vs. HC, p < .021). The VSA was
significantly reduced in ALSwD and ALSwoD compared to HCs (ALSwD vs. HC, p < .001;
ALSwoD vs. HC, p < .014). The VAI was significantly lower in ALSWD compared to HCs, and
it also showed a slight reduction, though not statistically significant, in ALSwoD compared to
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Table 2. Comparisons of vowel parameters between groups.

Parameter ALSwWD ALSwoD Control Pvalue
(n=27) (n=16) (n=20) Overall | ALSwD | ALSwD | ALSwoD
vs. vs. vs.
ALSwoD Control Control

Duration (ms)

/al 129.9 (32.6) 81.2 (13.8) 81.0 (15.7) <.001 <.001 <.001 NS

/il 171.7 (49.2) 98.0 (20.7) 118.0 (35.6) <.001 <.001 <.001 NS

fu/ 158.2 (46.1) 91.5(21.1) 99.0 (28.9) <.001 <.001 <.001 NS
FO (Hz)

/al 157.55 (36.6) 159.3 (28.0) 157.58 (42.4) 98 NS NS NS

A/ 157.9 (37.0) 166.6 (28.5) 161.6 (45.4) 47 NS NS NS

Ju/ 161.0 (39.4) 165.1 (28.6) 162.3 (43.5) .88 NS NS NS
F1 (Hz)

la/ 764.4 (94.2) 741.9 (69.2) 818.6 (96.4) < .001 NS <.001 < .001

/il 382.6 (57.5) 405.2 (70.6) 397.3 (72.7) 47 NS NS NS

u/ 458.1 (82.1) 437.7 (65.5) 446.8 (55.2) 68 NS NS NS
F2 (Hz)

/al 1418.9 (161.4) 1389.3 (128.8) 1445.2 (197.9) 42 NS NS NS

/il 2038.3 (258.9) 2072.1 (183.6) 2207.2 (290.7) .02 NS 012 NS

fu/ 1329.5 (248.6) 1155.9 (185.8) 1152.1 (173.7) .01 .048 .021 NS
Harmonics-to-noise ratio (dB)

/al 7.8 (5.3) 8.4 (5.2) 10.3 (2.9) 23 NS NS NS

/il 6.3 (18.5) 12.6 (3.2) 11.4 (18.4) 42 NS NS NS

Ju/ 8.7 (21.8) 11.0 (6.9) 15.0 (7.2) 42 NS NS NS
Vowel space area (Hz?) 128183.9 (77881) 144782.7 (66485) 210574.1 (90416) <.001 NS <.001 .014
Vowel articulation index (conventional unit) 0.787 0.831 0.883 .003 NS .002 NS

Data are expressed as mean (standard deviation).

Significant findings with P<.050 are in bold fonts.
Abbreviations: ALS, amyotrophic lateral sclerosis; ALSWD, ALS with dysarthria; ALSwoD, ALS without dysarthria; NS, not significant.

https://doi.org/10.1371/journal.pone.0292460.t002

HCs. There were no discernible group differences observed in fundamental frequency and
harmonics-to-noise ratio.

Association between vowel parameters and clinical variables

The linear regression analyses showed that, as the speech subscore of ALSFRS-R decreased, dura-
tions of all three corner vowels were correspondingly prolonged (p < .001 for /a/; p = .022 for /i/; p
=.012 for /u/) (Fig 2A), whereas the VSA decreased along with the ALSFRS-R speech subscore in
both sexes (p = .038 for male; p = .007 for female) (Fig 2B). The VAI decreased along with the
ALSFRS-R speech subscore, as did the VSA (S1 Fig). The detailed data on the associations between
vowel parameters and clinical variables are described in Table 3. Corner vowel durations were sig-
nificantly longer in patients who had both the UMN and LMN signs than in those who did not
(S2 Table). In addition, durations of corner vowels appeared more severely impacted by the LMN
signs than UMN signs, although there were no statistically significant differences (Fig 3).

Diagnostic performance of vowel parameters

In the ROC curve analyses for ALSwD and HCs, the area under the curve (AUC) for the dura-
tion of /a/, /i/, and /u/ was 0.733, 0.822, and 0.800, respectively (S3 Table and S2A Fig). The
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Fig 2. Association between ALSFRS-R speech subscore and vowel parameters. As the ALSFRS-R subscore decreased, the durations of three corner vowels
were inversely prolonged (A). The VSA decreased along with the ALSFRS-R subscore both in male and female (B). Abbreviations: ALS, amyotrophic lateral
sclerosis; ALSFRS-R, ALS Functional Rating Scale-Revised; VSA, vowel space area.
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AUC for F1 frequency of /a/, F2 frequencies of /i/ and /u/, and VSA was 0.557, 0.538, 0.693,
and 0.643, respectively (S3 Table and S2B Fig). Taking all these variables together, we obtained
an improved diagnostic value with an AUC of 0.912 (Fig 4A). We then examined the ROC
curves in ALSwoD and HCs to determine the diagnostic values of F1 frequency of /a/ and VSA
for detecting the subclinical articulatory change in ALS patients with perceptually normal
voices. As a result, the AUC for F1 frequency of /a/ and VSA were 0.887 and 0.809, respectively
(Fig 4B and 4C).

Discussion

In this study, we attempted to analyze corner vowel parameters in patients with ALS/motor
neuron disease and HCs, find out the associations between vowel parameters and clinical fea-
tures of ALS, and identify subclinical changes in vowel parameters in those with perceptually
normal voices. We showed that the F1 frequencies of /a/ and VSA were the most reliable
parameters for diagnosing ALS patients without apparent dysarthria but presumably develop-
ing subclinical bulbar impairment. Furthermore, the VSA and vowel durations were signifi-
cantly associated with the disease severity, such as the ALSFRS-R speech subscore. Our
findings provide preliminary data on vowel analysis as a bulbar measure for patients with ALS.

In ALS patients with dysarthria, durations of all corner vowels were considerably longer
than those in HCs. Although lips and teeth play a role in the production of vowels, the tongue
is the primary articulator of vowels [11]. Thus, prolonged vowel durations in patients with
ALS can be interpreted as a sign of impaired tongue movement [25]. On the other hand, given
the similar vowel durations between ALS patients without dysarthria and HCs, vowel dura-
tions do not seem to be an early indicator of bulbar dysfunction. In linguistics studies, the
duration can be measured based on the unit of sentence, syllable, or vowel [4]. Previous studies
showed that articulatory rates measured by syllables per second are slower, and phrase dura-
tions are longer in patients with ALS than those in HCs [26,27]. Conversely, a recent study
showed that, in natural speech, mean speech segment durations between pauses are
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Table 3. Results of linear regression analyses.

Variable Estimate Standard error T value P value
Duration of /a/ ~

(Intercept) 221.465 35.342 6.266

Age -0.176 0.357 -0.492 627

Sex (male) -6.219 10.655 -0.584 565

FvC -0.035 0.287 -0.123 903

ALSFRS-R, speech -30.061 5.736 -5.241 <.001
Duration of /i/ ~

(Intercept) 220.389 72.139 3.055

Age -0.084 0.729 -0.116 909

Sex (male) -21.376 21.748 -0.983 335

FvC 0.352 0.587 0.599 555

ALSFRS-R, speech -28.703 11.707 -2.452 .022
Duration of /u/ ~

(Intercept) 227.760 64.906 3.509

Age -0.023 0.656 -0.035 972

Sex (male) -26.129 19.567 -1.335 194

FvC 0.008 0.528 0.016 988

ALSFRS-R, speech -27.403 10.533 -2.602 012
Fl1of/a/ ~

(Intercept) 893.020 82.598 10.812

Age 0.007 0.834 0.009 993

Sex (male) -132.861 24.901 -5.336 <.001

FvC -0.104 0.672 -0.155 878

ALSFRS-R, speech -16.538 13.405 -1.234 229
F2 of /i/ ~

(Intercept) 1843.699 280.062 6.583

Age 3.249 2.829 1.149 262

Sex (male) -342.735 84.431 -4.059 <.001

FvC -0.870 2.278 -0.382 .706

ALSFRS-R, speech 90.382 45.451 1.989 .058
F2 of /u/ ~

(Intercept) 1900.834 352.420 5.394

Age -3.946 3.559 -1.109 279

Sex (male) 77.492 106.244 0.729 473

FvC -2.053 2.866 -0.716 481

ALSFRS-R, speech -95.802 57.193 -1.675 107
VSA ~

(Intercept) -37438.0 101562.2 -0.369

Age 1435.7 817.3 1.757 .088

Sex (male) -92781.1 20769.5 -4.467 <.001

FvC 317.5 747.9 0.425 675

ALSFRS-R, speech 39129.4 19019.6 2.057 .047
VAI ~

(Intercept) 0.579 0.123 4.694

Age 0.002 0.001 1.565 130

Sex (male) -0.076 0.037 -2.051 .051

FvC <0.001 0.001 -0.012 990

(Continued)
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Table 3. (Continued)

Variable Estimate Standard error T value P value

ALSFRS-R, speech 0.051

Significant findings with P<.050 are in bold fonts.

0.020 2.551 .018

Abbreviations: ALS, amyotrophic lateral sclerosis; ALSFRS-R, ALS Functional Rating Scale-Revised; FVC, forced vital capacity.

https://doi.org/10.1371/journal.pone.0292460.t003

significantly reduced in patients with ALS-frontotemporal dementia compared to HCs,
regardless of their bulbar symptoms; they suggested that speech duration is associated with the
severity of cognitive impairment [28]. We herein used structured speech stimuli to minimize
the influence of cognitive dysfunction, thereby focusing on articulatory changes in vowel
parameters.

The F1 frequency of /a/ and the F2 frequencies of /i/ and /u/ were significantly different
between ALS patients with dysarthria and HCs. The F1 frequency increases as the tongue
moves downward, whereas the F2 frequency reflects the tongue’s back-and-forth movement
[29]. The above three formants (F1 frequency of /a/ and F2 frequencies of /i/ and /u/) corre-
spond to the vertex in the vowel diagram (Fig 1). These findings show that changes in the for-
mant frequencies in ALS patients with dysarthria are maximized at the vowels having the
extreme values of formant frequencies. Furthermore, the decreased F1 frequency of /a/,
decreased F2 frequency of /i/ and increased F2 frequency of /u/ all contributed to a reduction
in the VSA, which captures articulatory working space. The VSA has been suggested as a
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Fig 3. Changes of corner vowel durations according to the bulbar UMN or LMN signs. The durations of three
corner vowels were significantly longer in patients who had both the UMN and LMN signs than in those who did not.
Patients with solely LMN signs had longer vowel durations than those with UMN signs, but there were no statistically
significant differences. Abbreviations: UMN, upper motor neuron; LMN, lower motor neuron.

https://doi.org/10.1371/journal.pone.0292460.9003
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Fig 4. Receiver operating characteristic curves. The AUC for three vowel durations, F1 frequency of /a/, F2 frequencies of /i/ and /u/, and VSA between
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under the curve; VSA, vowel space area; ALS, amyotrophic lateral sclerosis; ALSWD, ALS with dysarthria; HC, healthy control; ALSwoD, ALS without

dysarthria.
https://doi.org/10.1371/journal.pone.0292460.9004

quantitative index of speech intelligibility, the degree to which speech sounds can be correctly
identified and understood by listeners [30]. In our analysis, the VSA was significantly associ-
ated with the severity of dysarthria, which is represented by the ALSFRS-R speech subscore.
Therefore, the reduction in VSA may be a useful metric for diagnosing patients with ALS.

We further analyzed changes in vowel parameters in patients with ALS who have not pre-
sented with apparent dysarthria yet. As a result, the F1 frequency of /a/ and VSA were identi-
fied as reliable measures for detecting subclinical bulbar dysfunction. The genioglossus, the
largest of the four extrinsic and four intrinsic muscles in the tongue, is the main protrusor,
whereas the hyoglossus functions as a main depressor and retractor [31]. Thus, the reduction
in the F1 frequency of /a/ in patients with ALS reflects the restricted vertical movement of the
tongue, which might be caused by denervation changes in the hyoglossus. A dissociated mus-
cle atrophy in ALS would provide a plausible explanation for this finding. It is typically
observed in the hands of ALS patients, more severe in the lateral hand group of muscles (the
first dorsal interosseous and abductor pollicis brevis), with relative preservation of the medial
hand (the abductor digit minimi). This split-hand syndrome is believed to result from the asso-
ciated degeneration of UMNs and LMNs [32]. In addition, other split syndromes such as split-
hand plus, split-elbow, and split-leg phenomenon have been described in ALS involving upper
or lower limbs [33-35]. In this regard, a preferential degeneration of the hyoglossus may indi-
cate disproportionate muscle atrophy in the tongue, presumably referred to as the ‘split-tongue
phenomenon,” which should be further investigated through electrophysiological studies.
Besides, a decrease in the F1 frequency of /a/ may contribute to a decrease in the VSA, and
impaired coordination of tongue movements may have an additional effect. While a previous
study found early phonatory abnormalities (jitter, shimmer, and signal-to-noise ratio) in ALS
patients without dysarthria [36], we focused on articulatory changes in those without apparent

dysarthria.
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The durations of corner vowels were significantly prolonged in patients who had both the
UMN and LMN signs in the bulbar segment. Moreover, vowel durations were slightly longer
in patients with only LMN signs than those with UMN signs, although it did not reach statisti-
cal significance (Fig 3). These findings suggest that dysfunction of the articulatory speech sub-
system associated with limited tongue movement was more heavily influenced by the LMN
degeneration rather than UMN degeneration. In addition, there were no group differences in
the FO frequency and harmonics-to-noise ratio. Previous studies have shown conflicting results
regarding the FO frequency associated with voice pitch. A few studies reported that a decrease
in FO frequency in patients with ALS is caused by laryngeal muscle weakness [37,38], whereas
another study found that the FO frequency increases due to the impairment of intrinsic laryn-
geal muscles [39]. Further, a recent study showed an association between the FO frequency and
the Penn UMN bulbar subscale, suggesting that impairment of laryngeal muscles caused by
the UMN degeneration may interfere with FO frequency [28]. For a harmonics-to-noise ratio,
which reflects a turbulent noise caused by incomplete glottic closure during sound production
[40], a previous study found an increase of harmonics-to-noise ratio in patients with ALS,
which means a phonatory instability [39]. In this study, as we focused on articulatory changes
of vowel parameters using structured, repetitive speech stimuli, dysfunctions of resonatory or
phonatory subsystems might have been underestimated.

While not statistically significant, we acknowledge that patients with ALS were slightly
older than the HCs, potentially conferring an advantage in the analysis. Nevertheless, we antic-
ipate that our findings will remain unaffected by potential age differences for the following rea-
sons: Regarding the formant frequencies of the corner vowels, a recent study revealed a decline
in F2 /a/ and F2 /u/ with age, while F1 remained unchanged [41]. However, our study showed
that F1 /a/ and F2 /i/ decreased, while F2 /u/ rather increased in older ALS patients compared
to HCs, showing contradictory results on F2 /u/. Furthermore, some studies reported that the
formant frequencies of the corner vowels change minimally across several decades of adult life,
with no significant differences observed between middle-aged women (40 to 60 years) and
older women (70 to 92 years) [42,43]. Therefore, the 5.5-year difference between ALSwD and
HCs, as well as the 8-year difference between ALSwoD and HCs, is unlikely to impact our
results on formant frequencies. Additionally, the VSA is known to show a compensatory
increase with age [41]. However, in our study, we observed that VSA rather decreased in rela-
tively older ALS patients compared to HCs, supporting our results of a reduced VSA inherent
to the disease. Lastly, vowel durations exhibit a slight increase of no more than 30 ms with age,
particularly in individuals aged over 70 years [41]. However, when comparing the significant
differences in vowel durations between patients with ALS and HCs in our study—exceeding
50 ms for all corner vowels—it becomes evident that vowel durations are longer in patients
with ALS, even after adjusting for age differences.

The limitations of the study should be acknowledged. First, our study is limited by the small
number of study participants. Second, the female to male ratio was much lower in the ALSwoD
group than in HCs. In general, both the F0 frequency and VSA in females are higher (or larger)
than males [44,45], and females have higher formant frequencies than males [46], albeit there
are some conflicting results. To overcome this issue, we performed the following analyses: (i)
We tried to adjust sex differences by conducting an ANCOV A analysis. (ii) The male subgroup
analysis generated the same results (S4 Table). (iii) The VSA was also a significant determinant
in differentiating the ALSWD group from HCs with a similar sex ratio. Third, as we recorded
participants’ voices directly without using a head-mounted microphone, standardizing the
vowel intensity in our recording setting became challenging. Consequently, we excluded the
vowel intensity parameter from the analysis. In addition, it is important to interpret our results
on the harmonics-to-noise ratio with caution due to potential recording quality issues
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resulting from noise disturbances caused by the absence of a head-mounted microphone and
low voice intensity. Fourth, cognitive function was not tested in the study participants.
Although cognitive impairment inevitably affects the results of speech analysis, we used struc-
tured repetitive speech stimuli to minimize the influence of cognitive dysfunction on articula-
tory changes. Fifth, because we did not obtain longitudinal data on speech samples, we could
not analyze changes in vowel parameters as the disease progressed. Further follow-up studies
with a larger number of patients are warranted.

Conclusions

In conclusion, the analysis of vowel parameters provided a useful metric correlated with dis-
ease severity for detecting subclinical bulbar dysfunction in patients with ALS. Because the
vowel systems in most languages can be represented by a vowel diagram, with particular simi-
larities in corner vowels [47], the findings of this study would possibly be extended to other
languages warranting further investigations.

Supporting information

S1 Fig. Association between ALSFRS-R speech subscore and vowel articulation index.
(PDF)

S2 Fig. Receiver operating characteristic curves for differentiating ALS patients with dys-
arthria from healthy controls using each vowel parameter.
(PDF)

S1 Table. List of stimuli words.
(DOCX)

S2 Table. Effects of bulbar UMNs or LMNs on vowel parameters.
(DOCX)

§3 Table. Diagnostic performance of individual vowel parameters in distinguishing ALS
patients with dysarthria from healthy controls.
(DOCX)

$4 Table. Comparisons of vowel parameters between groups in male subjects.
(DOCX)

S1 File. Raw acoustic data.
(CSV)

S2 File. Clinical information and extracted vowel parameters.
(CSV)

Author Contributions

Conceptualization: Jin-Ah Kim, Hayeun Jang, Yoonji Choi, Seok-Jin Choi.
Data curation: Jin-Ah Kim, Hayeun Jang.

Formal analysis: Jin-Ah Kim, Hayeun Jang.

Investigation: Jin-Ah Kim, Hayeun Jang, Seok-Jin Choi.

Methodology: Jin-Ah Kim, Young Gi Min, Seok-Jin Choi.

Software: Hayeun Jang.

PLOS ONE | https://doi.org/10.1371/journal.pone.0292460 October 13, 2023 12/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0292460.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0292460.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0292460.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0292460.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0292460.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0292460.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0292460.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0292460.s008
https://doi.org/10.1371/journal.pone.0292460

PLOS ONE

Subclinical articulatory changes in ALS patients

Validation: Jin-Ah Kim, Hayeun Jang, Yoon-Ho Hong, Jung-Joon Sung, Seok-Jin Choi.

Writing - original draft: Jin-Ah Kim, Hayeun Jang.

Writing - review & editing: Yoonji Choi, Young Gi Min, Yoon-Ho Hong, Jung-Joon Sung,

Seok-Jin Choi.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

Wijesekera LC, Leigh PN. Amyotrophic lateral sclerosis. Orphanet J Rare Dis. 2009; 4:3. https://doi.org/
10.1186/1750-1172-4-3 PMID: 19192301

Tomik B, Guiloff RJ. Dysarthria in amyotrophic lateral sclerosis: A review. Amyotroph Lateral Scler.
2010; 11(1-2):4—15. https://doi.org/10.3109/17482960802379004 PMID: 20184513

Yunusova Y, Plowman EK, Green JR, Barnett C, Bede P. Clinical measures of bulbar dysfunction in
ALS. Front Neurol. 2019; 10:106. https://doi.org/10.3389/fneur.2019.00106 PMID: 30837936

Chiaramonte R, Bonfiglio M. Acoustic analysis of voice in bulbar amyotrophic lateral sclerosis: a sys-
tematic review and meta-analysis of studies. Logoped Phoniatr Vocol. 2020; 45(4):151-163. https://doi.
org/10.1080/14015439.2019.1687748 PMID: 31760837

Green JR, Yunusova Y, Kuruvilla MS, Wang J, Pattee GL, Synhorst L, et al. Bulbar and speech motor
assessment in ALS: challenges and future directions. Amyotroph Lateral Scler Frontotemporal
Degener. 2013; 14(7-8):494-500. https://doi.org/10.3109/21678421.2013.817585 PMID: 23898888

Zhang L, Du Y. Lip movements enhance speech representations and effective connectivity in auditory
dorsal stream. Neuroimage. 2022; 257:119311. https://doi.org/10.1016/j.neuroimage.2022.119311
PMID: 35589000

Van Nuffelen G, Middag C, De Bodt M, Martens JP. Speech technology-based assessment of phoneme
intelligibility in dysarthria. Int J Lang Commun Disord. 2009; 44(5):716—730. https://doi.org/10.1080/
13682820802342062 PMID: 18821111

Malaia EA, Wilbur RB. Syllable as a unit of information transfer in linguistic communication: The entropy
syllable parsing model. Wiley Interdiscip Rev Cogn Sci. 2020; 11(1):e1518. https://doi.org/10.1002/wcs.
1518 PMID: 31505710

Kent RD, Rountrey C. What acoustic studies tell us about vowels in developing and disordered speech.
Am J Speech Lang Pathol. 2020; 29(3):1749—-1778. https://doi.org/10.1044/2020_AJSLP-19-00178
PMID: 32631070

Stone M, Lundberg A. Three-dimensional tongue surface shapes of English consonants and vowels. J
Acoust Soc Am. 1996; 99(6):3728-3737. https://doi.org/10.1121/1.414969 PMID: 8655804

Paredero Del Bosque J. [Position of the tongue, lips and uvula in the pronunciation of vowels and conso-
nants]. Medicina (Madr). 1950; 18(2 1):21-32.

DePaul R, Brooks BR. Multiple orofacial indices in amyotrophic lateral sclerosis. J Speech Hear Res.
1993; 36(6):1158—1167. hitps://doi.org/10.1044/jshr.3606.1158 PMID: 8114482

Skrabal D, Rusz J, Novotny M, Sonka K, Ruzicka E, Dusek P, et al. Articulatory undershoot of vowels in
isolated REM sleep behavior disorder and early Parkinson’s disease. NPJ Parkinsons Dis. 2022; 8
(1):137. https://doi.org/10.1038/s41531-022-00407-7 PMID: 36266347

Rusz J, Cmejla R, Tykalova T, Ruzickova H, Klempir J, Majerova V, et al. Imprecise vowel articulation
as a potential early marker of Parkinson’s disease: effect of speaking task. J Acoust Soc Am. 2013; 134
(3):2171-2181. https://doi.org/10.1121/1.4816541 PMID: 23967947

Skodda S, Grénheit W, Schlegel U. Impairment of vowel articulation as a possible marker of disease
progression in Parkinson’s disease. PLoS One. 2012; 7(2):e32132. https://doi.org/10.1371/journal.
pone.0032132 PMID: 22389682

Brooks BR, Miller RG, Swash M, Munsat TL, World Federation of Neurology Research Group on Motor
Neuron Diseases. El Escorial revisited: revised criteria for the diagnosis of amyotrophic lateral sclerosis.
Amyotroph Lateral Scler Other Motor Neuron Disord. 2000; 1(5):293-299. https://doi.org/10.1080/
146608200300079536 PMID: 11464847

Liewluck T, Saperstein DS. Progressive muscular atrophy. Neurol Clin. 2015; 33(4):761-773. https://
doi.org/10.1016/j.ncl.2015.07.005 PMID: 26515620

Cedarbaum JM, Stambler N, Malta E, Fuller D, Hilt D, Thurmond B, et al. The ALSFRS-R: a revised
ALS functional rating scale that incorporates assessments of respiratory function. BDNF ALS Study
Group (Phase Ill). J Neurol Sci. 1999; 169(1-2):13-21. https://doi.org/10.1016/s0022-510x(99)00210-5
PMID: 10540002

Joos M. Acoustic phonetics. Language monograph. Linguistic Society of America; 1948. p. 136.

PLOS ONE | https://doi.org/10.1371/journal.pone.0292460 October 13, 2023 13/15


https://doi.org/10.1186/1750-1172-4-3
https://doi.org/10.1186/1750-1172-4-3
http://www.ncbi.nlm.nih.gov/pubmed/19192301
https://doi.org/10.3109/17482960802379004
http://www.ncbi.nlm.nih.gov/pubmed/20184513
https://doi.org/10.3389/fneur.2019.00106
http://www.ncbi.nlm.nih.gov/pubmed/30837936
https://doi.org/10.1080/14015439.2019.1687748
https://doi.org/10.1080/14015439.2019.1687748
http://www.ncbi.nlm.nih.gov/pubmed/31760837
https://doi.org/10.3109/21678421.2013.817585
http://www.ncbi.nlm.nih.gov/pubmed/23898888
https://doi.org/10.1016/j.neuroimage.2022.119311
http://www.ncbi.nlm.nih.gov/pubmed/35589000
https://doi.org/10.1080/13682820802342062
https://doi.org/10.1080/13682820802342062
http://www.ncbi.nlm.nih.gov/pubmed/18821111
https://doi.org/10.1002/wcs.1518
https://doi.org/10.1002/wcs.1518
http://www.ncbi.nlm.nih.gov/pubmed/31505710
https://doi.org/10.1044/2020%5FAJSLP-19-00178
http://www.ncbi.nlm.nih.gov/pubmed/32631070
https://doi.org/10.1121/1.414969
http://www.ncbi.nlm.nih.gov/pubmed/8655804
https://doi.org/10.1044/jshr.3606.1158
http://www.ncbi.nlm.nih.gov/pubmed/8114482
https://doi.org/10.1038/s41531-022-00407-7
http://www.ncbi.nlm.nih.gov/pubmed/36266347
https://doi.org/10.1121/1.4816541
http://www.ncbi.nlm.nih.gov/pubmed/23967947
https://doi.org/10.1371/journal.pone.0032132
https://doi.org/10.1371/journal.pone.0032132
http://www.ncbi.nlm.nih.gov/pubmed/22389682
https://doi.org/10.1080/146608200300079536
https://doi.org/10.1080/146608200300079536
http://www.ncbi.nlm.nih.gov/pubmed/11464847
https://doi.org/10.1016/j.ncl.2015.07.005
https://doi.org/10.1016/j.ncl.2015.07.005
http://www.ncbi.nlm.nih.gov/pubmed/26515620
https://doi.org/10.1016/s0022-510x%2899%2900210-5
http://www.ncbi.nlm.nih.gov/pubmed/10540002
https://doi.org/10.1371/journal.pone.0292460

PLOS ONE

Subclinical articulatory changes in ALS patients

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Kent RD, Vorperian HK. Static measurements of vowel formant frequencies and bandwidths: A review.
J Commun Disord. 2018; 74:74-97. https://doi.org/10.1016/j.jcomdis.2018.05.004 PMID: 29891085

Sapir S, Ramig LO, Spielman JL, Fox C. Formant centralization ratio: a proposal for a new acoustic
measure of dysarthric speech. J Speech Lang Hear Res. 2010; 53(1):114-125. https://doi.org/10.1044/
1092-4388(2009/08-0184) PMID: 19948755

Roy N, Nissen SL, Dromey C, Sapir S. Articulatory changes in muscle tension dysphonia: evidence of
vowel space expansion following manual circumlaryngeal therapy. J Commun Disord. 2009; 42(2):124—
135. https://doi.org/10.1016/j.jcomdis.2008.10.001 PMID: 19054525

RStudio Team. RStudio: Integrated Development Environment for R [Internet]. Boston, MA;2015. Avail-
able from: http://www.rstudio.com/.

R Core Team. R: A Language and Environment for Statistical Computing [Internet]. Vienna, Aus-
tria;2016. Available from: https://www.R-project.org/.

Hirose H, Kiritani S, Sawashima M. Velocity of articulatory movements in normal and dysarthric sub-
jects. Folia Phoniatrica. 1982; 34(4):210-215. https://doi.org/10.1159/000265651 PMID: 7173754

Caruso AJ, Burton EK. Temporal acoustic measures of dysarthria associated with amyotrophic lateral
sclerosis. J Speech Hear Res. 1987; 30(1):80-87. https://doi.org/10.1044/jshr.3001.80 PMID: 3560901

Lee J, Dickey E, Simmons Z. Vowel-specific intelligibility and acoustic patterns in individuals with dysar-
thria secondary to amyotrophic lateral sclerosis. J Speech Lang Hear Res. 2019; 62(1):34-59. https://
doi.org/10.1044/2018_JSLHR-S-17-0357 PMID: 30950759

Nevler N, Ash S, McMillan C, EIman L, McCluskey L, Irwin DJ, et al. Automated analysis of natural
speech in amyotrophic lateral sclerosis spectrum disorders. Neurology. 2020; 95(12):e1629-e1639.
https://doi.org/10.1212/WNL.0000000000010366 PMID: 32675077

Vizza P, Tradigo G, Mirarchi D, Bossio RB, Lombardo N, Arabia G, et al. Methodologies of speech anal-
ysis for neurodegenerative diseases evaluation. Int J Med Inform. 2019; 122:45-54. https://doi.org/10.
1016/j.ijmedinf.2018.11.008 PMID: 30623783

Sandoval S, Berisha V, Utianski RL, Liss JM, Spanias A. Automatic assessment of vowel space area. J
Acoust Soc Am. 2013; 134(5):477-483. https://doi.org/10.1121/1.4826150 PMID: 24181994

Stone M, Woo J, Lee J, Poole T, Seagraves A, Chung M, et al. Structure and variability in human tongue
muscle anatomy. Comput Methods Biomech Biomed Eng Imaging Vis. 2018; 6(5):499-507. https://doi.
org/10.1080/21681163.2016.1162752 PMID: 30135746

Benny R, Shetty K. The split hand sign. Ann Indian Acad Neurol. 2012; 15(3):175-176. https://doi.org/
10.4103/0972-2327.99700 PMID: 22919187

Menon P, Bae JS, Mioshi E, Kiernan MC, Vucic S. Split-hand plus sign in ALS: differential involvement
of the flexor pollicis longus and intrinsic hand muscles. Amyotroph Lateral Scler Frontotemporal
Degener. 2013; 14(4):315-318. https://doi.org/10.3109/21678421.2012.734521 PMID: 23121291

Vucic S. Split elbow sign: more evidence for the importance of cortical dysfunction in ALS. J Neurol Neu-
rosurg Psychiatry. 2019; 90(7):729. https://doi.org/10.1136/jnnp-2019-320534 PMID: 30910859

Min YG, Choi SJ, Hong YH, Kim SM, Shin JY, Sung JJ. Dissociated leg muscle atrophy in amyotrophic
lateral sclerosis/motor neuron disease: the ‘split-leg’ sign. Sci Rep. 2020; 10(1):15661. https://doi.org/
10.1038/s41598-020-72887-7 PMID: 32973334

Silbergleit AK, Johnson AF, Jacobson BH. Acoustic analysis of voice in individuals with amyotrophic lat-
eral sclerosis and perceptually normal vocal quality. J Voice. 1997; 11(2):222—-231. https://doi.org/10.
1016/s0892-1997(97)80081-1 PMID: 9181546

Robert D, Pouget J, Giovanni A, Azulay JP, Triglia JM. Quantitative voice analysis in the assessment of
bulbar involvement in amyotrophic lateral sclerosis. Acta Otolaryngol. 1999; 119(6):724—731. https:/
doi.org/10.1080/00016489950180702 PMID: 10587009

Lundy DS, Roy S, Xue JW, Casiano RR, Jassir D. Spastic/spasmodic vs. tremulous vocal quality:
motor speech profile analysis. J Voice. 2004; 18(1):146—152. https://doi.org/10.1016/j.jvoice.2003.12.
001 PMID: 15070235

Ramig LO, Scherer RC, Klasner ER, Titze IR, Horii Y. Acoustic analysis of voice in amyotrophic lateral
sclerosis: a longitudinal case study. J Speech Hear Disord. 1990; 55(1):2—14. https://doi.org/10.1044/
jshd.5501.02 PMID: 2299836

de Krom G. A cepstrum-based technique for determining a harmonics-to-noise ratio in speech signals.
J Speech Hear Res. 1993; 36(2):254—266. https://doi.org/10.1044/jshr.3602.254 PMID: 8487518

Tykalova T, Skrabal D, Boril T, Cmejla R, Volin J, Rusz J. Effect of ageing on acoustic characteristics of
voice pitch and formants in Czech vowels. J Voice. 2021; 35(6):931.e21—-e383. https://doi.org/10.1016/j.
jvoice.2020.02.022 PMID: 32245663

PLOS ONE | https://doi.org/10.1371/journal.pone.0292460 October 13, 2023 14/15


https://doi.org/10.1016/j.jcomdis.2018.05.004
http://www.ncbi.nlm.nih.gov/pubmed/29891085
https://doi.org/10.1044/1092-4388%282009/08-0184%29
https://doi.org/10.1044/1092-4388%282009/08-0184%29
http://www.ncbi.nlm.nih.gov/pubmed/19948755
https://doi.org/10.1016/j.jcomdis.2008.10.001
http://www.ncbi.nlm.nih.gov/pubmed/19054525
http://www.rstudio.com/
https://www.R-project.org/
https://doi.org/10.1159/000265651
http://www.ncbi.nlm.nih.gov/pubmed/7173754
https://doi.org/10.1044/jshr.3001.80
http://www.ncbi.nlm.nih.gov/pubmed/3560901
https://doi.org/10.1044/2018%5FJSLHR-S-17-0357
https://doi.org/10.1044/2018%5FJSLHR-S-17-0357
http://www.ncbi.nlm.nih.gov/pubmed/30950759
https://doi.org/10.1212/WNL.0000000000010366
http://www.ncbi.nlm.nih.gov/pubmed/32675077
https://doi.org/10.1016/j.ijmedinf.2018.11.008
https://doi.org/10.1016/j.ijmedinf.2018.11.008
http://www.ncbi.nlm.nih.gov/pubmed/30623783
https://doi.org/10.1121/1.4826150
http://www.ncbi.nlm.nih.gov/pubmed/24181994
https://doi.org/10.1080/21681163.2016.1162752
https://doi.org/10.1080/21681163.2016.1162752
http://www.ncbi.nlm.nih.gov/pubmed/30135746
https://doi.org/10.4103/0972-2327.99700
https://doi.org/10.4103/0972-2327.99700
http://www.ncbi.nlm.nih.gov/pubmed/22919187
https://doi.org/10.3109/21678421.2012.734521
http://www.ncbi.nlm.nih.gov/pubmed/23121291
https://doi.org/10.1136/jnnp-2019-320534
http://www.ncbi.nlm.nih.gov/pubmed/30910859
https://doi.org/10.1038/s41598-020-72887-7
https://doi.org/10.1038/s41598-020-72887-7
http://www.ncbi.nlm.nih.gov/pubmed/32973334
https://doi.org/10.1016/s0892-1997%2897%2980081-1
https://doi.org/10.1016/s0892-1997%2897%2980081-1
http://www.ncbi.nlm.nih.gov/pubmed/9181546
https://doi.org/10.1080/00016489950180702
https://doi.org/10.1080/00016489950180702
http://www.ncbi.nlm.nih.gov/pubmed/10587009
https://doi.org/10.1016/j.jvoice.2003.12.001
https://doi.org/10.1016/j.jvoice.2003.12.001
http://www.ncbi.nlm.nih.gov/pubmed/15070235
https://doi.org/10.1044/jshd.5501.02
https://doi.org/10.1044/jshd.5501.02
http://www.ncbi.nlm.nih.gov/pubmed/2299836
https://doi.org/10.1044/jshr.3602.254
http://www.ncbi.nlm.nih.gov/pubmed/8487518
https://doi.org/10.1016/j.jvoice.2020.02.022
https://doi.org/10.1016/j.jvoice.2020.02.022
http://www.ncbi.nlm.nih.gov/pubmed/32245663
https://doi.org/10.1371/journal.pone.0292460

PLOS ONE

Subclinical articulatory changes in ALS patients

42,

43.

44.

45.

46.

47.

Eichhorn JT, Kent RD, Austin D, Vorperian HK. Effects of aging on vocal fundamental frequency and
vowel formants in men and women. J Voice. 2018; 32(5):644.e1—e9. https://doi.org/10.1016/j.jvoice.
2017.08.003 PMID: 28864082

Albuquerque L, Oliveira C, Teixeira A, Sa-Couto P, Figueiredo D. A comprehensive analysis of age and
gender effects in European Portuguese oral vowels. J Voice. 2023; 37(1):143.e13—e29. https://doi.org/
10.1016/j.jvoice.2020.10.021 PMID: 33293174

Takefuta Y, Jancosek E, Brunt M, Rigault A, Charbonneau R. A statistical analysis of melody curves in
the intonation of American English. Proceedings of the 7th International Congress of Phonetic Sci-
ences, Montreal; 1971:1035-1039.

Diehl RL, Lindblom B, Hoemeke KA, Fahey RP. On explaining certain male-female differences in the
phonetic realization of vowel categories. J Phon. 1996; 24(2):187-208.

Lee JH, Jang HS, Chung HJ. A study on frequency characteristics of Korean phonemes. Audiol Speech
Res. 2005; 1(1):59-66.

International Phonetic Association. Handbook of the International Phonetic Association: a guide to the
use of the International Phonetic Alphabet. Cambridge University Press; 1999. p. 204.

PLOS ONE | https://doi.org/10.1371/journal.pone.0292460 October 13, 2023 15/15


https://doi.org/10.1016/j.jvoice.2017.08.003
https://doi.org/10.1016/j.jvoice.2017.08.003
http://www.ncbi.nlm.nih.gov/pubmed/28864082
https://doi.org/10.1016/j.jvoice.2020.10.021
https://doi.org/10.1016/j.jvoice.2020.10.021
http://www.ncbi.nlm.nih.gov/pubmed/33293174
https://doi.org/10.1371/journal.pone.0292460

