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Differential Spectral Characteristics of the Spanish Fricative /s/ in the articulation of

individuals with Dysarthria and Apraxia of Speech

Abstract

Purpose: This study examines whether there are differences in the speech of speakers with
dysarthria, speakers with apraxia and healthy speakers in spectral acoustic measures during
production of the central-peninsular Spanish alveolar sibilant fricative /s/.

Method: To this end, production of the sibilant was analyzed in 20 subjects with dysarthria, 8
with apraxia of speech and 28 healthy speakers. Participants produced 12 sV(C) words. The
variables compared across groups were the fricative's spectral amplitude difference (AmpD) and
spectral moments in the temporal midpoint of fricative execution.

Results: The results indicate that individuals with dysarthria can be distinguished from healthy
speakers in terms of the spectral characteristics AmpD, standard deviation (SD), center of
gravity (CoQG) and skewness, the last two in context with unrounded vowel, while no differences
in kurtosis were detected. Participants with AoS group differ significantly from healthy speaker
group in AmpD, SD and CoG and Kurtosis, the first one followed unrounded vowel and the
latter two followed by rounded vowels. In addition, speakers with apraxia of speech group
returned significant differences with respect to speakers with dysarthria group in AmpD, CoG
and skewness.

Conclusions: The differences found between the groups in the measures studied as a function
of the type of vowel context could provide insights into the distinctive manifestations of motor
speech disorders, contributing to the differential diagnosis between apraxia and dysarthria in
motor control processes.

Keywords:

Acoustic analysis, apraxia of speech, dysarthria, fricative, spectral moments, spectral slope.
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1 Introduction

Dysarthria (Dys) and apraxia of speech (AoS) are motor speech disorders that may arise
following brain injury. Both have been described as different alterations of motor processes: of
programing and motor execution in the former and of phonetic-motor planning in the latter.
Clinically, Dys is characterized by impairments in breathing, phonation, resonance, articulation,
and prosody. These result from injuries to the central or peripheral nervous system, leading to
dysfunctions in muscle tone, strength, range, movement speed, and muscular synergies. On the
other hand, AoS involves difficulties in translating phonologically well-formed structures into
previously learned kinematic information for executing desired articulatory movements.
Importantly, there are no impairments in muscle tone, sensorimotor processing, or linguistic
information processing. These challenges manifest as phonetic or prosodic alterations (McNeil

et al., 2009).

According to the Directions Into the Velocities of Articulator (DIVA) model of motor
control, dysarthria would occur when there are alterations in any of the perceptual-productive
integration processes that make up the feedback control system, whereas apraxia would respond
more to alterations in the learned and stored plans and inter- and intra-articulatory commands

planned by the feedforward control system (Guenther, 2016).

However, both disorders share articulatory difficulties in consonants such as the
voiceless alveolar sibilant fricative /s/. This sound is one of the most complex in articulatory
terms and, due to its acoustic and temporal stability properties, is an ideal candidate for

examining whether there are acoustic differences in its production by individuals with motor



47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

speech disorders (Hardcastle, 1976; Haley, 2002; Behrens & Blumstein, 1988; Kim et al.,

2010).

It is also known that its phonetic realization is influenced by the speaker's sex. Various
studies indicate that there are phonetic differences between male speakers and female speakers,
which are reflected in the acoustic properties of this sound (Avery & Liss, 1996; Flipsen et al.,
1999; Fox & Nissen, 2005; Fuchs & Toda, 2010; Herrmann et al., 2014; Jongman et al., 2000;

Koenig et al., 2013; Yeni—Komshian & Soli, 1981).

Additionally, one speech phenomenon commonly used to compare these motor
disorders is coarticulation, where the production of a specific sound is influenced by the
presence of an adjacent one. There are two types of coarticulation: carryover and anticipatory.
The latter coarticulation (from right to left) is particularly relevant for this study due to the
influence of vocalic rounding on the fricative. It reflects the ability to generate acoustic-
articulatory overlaps of posterior segments onto anterior segments through the neuromuscular
coordination of intra-segmental and inter-segmental articulators by means of anticipatory
cognitive motor planning (d'Alessandro et al., 2019; Daniloff & Moll, 1968; Hertrich &

Ackermann, 1999; Katz, 2000; Whalen, 1990).

Most studies on the fricative /s/ have focused on acoustically analyzing its properties
through differences in spectral amplitude and different spectral moments (Nataraj et al., 2017).
These studies have been carried out by analyzing languages other than Spanish. Given the
variations in phonetic features across languages attributable to the distribution of their phonetic
inventory, it is pertinent to investigate whether spectro-acoustic differences in Spanish parallel

those observed in other languages.
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Below, we describe the most relevant results obtained for this sound in terms of spectral-

acoustic parameters.
1.1 Difference in the fricative's spectral amplitude (AmpD)

To examine the spectral shape of the fricative, amplitude differences in different bands
of the spectrum have been considered. Specifically, some studies have used the difference in
amplitude between minimum frequency in the low-frequency band and peak frequency in the
medium-frequency band (AmpDwm-1min) as @ measure of spectral shape, allowing quantification
of the degree of sibilance; or the difference in amplitude between the minimum appearing in
the 0 — 2 kHz band and maximum in the 0.5 — 17 kHz band (A4: dynamic amplitude) (Klein et
al., 2019; Koenig et al., 2013; Jesus & Shadle, 2002; Shadle & Mair, 1996). For the English
alveolar fricative /s/, Koenig et al. (2013) noted in adolescent speech that AmpDwm.min Vary
during production, with values ranging from 21 — 30 dB. In this case, an increase in AmpDwm-
LMin Occur in the temporal midpoint of the fricative compared to the temporal initial point. This
indicates that as the amount of constriction increases, there is more air turbulence leading to the
increased amplitude in medium frequency regions and a decrease in high and low ones.
Employing these same measures but with division of the spectrum in different frequency bands,
Klein et al. (2019) examined the Russian alveolar fricative in adults. For the /s/ with no auditory
feedback alteration, the value of AmpDwm.Lmin was 45.14 dB for female and 41.46 dB for male.
These values are close to those obtained by Jesus and Shadle (2002) for adults in Portuguese,
but higher than those reported by Koenig et al. (2013) for adolescents in English. This variation
could be attributed to the less consistent production of the /s/ constriction by adolescent
speakers compared to adults, as hypothesized by Koenig et al. (2013). No studies have been

found employing this measure to assess the speech of individuals with motor speech disorders.
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Authors as Chen and Stevens (2001) provide a conceptually similar measure, the AmpD.
They calculate it by subtracting the average amplitude of peak frequencies below 4 kHz from
the amplitude of the peak frequency above 4 kHz. In their analysis of the English alveolar
fricative in persons with dysarthric speech, they found that, compared to healthy speaking
individuals, these subjects showed a lower amplitude at higher frequencies, determining a
smaller AmpD. While the healthy speaker group showed an AmpD of 14 dB within the expected
range of 5 — 20 dB, values in participants with Dys were below this range or in its lower region.
In the case of speakers with AoS, we are unaware of any study that has measured the difference

in spectral amplitude of the voiceless alveolar fricative /s/.

When sociophonetic aspects such as sex and its effect are taken into consideration, it is
observed that there are differences between healthy adults. Thus, females present a more
pronounced spectral slope than males (Fox & Nissen, 2005). The authors attribute the
differences to a mixture of behavioral or learned factors together with differences in the size of
the oral cavity. Otherwise, the few studies that disaggregate data by sex in dysarthria, such as

Chen and Stevens (2001) show that there is no clear sex difference.

1.2 Spectral moments

Other variables employed as measures of the fricative are the spectral moments: center
of gravity (CoG), standard deviation (SD), skewness and kurtosis. The measure CoG reflects
the mean of the frequencies weighted by their amplitudes. Standard deviation measures the
distance of frequencies from the mean and thus describes the dispersion of the spectrum.
Skewness is used to assess the region of the frequency spectrum where most energy

accumulates in relation to the mean. Kurtosis provides information on the degree of energy
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concentration at a given frequency and the presence of energy in the more extreme regions of
the frequency spectrum. Spectral moments have also been the focus of studies designed to
estimate the impact on the fricative's spectrum of segmental linguistic variables such as

rounding of the vowel adjacent to the fricative.

In Spanish speech, established values for the different spectral moments in healthy-
speaking male adults are CoG= 4 827 — 5911 Hz, SD= 1 552 — 2 353 Hz, skewness= 0.25 —
1.85, and kurtosis= 0.41 — 6.75, with existing variations according to the adjacent vowel
(Cicres, 2011). Complementarily, in the Spanish spoken in Paraguay, the fricative varies
significantly in terms of all spectral moments when adjacent to the vowel /u/ compared to /i/
(Jiquilin-Ramirez & Albano, 2014). This vowel rounding effect is also observed in English,
whereby fricatives accompanied by unrounded vowels (e.g., /i/) return a higher CoG, lower SD
and a lower skewness with a tendency towards negative values. This was more clearly observed
in the temporal midpoint of the fricative in different age groups (Jongman et al., 2000; Koenig

et al., 2013; Nittrouer et al., 1989).

Differences in spectral moments have also been described in persons with motor speech
disorders of neurological origin. Hence, although few studies have analyzed spectral
characteristics in speakers with AoS, some studies have found lower CoGs than those present
in healthy speakers for the English fricative /s/. They have also detected greater intra-subject
variability and intra-segment modifications in the production of the fricative (Haley, 2002;

Harmes et al., 1984; Katz et al., 2003; Shuster & Wambaugh, 2000; Wambaugh et al., 1995).

In the case of speakers with Dys, there is a discrepancy in the results of studies

examining the fricative /s/ in English, possibly reflecting the diverse types of dysarthria
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analyzed. Some authors report that CoG and kurtosis are lower, and higher SD and positive
skewness in subjects with cerebral palsy or amyotrophic lateral sclerosis compared to healthy
individuals. However, others find no difference in CoG in the latter and multiple sclerosis, or
in kurtosis and SD in Parkinson's disease compared to healthy speakers (Burder et al., 1996;

Hernandez et al., 2019; Kim, 2017; Tjaden, 2003).

In analyses of the fricative in relation to the phonetic context, it has been shown that in
dysarthria due to Parkinson's disease there are changes in CoG and SD like those observed in
healthy speakers depending on the adjacent vowel. Consequently, a lower CoG and higher SD
are found when the fricative is accompanied by a rounded vowel. Notwithstanding, skewness
and kurtosis do differ and return opposite values to those found in healthy speakers.
Accordingly, skewness in persons with dysarthria due to Parkinson's is less negative showing

higher values, and kurtosis is flatter (Martel-Sauvageau et al., 2021).

When the variable sex is examined from a sociophonetic perspective, studies in healthy
English speakers have shown higher CoG, SD and kurtosis in female than in male, while
skewness shows the opposite trend and being more negative in female showing lower or

negative absolute values (Flipsen et al., 1999; Fox & Nissen, 2005; Jongman et al., 2000).

Few studies have assessed the possible influence of sex on the production of the fricative
/s/ in people with a motor speech disorder. For example, Tjaden and Turner (1997) analyzed
the fricatives of dysarthria due to amyotrophic lateral sclerosis (ALS). Results indicated lower
CoG and higher skewness values in ALS females compared to healthy females. Similarly, males

showed no difference in CoG, but did for skewness. Thus, in asymmetry, they were lower than
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in healthy males. Notwithstanding, over time, fricative execution patterns become like those

observed in healthy speakers.

So far, it remains to be determined whether this fricative is produced differently in
speakers with Dys and AoS as these disorders have distinct pathophysiologies and presumably
affect different stages of motor processing. It has also not been established whether in Spanish,
given that the phonetic characteristics of the sounds vary in different languages, this fricative
presents the same spectro-acoustic characteristics as those described in other languages, if there
are differences by sex and for people with these disorders. Furthermore, the analysis of how
anticipatory coarticulation depends on the context may reveal differential features between both

pathologies (Reetz & Jongman, 2020; Whalen, 1990; Zharkova et al., 2012).

1.3 Aims of the study.

The aim of the present study was to investigate potential spectro-acoustic differences in
the production of the fricative /s/ among individuals with dysarthria, apraxia of speech and
healthy within a population of speakers of central peninsular Spanish. Specifically, we
examined whether there were variations in the production of the /s/ sound as an apical-alveolar
voiceless fricative. And, if they exist, whether these differences could provide data that suggest
variations in different levels of motor control. Furthermore, whether the spectro-acoustic
characteristics of the fricative /s/ of these speakers are similar to those present in other
languages. And finally, the aim was to test whether there were any differences in spectro-

acoustic characteristics that might be linked to the sex of the speaker. For this purpose, objective



178  methods of acoustic analysis and simple non-invasive speech tasks were used. The hypotheses

179  proposed were the following:

180 (1) The spectral amplitude difference (AmpD), CoG and kurtosis will be lower while SD and

181 skewness will be greater in the Dys speakers group than healthy speakers group. These
182 differences are specifically attributed to neuromuscular limitations and acoustic-
183 proprioceptive distortions, potentially suggesting an underlying alteration in the feedback
184 control system.

185  (2) The AoS speakers group will show lower AmpD and higher CoG and SD and lower

186 negative skewness when the fricative is followed by a rounded vowel than the healthy
187 speakers group. This can be attributed to the increased demand for motor planning in the
188 context of a rounded vowel, necessitating intricate intra- and inter-articulatory commands.
189 These observations may suggest an altered feedforward control system responsible for
190 anticipatory coarticulation.

191 (3) The AoS speakers group will return higher AmpD, CoG and skewness and lower SD and

192 kurtosis values than the Dys speakers group. These differences will be greater in unrounded
193 vowel contexts, since in rounded contexts the AoS speakers group will show worse
194 performance.

195 (4) The groups with motor speech disorders will not present differences by sex while healthy

196 females will present higher AmpD, CoG, kurtosis, negative or lower skewness and lower
197 SD than healthy males.
198

199 2 Methodology
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2.1 Participants

Three groups of participants were established: Dys (n=20), AoS (n=8) and Healthy
speakers (n=28) (Table 1). These participants were selected among the patients of two
institutions specializing in brain injury: [blinded for review] and [blinded for review].
The clinical diagnosis of the motor speech disorder was conducted by the physicians at the
participant's referred hospital center. Inclusion-exclusion criteria were based on the presence of
an acquired brain lesion without aphasia and a diagnosis of AoS or Dys according to clinical
criteria based on Duffy (2020) (Table 2). Participant were required to demonstrate the capacity
to reproduce sounds, be a speaker of central peninsular Spanish, have no prior tracheotomy,
self-reported no hearing loss, and exhibit no organic vocal lesions. Fulfillment of these
diagnostic  criteria  was  determined by the centers' speech therapists.
The severity of motor speech disorder was assessed using the modified Motor Speech Disorders
Severity Rating Scale from Hillel et al. (1989), as published in Duffy (2020). Table 1 includes
the mean severity for each motor disorder along with the range of scores. This scale measures
speech comprehensibility, disregarding specific daily activities, with ratings ranging from
normal speech patterns (10 or 9) to noticeable speech disruptions (8 or 7), behavioral
adjustments (6 or 5), utilization of Augmentative and Alternative Communication (AAC)
methods (4 or 3), to the absence of meaningful speech (2 or 1). Both groups exhibit an average
severity of 7, with ranges of 6-8 in the AoS speakers group and 5-8 in the Dys speakers group.
The healthy speakers group was recruited a posteriori using the snowball method so that they
were matched as much as possible with persons in the motor disorder groups for age and sex.

All controls were adults who self-reported no auditory disorder or vocal organic lesions and
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were speakers of central-peninsular Spanish. Participation was voluntary and written informed

consent was required from each participant.

The study protocol was approved by the Deontological Ethics Commission of the
Faculty of Psychology, [blinded for review] and complied with current [blinded for review] and
[blinded for review] legislation regarding personal data protection (Organic Law of Data

Protection/ and General Data Protection Regulation, respectively).
Table 1 around here

Table 2 around here

2.2 Materials

A list of 12 monosyllabic real words with structure sV(C) was prepared to include the
same number of unrounded (i.e., a, e, i) and rounded (i.e., 0, u) vowels: sal, sus, se, sor, sin, su,

ser, son, si, sur, sed, sol.

2.3 Procedure

The experimental task formed part of a wider protocol of sound production tasks and
consisted of repeating each word after listening to the examiner. Audio recordings from each
participant were made in a single session within a quiet room (ambient noise >30dB signal-to-
noise ratio). A Shure SM48 microphone was used connected to a MacBook Pro computer via
the Focusrite Scarlett 2i2 audio interface, which allowed sound capture and digitization.
Audacity 2.2.2. software was used to record and store the sound with a sampling frequency of

44 100 Hz and 16-bit quantization. The instructions for the experimental task were verbally
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explained during the recording session. To ensure understanding, a pre-test was conducted
using similar test items to the ones used in the experiment (e.g., "san" and "so"). The order of
word presentation was the same for each participant. In this manner, 672 non-pathological and
pathological samples of words starting with the fricative /s/ were obtained in 56 participants

(12 words each).
2.3.1 Sample segmentation and labeling

Speech samples were segmented and labeled by three speech therapists trained in
acoustic phonetics and with experience with the program Praat 6.0.42 (Boersma & Weenink,
2020). For the segmentation and labeling of the samples, a script was developed in Praat
(Boersma & Weenink, 2020) and the TextGrid function of the program was used. The script
allowed to determine, on the one hand, the onset and end of the fricative including objective
criteria of acoustic energy change within the 3500Hz-8500Hz region calculated with the linear
predictive coding (LPC) autocorrelation and discrete Fourier transform (DFT) analysis
functions of the program and, on the other hand, the onset of the vowel with the presence of
vowel formants and glottal pulse in the spectrogram ([blinded for review]). The relative error
(the difference between the identification of the segment's onset by the two observers expressed
as a percentage of the reference value, which is the total duration of the segment) has been used
to calculate the average cumulative relative error. Subsequently, this average has been
converted into a percentage, which serves as a measure indicating the average discrepancy
between the observers, allowing for comparison and evaluation of the level of agreement
between them. Percentage agreement between observers was over 90%: 94% for observer 1
versus 2 and 3, and 91% between observers 2 and 3. The same procedure was followed for

intraobserver comparisons on two segmentations conducted 3 months apart. Agreement in this
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case was (95.4%).

2.3.2 Acoustic analysis

The acoustic measures, namely spectral amplitude differentiation (AmpD) and spectral
moments, determined in individuals with motor speech disorders, have been utilized to analyze
the production of fricatives in different languages (Chen & Stevens, 2001; Kim, 2017; Tjaden
& Turner, 1997). For AmpD, we adapted the procedure designed by Chen and Stevens (2001).
To this end, we selected the central 50 ms of the fricative, and millisecond by millisecond,
Hamming windows of 25 ms were established and analyzed. In this instance, unlike the
procedure of the mentioned authors, we analyzed the central part of the fricative using slightly
larger windows to capture relatively rapid spectral changes over the analyzed time. For spectral
moments, we examined the central 25 ms applying Hamming windows of duration 3.125 ms
each 1 ms. Thus, a smaller speech segment is analyzed with higher temporal and spectral
resolution to obtain a more precise measure of spectral moments. In both cases, the data will be
averaged, considering multiple windows per analyzed time, to better characterize speech
production peculiarities. All measures were calculated on scripts generated ad hoc in Praat as

indicated below:

(1) AmpD was calculated as the difference between the amplitude of the spectral peak of
highest frequency situated in the 4 000 — 8 000 Hz band, and the average amplitudes
of the second and third amplification peaks in the spectrum of the fricative using the

equation:

(A2f+A3f)

AmpD = Ahf — >

12
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where Ahf'is the amplitude of peak frequency above 4 000 Hz, and A2f'and A3f are the
amplitudes of the second and third amplification peaks in the spectrum in dB. To obtain
the values of Ahf, A2f and A3f in the different windows, the power spectrum was
extracted, and filters applied of band-passes 4 000 —8 000 Hz, 2 000 —3 000 Hz and
3 000—4 000 Hz. From this, we obtained the frequency showing the greater amplitude
for each of the measures and the spectral power associated with this frequency. This was
then transformed in auditory dB using the equation: 10*logio(pow/4*1071?). With the
values obtained for each window, the mean of those amplitude peaks was determined,
and the spectral amplitude difference calculated.

(2) Spectral moments (CoG, SD, skewness, kurtosis). To each window, a Fast Fourier
transform (FFT) and 1 000 — 11 000 Hz bandpass filter were applied to avoid the
influence of possible sonority due to the adjacent vowel and a smoothening of 100 Hz.
In the spectrum obtained, the formula proposed by the Praat program was used to
calculate the different moments with their default values using a modification of the
script designed by Elvira-Garcia (2014). Thus, spectral moments weighted by the power
spectrum have been computed, but they have not been normalized by the total power of

the spectrum.

2.4 Statistical analysis

The data obtained in Praat were analyzed with R (R Core Team, 2020) to generate
descriptive and inferential statistics for each variable in each group. The data collected from the
12 words were treated as independent observations in the analysis. Robust methods are used
due to the presence of outliers, especially in the groups with pathology, together with the

absence of normality (measured with Lilliefors' Kolmogorov-Smirnov test) and homogeneity
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of variances (measured with the Fligner-Killeen test) of the samples. Specifically, the WRS2
library from the WRS2 package (Mair & Wilcox, 2020) and the ggbetweenstats and grouped

ggbetweenstats libraries from the ggstatsplot package (Patil, 2021) are used.

Therefore, the robust estimators for the descriptive statistics were the 5% trimmed mean
in each group with an alpha of 0.5 (mean function) and the median of the absolute standard

deviation (mad function).

For inferential statistics, differences between groups were analyzed with an
heteroscedastic one-way ANOVA for 5% trimmed means in each group and a bootstrapping of
5000 (tlwaybt function). Subsequently, pairwise comparisons between groups, by vowel
rounding and by sex were performed with Yuen's test for 5% trimmed means in each group
(yuen function) applying a bootstrapping of 5000. A control adjustment for the false discovery
rate (FDR) was used in both analyses. In addition, effect size was estimated with the effect size
explanatory measure (), for the former, and with the Algina-Keselman-Penfield robust
standardized difference (8r**"), for the latter. Due to the composition of the group of
participants with dysarthria, where there is a majority of spastic dysarthric cases but some
instances of other types of dysarthria, and in order to ensure that the effects were not influenced

by the type of dysarthria, additional analyses were performed considering only the spastic cases.

3 Results

Descriptive data for the measures of articulatory precision obtained are provided by
groups as overall values and values stratified by the factors adjacent vowel rounding and

speaker sex (Table 3).
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Table 3 around here

The results of the analyses of the factors group, vowel rounding, and sex are summarized

in Table 4 and the pairwise comparisons of these factors in Table 5.

Tables 4 and 5 around here

Below we provide the results obtained for each acoustic measure. For each measure, we
first describe the effects of vowel rounding and speaker sex followed by a description of the

group effect.

3.1 Difference in spectral amplitude of the fricative (AmpD)

When we examined the effect of vowel rounding, we observed that fricatives followed
by an unrounded vowel showed a higher spectral AmpD. Further, an interaction between vowel
rounding and subject group was detected in healthy speakers and AoS speakers groups, but not
in the Dys speakers group. These differences were greater in the healthy control group than

AoS speakers group (Figure 1).

Fig. 1 around here

For the factor sex, although females returned a higher spectral AmpD, both sexes
showed more AmpD when the fricative was followed by an unrounded vowel (female speakers:
tyuen = 6.86; p < 0.001; df = 195.29, male speakers: tyuen = 4.73; p < 0.001; df =385.44).
However, the effect of rounding was higher in female speakers than in male speakers, with a
larger difference in AmpD between unrounded and rounded vowel context in female speakers.
Moreover, differences between male and female speakers were present for fricatives followed

by both vowel types (unrounded: tyuen = 6.56; p <0.001; df = 157.79; rounded: tyuen =2.21; p =

15
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0.03; df = 183.53). When we considered only the healthy speakers group, both male and female
speakers exhibited greater spectral AmpDs when the adjacent vowel to the fricative was
unrounded (male: tyuen = 8.06; p < 0.001; df = 178.64, female: tyuen = 9.45; p < 0.001; df =
89.85). Male speakers had reduced spectral AmpD compared to female speakers when the
vowel accompanying the fricative was unrounded (fyuen = 13.67; p < 0.001; df = 88.48) and
rounded (fyuen = 5.59; p < 0.001; df = 96.84). On the other hand, in the AoS speakers group,
female speakers obtained higher spectral AmpD compared to male speakers, but only in the
unrounded vowel context (tyuen = 3.26; p = 0.002; df = 40.94). In fact, only females showed
differences in vowel rounding (¢yuen = 3.93; p < 0.001; df = 40.76). In contrast, the dysarthria

speakers group did not differ significantly by sex, obtaining a similar AmpD.

For the group factor, differences emerged between the dysarthria speakers and healthy
speakers groups, spectral AmpD for the latter being greater than for the former. The difference
between groups was greater when the fricative was followed by an unrounded. The AoS
speakers and Dys speakers groups show the same trend, with higher values for the former.
However, the differences between the group of speakers with Dys and the group of speakers
with AoS disappear when considering only speakers with spastic dysarthria for rounded vowels,
and they only occur for unrounded vowels. On other hand, the AoS speakers group differs from
the healthy speakers group only when fricatives followed by unrounded vowels are compared,

attaining lower spectral AmpD values.

3.2 Center of gravity (CoG)

These results indicate an effect of vowel rounding in the sense that fricatives followed

by an unrounded vowel showed higher CoG than those followed by a rounded vowel. In our
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analysis of vowel rounding in the three groups, this difference was detected in the healthy
speakers and AoS speakers group, but not in dysarthria’s, being greater in the healthy speakers

group (Figure 2).
Fig. 2 around here

When we considered the effect of the factor speaker sex, it appears that female speakers
showed a higher CoG than male speakers. This is also true when looking at the healthy
spkeakers group in isolation. Both male and female speakers featured different CoG values
according to rounding of the vowel adjacent to the fricative (male speakers: ty.en = 6.38; p <
0.001; df=202.52, female speakers: tyuen =7.85; p <0.001; df =97.93). Moreover, they differed
between each other when the vowel was unrounded (¢yuer =10.54; p < 0.001; df = 86.52) and
rounded (¢yuen=5.62; p <0.001; df =94.71). Likewise happens in the AoS speakers group, with
female speakers also achieving higher CoGs, although this difference is only significant for
fricatives with unrounded vowels (¢yuen=4.95; p <0.001; df =32.13). In this group, only female
speakers show different CoGs according to the adjacent vowel, being higher in unrounded (#yuen
=3.78; p <0.001; df =41.91). On the other hand, the dysarthria speakers group does not show
differences by sex. Male and female speakers also do not differ when their CoGs are analyzed
by vowel rounding. Similarly, neither does each sex distinguish between unrounded and

rounded CoG.

Finally, we confirmed an effect of the factor group. Accordingly, the CoG was higher
in the healthy speakers group than dysarthria speakers group. Intergroup differences were
however only significant when the vowel adjacent to the fricative was unrounded. For the AoS

speakers group, CoG was higher than in the healthy speakers group and was higher for rounded
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vowels than unrounded vowels, although these differences were only significant for rounded
vowels. In another way, the AoS speakers and Dys speakers groups differ significantly, with

Aos speakers group showing higher values, especially for unrounded vowels.
3.3 Standard deviation (SD)

Rounding of the vowel that accompanies the fricative did not lead to significant
differences in SD. Notwithstanding, in all groups there was a trend towards a greater SD for
rounded adjacent vowels. Consequently, the largest differences are recorded in the AoS

speakers group followed by the dysarthria group and, finally, the healthy speakers group.

Similarly, no significant differences were found for the sex factor. When examining the
sexes separately, it appeared that female SDs were higher when the vowel adjacent was rounded
(tvuen=3.72; p <0.001; df = 207.36). Otherwise, male speakers showed the opposite pattern but
without significance (fyuen = 1.43; p = 0.15; df = 387.11). Because of this, there were only
differences by sex when the fricative was followed by an unrounded vowel (tyuen = 4.63; p <
0.001; df = 198.3). When analyzing each group separately, it was observed that male speakers
of the healthy group exhibited greater dispersion than female speakers counterparts , but only
in fricatives with unrounded vowels (tyuen = 5.63; p < 0.001; df = 96.9). However, female
speakers are the only ones who differentiate by rounding, obtaining higher values for their
fricatives with rounded vowel (tyuen = 2.72; p < 0.001; df =86.8). The other two groups did not

differ by sex.

Analysis of group differences revealed higher SD in the Dys speakers and AoS speakers
groups than in healthy speakers group, regardless of the vowel following the fricative. Although

the Dys speakers group differed the most from the healthy speakers group, Dys speaker group
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showed the greatest differences in fricatives with unrounded vowel, while the AoS speakers
and healthy speakers groups differed more in fricative with rounded vowel. However, SD
values were similar in the AoS speakers and Dys speakers groups and their differences not

being significant.

3.4 Skewness

Our results reveal an effect of rounding of the vowel following the fricative such that
fricatives accompanied by unrounded vowels showed a skewness that was more positive than
in the case of rounded vowels. In our examination of vowel rounding within each group, the
data for the individual groups reveal that there were significant differences only in the dysarthria

speakers group, where skewness was more positive in unrounded contexts.

In addition, with respect to the sex, male speakers showed a higher positive skewness
than female speakers, confirming that there was a sex effect. However, only male speakers
showed a skewness that differed significantly according to the vowel adjacent to the fricative.
Greater positive skewness was seen for the fricatives accompanied by unrounded vowels than
rounded (¢yuen = 3.60; p <0.001; df = 384.74). As for the groups, the healthy speakers and Dys
speakers groups are the only ones that show significant differences by sex. These differences
are greater in the healthy speakers group. This group was the only one to show significant
differences in skewness by sex, but only for unrounded vowels with more positive skewness
for male speakers (tyuen = 4.09; p < 0.001; df =51.17. In the Dys speakers group, both sexes
showed similar values for skewness in fricatives without differentiation, regardless of the
adjacent vowel. Similarly, neither male speakers nor female speakers were observed to vary in

skewness of the fricative as a function of the vowel.
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A group effect was also observed on skewness. Although initially the Dys speakers
group was distinguished from the AoS speakers and healthy speakers groups, when analyzing
the fricatives separated by vowel rounding, the groups behave differently. Thus, differences
between Dys speakers and healthy speakers groups were only found for those fricatives that
were accompanied by unrounded vowels. While these differences are not significant when
considering only the participants with spastic dysarthria. In contrast, differences between the
AoS speakers and Dys speakers groups were more significant in fricatives with rounded vowels.
Therefore, the Dys speakers group showed a positive moderate skewness that was greater than
that the observed for the remaining groups. Differently, there were no skewness differences

between the healthy speakers and AoS speakers groups.

3.5 Kurtosis

Kurtosis of the fricative's power spectrum failed to vary according to rounding of
adjacent vowels. However, the healthy control group showed an inverse pattern to that shown
by the AoS speakers and Dys speakers groups. Thus, the healthy speakers group showed a

higher kurtosis when the fricative was accompanied by a rounded vowel.

On the contrary, kurtosis did indeed vary according to sex. Accordingly, female
speakers showed a significantly higher kurtosis than male. Nevertheless, neither female
speakers nor male speakers showed different values of kurtosis according to the vowel
accompanying the fricative. Otherwise, only the healthy speakers group showed differences by
sex, with the kurtosis being higher in female speakers. Specifically, the difference occurred

when the fricative was followed by an unrounded vowel (tyuen = 2.91; p < 0.001; df=67.6). As
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before, neither male speakers nor female speakers showed a different kurtosis according to the

adjacent vowel.

Likewise, all three participant groups showed similar kurtosis values. While the greater
difference was recorded between the Dys speakers group with the higher kurtosis, and the AoS
speakers group with the lower kurtosis, it lacked significance. However, there were significant
differences when looking at vowel type. Thus, when vowels adjacent to the fricative were
rounded, kurtosis was greater in the Dys speakers group than in the AoS speakers group and
similarly in the healthy speakers group. However, the healthy speakers group and the AoS

speakers group were significantly different, with greater values in the healthy speakers group.

4 Discussion

This study sought to identify acoustic measures related to the spectral shape of the
fricative /s/ that could serve to distinguish among healthy, Dys and AoS speakers groups. Our
study also provides values of acoustic variables of spectral distribution used in the production
of the voiceless alveolar fricative /s/ in a healthy population of speakers of central-peninsular
Spanish. For this purpose, participants produced monosyllabic words of sV(C) structure.
Acoustic measures previously used in other languages such as spectral moments and spectral
amplitude difference were used (Chen & Stevens, 2001; Jongman et al., 2000; Klein et al.,
2019; Koenig et al., 2013; Jesus & Shadle, 2002; Shadle & Mair, 1996). Our study also
examines the effect on these acoustic measures of factors linked to the phonetic context such
as vowel rounding and of sociophonetic factors such as speaker sex. We also introduce new
variations to the acoustic analysis methods applied in other studies (fricative segment

windowing or weighting and normalization of spectral moments).
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4.1 Healthy control group

Our results in healthy speakers showed a high AmpD, although within the range
reported by Chen and Stevens (2001). This difference could be attributed to different
methodological approaches: the sampling frequency in Chen and Stevens (2001) was 16 kHz,
as opposed to 44.1 kHz in the present study, and the bandpass filter was 4 kHz - 7 kHz, as
opposed to a similar range but with a slightly higher upper limit (7.5 kHz). In terms of spectral
moments, a high CoG with low SD, low kurtosis and near-zero skewness was obtained. These
data are like, but lower, than those obtained by Martel-Sauvageau et al. (2021) for French,
possibly due to the sharper realization of the fricative in French, together with its greater
articulatory tension and lip stretching. Relative to the data available for Spanish, CoG and
skewness were similar, but SD was higher and kurtosis lower than those reported by Cicres
(2011) for six male speakers, the difference probably being attributable to a different position

of the sound in the syllable, medial position in Cicres (2011) study rather than initial position.

According to the rounding of the vowel adjacent to the fricative in the healthy speakers
group, the results are partly in agreement with those obtained in other languages such as
English, Portuguese and Paraguayan Spanish (Jesus & Shadle, 2002; Jiquilin-Ramirez, 2014;
Jongman et al., 2000; Klein et al., 2019; Koenig et al., 2013). In these languages, the differences
for unrounded vowels also consist of higher CoG and lower SD, but a negative skewness is
described, while our values are close to zero indicating symmetry, as pointed out by Blumer
(1979). Lower spectral AmpD and CoG and higher SD in a rounded vowel context could reflect
a lengthening of the oral tract leading to a drop in high-frequency amplitude and increased
energy dispersion in the spectrum. Using a similar measure, Aq (discrepancy between the

maximum amplitude within the averaged power spectrum ranging from 500 Hz to 20 kHz and
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the minimum amplitude within the 0 to 2 kHz range), Jesus and Shadle (2002) also found that
elongation of the oral cavity or rounding of the lips results in a drop in energy at high
frequencies. These observations have been noted in studies with English speakers (Katz et al.,
2003; Nittrouer, 1995; Nittrouer et al., 1989). As for skewness, higher values we observed in
unrounded contexts and lower or negative values in rounded contexts in all groups. This spectral
moment also seems to reflect that the Spanish fricative /s/ is less sibilant than in other languages,

as its lower CoG also confirms.

In relation to speaker sex, our results detect the same pattern for spectral AmpD, CoG,
skewness, and kurtosis, although it differs for SD, which is higher in females than in males in
English studies (Fox & Nissen, 2005; Jongman et al., 2000; Klein et al., 2019; Koenig et al.,
2013; Tjaden & Turner, 1997). It can be speculated that our higher CoG and AmpD values and
negative skewness values together with lower SD and higher kurtosis might reflect a smaller
mean mouth size in females or a somewhat more anterior tongue position leading to sharper

spectra with lower dispersion.

4.2 Differences between dysarthria and healthy control

When we compared the healthy speakers and Dys speakers groups, the AmpD, CoG,
SD and skewness served to distinguish between them. In terms of the direction and magnitude
of the differences observed, the Dys speakers group showed a significantly lower spectral
AmpD and CoG, greater SD and higher and positive skewness compared to the healthy speakers
group. However, while kurtosis was higher in this group than the healthy speakers group, this
time the difference was not significant. A higher kurtosis could indicate the presence of energy

at the more extreme frequencies (Westfall, 2014). Hence, in persons with dysarthria, the
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characteristics of articulation of the voiceless alveolar sibilant /s/ resemble those of a palato-
alveolar sibilant fricative. It is known that spectral AmpD, CoG and skewness are measures
related to the necessary adjustments of speakers to find the adequate place of articulation such
that, compared with palate-alveolar sibilants in alveolar sibilant fricatives, spectral AmpD and
CoG are higher, skewness is less positive or sometimes even negative, and SD is lower (Forrest
et al., 1998; Fox & Nissen, 2005; Jongman et al., 2000; Maniwa & Jongman, 2009). Our
findings are like those obtained for dysarthric speech in other languages, even in disorders of
different underlying etiology (i.e., Amyotrophic Lateral Sclerosis, Spastic Cerebral Palsy,
Cerebellar Ataxia, Athetoid Cerebral Palsy and Parkinson disease). Several studies have shown
a lower spectral CoG and AmpD, more positive skewness and higher SD than in healthy speech
(Burder et al., 1996; Chen & Stevens, 2001; Hernandez et al., 2019; Martel-Sauvageau et al.,
2021). Further, results for spectral AmpD and CoG also coincide with a lower spectral peak
frequency in the mid frequency (Freqmid) region of the central zone of the fricative in persons
with dysarthria [blinded for review]. However, in general the studies mentioned usually show
a lower kurtosis in persons with dysarthria while our data indicate the opposite. This may be
explained by the greater presence of high amplitudes at extreme frequencies of the spectrum
reflecting differences in articulatory adjustment. Our results also contrast with those of Kim
(2017) in a study about dysarthria in Parkinson's disease when speaking English. This author
found no significant differences in spectral moments compared with healthy persons, possibly
because they retain their coarticulatory abilities, while we did detect differences for CoG and
SD. We believe that the neurophysiological limitations present in individuals with dysarthria
in our study (primarily of spastic type) could explain the lower CoG and higher SD by causing

a reduced articulatory constriction.
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While few studies have examined the effect of accompanying vowel rounding in persons
with dysarthria, our results coincide with those of Martel-Sauvageau et al. (2021). These
authors, who examined dysarthria due to Parkinson's in French speakers, confirmed that
fricatives adjacent to unrounded vowels showed a greater CoG and smaller SD compared to
rounded vowels, as in healthy speech. Differently, having a greater skewness and kurtosis in a
context of unrounded vowels differed from the healthy control group. This could be explained
by difficulties in tongue position and constriction to produce the frication noise such that the
tongue remains either more descended in the Dys speakers group —potentiating coupling of
the anterior and posterior cavities to the place of articulation — or wider — generating a
shallower constriction groove and increasing the surface of lingual contact. The latter would
reduce the rate of airflow through the constriction. Indeed, tongue misposition would affect
both unrounded and rounded vocalic phonetic contexts (Harmes et al., 1984; Heinz & Stevens,
1961; Hoole et al., 1989; Shadle, 1990; Stevens, 1971; Weismer et al., 1995). Additionally, our
Dys speakers group differs most clearly on the measures that significantly distinguish them
from the healthy speakers group when fricatives are followed by unrounded vowels (i.e.,
AmpD, CoG, SD and skewness). Since both these vowels like the fricative /s/ are very resistant
to coarticulation and both require tongue tip activation for their correct execution, this could
account for these differences. Therefore, we believe that the neuromuscular alterations observed
in persons with dysarthria, coupled with the distorted somato-acoustic feedback, are responsible
for the observed differences. The diminished capacity to enact mechanical compensations by
different articulators during the fricative-vowel movement could suggest a dysfunction in the
feedback control system (Ghosh et al., 2010; Iskarous et al., 2011; Recasens & Rodriguez,

2016).
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Regarding sex factor, although there are no significant differences, dysarthric females
showed lower AmpD, CoG and SD and higher skewness and kurtosis than males. However,
Tjaden and Turner (1997) describe that women with ALS dysarthria in their study have higher
CoG and SD, and lower kurtosis than men. This means that, of the two interpretations earlier
proposed, a smaller mean size of the mouth in the case of female does not explain the data, as
mouth size does not vary according to the disorder considered. Hence the most reasonable
explanation would be related to differences in the position of the tongue. A more anterior or
lower position could indicate a greater dispersion of energy, especially towards low
frequencies, affecting precision more in the case of females, who tend to be more precise

(Simpson, 2009).

4.3 Differences between apraxia of speech and healthy control

While our AoS speakers group featured a lower AmpD, skewness and kurtosis but
greater CoG and SD than the healthy speakers group, the only measures significantly
differentiating these groups were unrounded AmpD, rounded CoG, mainly rounded SD, and
rounded kurtosis. This could be interpreted as a higher SD reflecting more distributed energy
throughout the spectrum, which would be consistent with the lower AmpD. The presence of a
higher CoG in both vowel contexts, but only significant in rounded, could indicate a tendency
towards a tongue position closer to the palate or a more forward position together with a lower
lip rounding in a rounded context which would generate higher negative skewness in the
spectrum and lower kurtosis, as the presence of energy at very extreme frequencies is reduced.
Additionally, in our AoS speakers group, while AmpD and CoG varied significantly according
to vowel rounding, differences were reduced compared to the healthy control group.

Specifically, AmpD exhibits more variation in the unrounded vowel context. This could
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possibly indicate a lesser slope due to an anterior position of the tongue or an inadequate tongue
shape for sound execution. This observation aligns with the findings of Harmes et al. (1984)
and Bartle-Meyer et al. (2009). On the other hand, CoG shows more variation in rounded vowel
context. This may suggest, once again, less lip rounding in the apraxia group than in the healthy.
This inference is supported by the higher values observed in the temporal endpoint of the
fricative for the rounded CoG and SD. Additionally, there is a smaller difference of CoG
between its temporal midpoint and temporal endpoint (Diffy.r CoG) compared to healthy
speakers ([blinded for review]) , as well as in other studies focusing on the English language
(Ziegler & von Cramon, 1985). Furthermore, the differences for rounding in kurtosis are greater
in the apraxia group than in the control, although for both it is not significant. However, the
AoS speakers group registers less kurtosis when the context is a rounded vowel and more when
the context is an unrounded vowel than the healthy speakers group. These measures appear to
indicate challenges in the anticipatory coarticulatory planning of vowel rounding, which should
be present in the fricative, suggesting an anomalous functioning of the feedforward control
system in the AoS speakers group. Additionally, the data recovered for the AoS speakers group
were always intermediate between those of the other two groups. This could be the outcome of
the elevated standard errors observed in the AoS speakers group reflecting the high intra-subject
variability known for this disorder (Haley, 2002; Shuster & Wambaugh, 2000; Wambaugh et

al., 1995).

By sex, although differences were detected in GoG, with higher value in female, there
was a slight tendency for higher AmpD and kurtosis values and lower SD and skewness in
female than male. This meant that the results obtained in the AoS speakers group were in line

with those of the healthy control group.
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4.4 Differences between apraxia of speech and dysarthria

The AoS speakers and Dys speakers groups are more distinguishable in AmpD and
CoG, when the fricative was followed by unrounded vowels, and skewness in the context of
rounded vowels, but not in SD and kurtosis. Therefore, this could be indicating that there are
differences between these pathologies related to different ways of producing the sound. That is,
the significantly different values according to the vowel context, rounded or unrounded,
between the pathological groups and with respect to the healthy speakers group, may reflect
different ways of articulatory production of the fricative /s/ and could suggest how different
motor control processes behave in individuals with motor speech disorders, serving as a

consequence of the distinct clinical manifestations of these disorders.

5 Limits and future directions

Although an attempt was undertaken to conduct the study with scientific and
methodological rigor, some limitations were encountered that should be considered when

interpreting and extrapolating the results.

One limitation was the unbalanced sample size between the groups, particularly
regarding the sex of the speakers. This limitation was addressed by recruiting participants over
a longer period of time and in several centers, by making an effort to align healthy participants
closely with those with motor speech disorders, and by employing statistical techniques to
mitigate the effect (i.e., bootstrapping with replacement; robust parametric analysis). However,
it is advisable for future research to conduct a larger multicenter study with the collaboration

of other researchers.
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Another limitation was the consideration of the dysarthria group without distinguishing
between the existing subtypes. In this sense, it would be interesting to segregate the subtypes
in further research and to increase the sample size of participants in each subtype to improve

the understanding of the variations of this disorder.

Furthermore, the use of the repetition paradigm in task performance could affect the
results of the study by inducing imitation with respect to speech rate and accuracy. Therefore,
it is recommended to consider the use of reading aloud in future studies, especially as

participants did not show linguistic problems.

Finally, an articulatory interpretation of the acoustic results was attempted based on
partial knowledge in the literature, which should be validated by research that simultaneously

examines articulatory and acoustic aspects.

Data emerging from this study could provide direction for future clinical studies
designed to compare the impacts of different motor speech disorders. It would be interesting to
increase knowledge of acoustic-articulatory relationships to better understand the differences
found in acoustic measures in each motor disorder and to resolve the various possible
explanatory conjectures presented in the discussion. Beyond this, we hope our findings will
contribute to advances in explanatory models of the motor control of articulation, to
standardizing diagnostic methods, and to understanding the nature and severity of motor speech
problems. Similarly, the use of acoustic parameters will help us more effectively guide

treatments and monitor their effects.

6 Conclusion
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In short, the spectral amplitude difference (AmpD), center of gravity (CoG), standard
deviation (SD) and Skewness of the fricative /s/, especially followed by unrounded vowel,
distinguishes most significantly the Dys speakers and healthy speakers groups with lower
values in the first two and higher values in the last two for dysarthria. On the other hand, AmpD
unrounded, CoG and Kurtosis rounded and SD, mainly in rounded, distinguish the AoS
speakers group from the healthy speakers group with higher values in CoG and SD and lower
values in AmpD and kurtosis. Finally, Dys speakers and AoS speakers groups are differentiated
in AmpD and CoG, mainly unrounded, and skewness, mainly rounded, with higher values in

the first two and lower in the last-for apraxia.
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Table 1. Descriptive data for the study population: N, mean age and sex. Dysarthria classification and underlying etiology

Mean
Sex )
N Mean age (age range) Severity*
male:female

(range)
Healthy speakers 28 42.6 (21-71) 19: 9
Apraxia 8 41.5 (30-61) 4:4 7 (6-8)
Dysarthria 20 41.8 (21-72) 14:6 7 (5-8)
** Dysarthria type N Etiology N
Spastic 15 Head trauma 10
Ataxic 2 Stroke 10
Flaccid 1 Tumor 3
Mixed 2 Other (encephalopathy, toxoplasmosis) 5

* According to the Motor Speech Disorders Severity Rating Scale (Modified by Duffy, 2020 from Hillel et al. 1989)

**According to the classification system of Darley, Aronson & Brown (1969)



Table 2. Clinical inclusion-exclusion criteria based on Duffy (2020) for the selection of participants with motor speech disorders.

Motor Speech Disorder Dysarthria Apraxia of speech
Neurophysiological | No difficulties in Strained-strangled quality in No difficulties in verbal Slow articulatory rate.
and perceptual language speech comprehension, written
characteristics comprehension or production, or overall Syllable segregation.
production Harshness in voice comprehension

Muscle atrophy or
palsy

Hypotonia
Spasticity
Fasciculation
Tremor

Rigidity
Hypokinetic issues
Presence of visible
involuntary
movements
Pathological or

hyperactive oromotor
reflexes

Voice tremor

Breathiness

Hypernasality or hyponasality
Imprecise articulation
Monopitch

Monoloudness

Excess and equal stress

Slow or variable rate

Slow, regular, or irregular speech
alternant motion rates (AMRs)

No neurophysiological diseases
(atrophy or palsy in speech
muscles, hypotonia, spasticity,
fasciculation, tremor, rigidity,
hypokinetic issues, or the presence

of visible involuntary movements).

Furthermore, there would be no
hypernasality, no pathological or
hyperactive oromotor reflexes.

Increased interword intervals.

Effortful visible and audible articulation.
Ability to recognize their articulatory errors.
Making attempts at self-correction.

Difficulty with speech sequential motion rates
(SMRs).

No difficulty with speech alternant motion rates
(AMRs).

Trial and error groping for articulatory postures.
False articulatory starts.

Consonant and vowel distortions.

Word complexity effects (increased error rates

for syllables with consonant clusters and on
complex syllables and words).
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Table 3. Descriptive data for spectral measures of articulatory precision: a-trimmed means (and median absolute deviation) in ms according to group,
rounding of the vowel following the fricative /s/ and sex.

n Center of gravity (Hz) Standard deviation (Hz) Skewness Kurtosis AmpD (dB)

Total 336 5 724 (941) 1 318 (402) 0.19 (0.90) 1.55(2.03) 10.33 (6.23)
Unrounded 168 6 140 (919) 1 301 (390) 0.26 (0.82) 1.41 (2.05) 13.25 (5.63)

Healthy Speakers

Rounded 168 5 330 (881) 1 334 (423) 0.11 (1.05) 1.69 (2.08) 7.24 (5.74)

Female 108 6 452 (887) 1 105 (416) -0.14 (1.14) 2.29 (2.21) 15.14 (7.06)

Male 228 5 406 (713) 1 374 (370) 0.33(0.78) 1.21 (2.02) 8.26 (4.86)

Total 96 5 913 (936) 1 538 (370) 0.01 (0.78) 1.06 (1.55) 7.69 (4.60)

Unrounded 48 6 196 (847) 1 508 (368) 0.12 (0.86) 1.63 (1.59) 9.59 (5.87)

AoS Rounded 48 5 666 (1 015) 1 575 (374) -0.11 (0.68) 0.68 (1.61) 6.07 (3.61)
Female 48 6 259 (1 213) 1 533 (366) -0.20 (0.78) 1.33 (1.86) 9.03 (6.42)

Male 48 5 630 (417.41) 1 5456 (370) 0.16 (0.68) 0.81(1.42) 6.74 (3.04)

Total 240 5 205 (1 175) 1 599 (437) 0.42 (0.95) 1.61 (1.73) 4.57 (5.38)

Unrounded 120 5302 (1 102) 1 585(387) 0.55(0.90) 1.65 (1.81) 4.69 (6.99)

Dys Rounded 120 5 110 (1 116) 1 612 (437) 0.27 (0.87) 1.60 (1.57) 4.48 (4.39)
Female 84 4 912 (1 085) 1 581 (371) 0.75 (0.96) 3.44 (1.58) 4.53 (5.81)

Male 156 5 321 (1 192) 1 608 (447) 0.33 (0.98) 1.35(1.77) 4.60 (5.38)

AmpD (Ahf — (,42)‘:—,43)‘)); n (number of observations), AoS: apraxia of speech speakers: Dys: dysarthria speakers
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Table 4. Results of spectral measures of articulatory precision by group (heteroscedastic robust one-way ANOVA), by vowel rounding and by sex (Yuen's Test).

Factor Group Vowel rounding Sex
Measurement Frrimmed means p Effect size § Tyuen p 3 rRAKP Tyuen p & RAKP
Center of gravity 15.95 0.001* 0.34 6.68 0.001* 0.48 5.26 0.001* -0.55
Standard deviation 34.49 0.0012 0.36 1.32 0.19 -0.11 2.18 0.03 0.20
Skewness 6.81 0.007° 0.23 2.76 0.004° 0.22 2.02 0.04¢ 0.21
Kurtosis 1.38 0.25 0.14 0.13 0.89 0.01 2.14 0.03¢ -0.32
AmpD 66.35 0.0012 0.47 7.51 0.001* 0.52 5.88 0.001* -0.65
AmpD (Ahf — M); significance level: a) p <0.001***; b) p <0.01**, ¢) p <0.05*

2
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Table 5. Results of pairwise comparison between groups, rounding vowels and sexes (Yuen'’s Test)

Center of gravity Standard deviation Skewness Kurtosis AmpD
T U R T U R T U R T U R T U R
HS vs Dys 4.90 5.67 1.54 7.77 5.67 5.34 2.54 237 1.22 0.16 0.44 0.19 11.52 12.33 4.24
Tyuen (p) (0.001%)  (0.001% (0.13) (0.001%)  (0.001%  (0.001%) (0.01°) (0.02°)  (0.22) 0.87) (0.66)  (0.85) (0.001%) (0.001%)  (0.001%)
3 RAKP 0.52 0.87 0.56 -0.74 -0.80 -0.67 -0.22 -0.29 -0.15 -0.02 -0.07 0.03 0.88 1.51 0.46
HS vs AoS 1.57 0.30 241 5.01 3.47 3.57 1.64 0.82 1.63 1.49 0.37 2.61 4.04 3.52 1.60
Tyuen (p) (0.12) (0.77) (0.029) (0.001%)  (0.001%)  (0.007°) (0.10) 0.41) 0.11) (0.14)  (0.71)  (0.009%)  (0.001%)  (0.001%) 0.11)
3 RAKP -0.19 -0.06 -0.39 -0.58 -0.58 -0.58 0.17 0.14 0.21 0.13 -0.06 0.26 0.40 0.65 0.19
A vs Dys 5.06 4.12 3.17 1.25 1.14 0.52 3.55 2.40 2.59 1.39 0.02 1.94 4.83 4.52 2.22
tyuen (P) (0.001%)  (0.001%  (0.001% 0.21) (0.26) (0.60) (0.001%)  (0.02°)  (0.01°)  (0.16)  (0.98) (0.05) (0.001%)  (0.001%) (0.03%9
& rAKP 0.67 0.76 0.66 -0.16 -0.21 -0.09 -0.45 -0.40 -0.51 -0.22 0.00 -0.54 0.58 0.75 0.42
HS Dys AoS HS Dys AoS HS Dys AoS HS Dys AoS HS Dys AoS
UvsR 8.02 1.07 2.53 0.78 0.47 0.84 1.33 2.06 1.24 0.71 0.09 1.60 9.38 0.30 3.22
Tyuen (p) (0.001%) (0.28) (0.01° (0.44) (0.64) (0.40) (0.18) (0.04% (0.22) (0.48)  (0.93) (0.11) (0.001%) (0.76) (0.001%)
& rAKP 0.84 0.14 0.45 -0.09 -0.06 -0.18 0.15 0.28 0.22 -0.08 0.01 0.25 1.06 0.04 0.54
Fvs M 9.47 1.98 3.01 3.87 0.42 0.17 3.70 2.07 1.80 2.17 1.67 1.02 9.44 0.09 2.02
tyuen (P) (0.001%) (0.05) (0.003%)  (0.001%) (0.67) (0.86) (0.001%)  (0.04% (0.08)  (0.03° (0.10) (0.31) (0.001%) (0.93) (0.05)
3 RAP -1.31 0.31 -1.04 0.51 0.06 0.04 0.49 -0.44 0.45 -0.34 -0.69 -0.25 -1.30 0.01 -0.57

b) p <0.01**,¢c) p <0.05*

Total: total comparison; U: unrounded vowel; R: rounded vowel; HS: healthy speakers; Dys: dysarthria; AoS: apraxia; F: female; M: male; significance level: a) p < 0.001%**;
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Fig.1. Differences in Spectral Amplitude Difference between groups for fricatives followed by unrounded and rounded vowels. HS: healthy
speakers; AoS: apraxia of speech; Dys: dysarthria
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Fig.2. Differences in Centre of Gravity between groups for fricatives followed by unrounded and rounded vowels. HS: healthy speakers; A:
apraxia of speech; Dys: dysarthria
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