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Abstract: For aging speech, there is limited knowledge regarding the articulatory adjustments
underlying the acoustic findings observed in previous studies. In order to investigate the age-
related articulatory differences in European Portuguese (EP) vowels, the present study analyzes the
tongue configuration of the nine EP oral vowels (isolated context and pseudoword context) produced
by 10 female speakers of two different age groups (young and old). From the tongue contours
automatically segmented from the US images and manually revised, the parameters (tongue height
and tongue advancement) were extracted. The results suggest that the tongue tends to be higher
and more advanced for the older females compared to the younger ones for almost all vowels. Thus,
the vowel articulatory space tends to be higher, advanced, and bigger with age. For older females,
unlike younger females that presented a sharp reduction in the articulatory vowel space in disyllabic
sequences, the vowel space tends to be more advanced for isolated vowels compared with vowels
produced in disyllabic sequences. This study extends our pilot research by reporting articulatory
data from more speakers based on an improved automatic method of tongue contours tracing, and it
performs an inter-speaker comparison through the application of a novel normalization procedure.

Keywords: 2D-ultrasound tongue imaging; European Portuguese vowels; speech production;
aging speech

1. Introduction

Aging involves changes at physiological, cognitive, psychological, and social levels.
Age impacts the human body in a plethora of ways, entailing changes to the musculo-
skeletal, the cardiovascular, the respiratory, and the central nervous systems [1], and the
speech production system is no exception [2]. Thus, the aging process causes specific alter-
ations in the speech organs (e.g., decreased lung capacity, weakening of respiratory muscles
and atrophy of facial, mastication, and pharyngeal muscles) [3-5], and all these changes
are expected to play an important role in speech production. Although limited research
has been carried out specifically to ascertain what changes occur in the supralaryngeal
structures (particularly in the tongue) with aging, modifications in these structures could
considerably affect the speech production [6].

Although age-related variations on the acoustic properties of speech have been ex-
tensively investigated over the years [4,5,7], its underlying articulatory adjustments have
not been well understood. Due to the fact that the vowel formant values are suited to
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articulatory interpretations (i.e., formant frequencies reflect the length and configuration
of the vocal tract [8-12]), formant measurements have been used in the study of speech
production. Thus, the first (F1) and second (F2) formant frequencies reflect primarily tongue
position and lips rounding [13]. As for age-related changes on vowel formant frequencies
(mostly F1 and F2), the results across studies are highly inconsistent [4,5,11,14]. In addition,
European Portuguese (EP) vowels presented a different pattern of formant frequencies
variation with age and gender [15-17]. Albuquerque et al. [16,18] observed that vowel
formants tend to decrease mainly in females and to centralize in males with aging, and
these changes might be related to specific articulatory adjustments of the older speakers
during speech.

Unlike acoustic studies, for articulatory studies, there are only a few that examine
the effects of aging on tongue position and strength during speech production [1,19-22].
Ultrasound (US) tongue imaging synchronized with audio can be used to investigate
the physiological differences between old and young adult speech [19,23], as approached
in our previous work with four female speakers [22]. Nonetheless, US tongue image
processing and the inter-speaker comparison are challenging [22]. Targeting the main
limitations of our previous study, the main purpose of this work is to perform a larger
study of the age-related articulatory differences in EP vowels with US imaging and to
investigate normalization procedures. Additionally, since there is a paucity of literature
on EP oral vowels production, and the available data were collected mainly for acoustic
studies [15,16,24,25] or for articulatory studies of nasal vowels [26-28], this study also
provides valuable insights for the accurate articulatory description of EP oral vowels
with US.

The data obtained will allow infering preliminary results of the age effect on EP
vowel production, which is essential for the development of automatic speech recognition
(ASR) systems suitable for older speech and for clinical assessment and treatment of
speech disorders.

1.1. Background
1.1.1. Aging Effects on the Articulatory Subsystem

Noticeable anatomic and physiologic changes in the vocal tract or supralaryngeal
system have been reported from young adulthood to old age [29]. During this period,
facial bones continue to grow (3-5%) [29]. Additionally, a slight lowering of the larynx was
observed, which is due to the atrophy of the head and neck muscles as well as the thinning
of the intervertebral disks (more common in females), which leads to an increase of the
length of the vocal tract [4,5,30,31].

In general, changes observed in the vocal tract include atrophy of the facial, the
mastication, and the pharyngeal muscles, a decrease of the soft-palate volume, and loss
of lip strength [3-5,7,29,32-34]. The loss of elasticity and the thinning of the oral mucosa
with the deterioration of attachments of the epithelium and connective tissue to bone are
more apparent after age 70; however, these changes may happen earlier in life [29,33].
Extensive degenerative changes occur in the temporomandibular joint (gradual reduction
in size and reductions in blood supply), which controls the jaw movement during speech
production [5,7,29]. In addition, a diminished accuracy of the lower lip and jaw when
performing rapid movements has been reported with age [3,32]. Furthermore, the shape of
the oral cavity may change with the loss of teeth and the introduction of dentures [35].

The salivary glands undergo acinar atrophy, ductal irregularities, and parenchymal
replacement by fibrous and/or adipose tissue with aging, which causes a decline in salivary
function [33,34].

Regarding the tongue, age-related muscular changes include muscle atrophy [36],
decreased thickness of the lingual epithelium, reduced muscle fiber diameter, and fissuring
of the tongue surface [29,37]. Concerning the size of the tongue, contradictory findings
have been reported in the literature [6]. While Sonies et al. [23] observed that the tongue
of older people was reduced in thickness during rest, other studies have suggested that
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age-related changes in the tongue size are minimal to non-existent [6,34,37], which might
be explained by the large increase of deposits of fatty tissue in the tongue to compensate
the loss of muscle fibers [6,36,37]. On the other hand, Klein [33] suggested an increase in
tongue size because of two factors: muscle tone loss and the need to expand to fill the oral
cavity space, as teeth are lost with aging.

From a functional perspective, the older individuals have been reported to experience
significant declines in tongue strength, although endurance remains stable throughout the
major part of life [29,38,39]. Mortimore et al. [40,41] observed that the maximal tongue
protrusion force decreases with age, while the tongue fatigability increases. In addition,
drying of the tongue and of the oral cavity may lead to an increased resistance of tongue
movement across the palate during speech movements [6].

Furthermore, due to the loss of flexibility and muscular strength, aging can lead to
deficits in speech motor control [1,20,42]. Previous studies about age effects in articula-
tory motor performance have demonstrated slower movements and reduced regularity in
the rhythm of tongue movements, reduced tongue retraction, and smaller reductions in
distance traveled by the tongue during fast speech rates with age [1,6,23,37]. Chantara-
manee et al. [43] showed that the quality of the tongue muscles in healthy older speakers,
assessed by the echo intensity of the tongue, is an indicator of tongue thickness at the
middle and base of the tongue.

All of these changes affect the vowel production [6,7], as changes in vocal tract dimen-
sions and in tongue motion may influence the resonance patterns in older speakers [7,44].

1.1.2. Articulatory Studies of Age Effects

Direct measures of articulatory movements can be obtained over different techniques,
such as electropalatography (EPG), electromagnetic articulography (EMA), real-time mag-
netic resonance (RTMRI), and US imaging.

To the best of our knowledge, the articulatory studies concerning vowels” properties
across lifespan are scarce, and the majority of them focus on coarticulatory issues [20,45].
An articulatory study with 3D EMA for German suggested that the tongue body was
especially affected by age, and the movements for the vowels were slower in the older
speakers compared to the younger ones [1]. The results of a US study of anticipatory
velar-vowel coarticulation and speech stability in English speakers who stutter and do not
stutter across lifetime [20] indicated an age effect, with progressive less coarticulation and
an increase of speech stability with aging. With US, Sonies et al. [23] studied the tongue
movements in healthy older and younger English speakers, during the repetition of the
phonemes [a], [i], and [k], and they observed a reduction in tongue retraction during the
vowel [a] production for older speakers. A pilot study for EP with US [22] suggested that
the vowel articulatory space tends to be smaller in the older EP females comparing with
younger females.

Regarding consonants, in a US study for Newfoundland English, De Decker and
Mackenzie [19] found a significant effect of age on the articulatory properties of /1/ in
Newfoundland English, with older speakers being more likely to exhibit distinctions in
tongue gestures between the word-initial and word-final positions.

1.1.3. Ultrasound Imaging of Speech

US imaging presents several advantages in comparison with other articulatory tech-
niques (e.g., EPG, EMA, RTMRI): it is a non-invasive, safe, portable, and fast technology
that is commonly used to image the midsagittal surface contour of the tongue [46,47], and
it can contribute with important information in different areas in speech research [48,49].

Despite US being a more affordable alternative for several contexts, enabling the ac-
quisition of larger datasets, it demands adequate computational approaches for processing
and analysis. US artifacts, corrupting noise, the presence of spurious edges, and the lack of
a physiological reference are also challenges for the processing of US images [49,50]. Even
though the tongue contours are visible, there are no hard structure references (i.e., US does
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not image internal articulators other than the tongue), making it difficult to determine an
exact position for the tongue in the vocal tract [47,51]. The head and transducer holders
help overcome these problems [50], but they cannot be guaranteed to be re-fitted to the
same location on a speaker’s head in different trials [52]. For that, re-orienting images to a
common coordinate system with a bite plane allows for some degree of normalization, and
it is more tolerant to error in the placing of the probe outwith the midsagittal plane [52].

Furthermore, often, the US tongue contours do not provide information on the tongue
tip and/or on the tongue root due to the interfering presence of the mandible and hyoid
bones [47]. Thus, the US image segmentation is strongly influenced by the quality of
data [53]. The speaker size and age also tend to influence the quality of the US tongue
image (i.e., women and children tend to produce better images than men, younger subjects
generally image better than older subjects, and thinner subjects tend to produce better
images than larger subjects) [47]. Tabain [47] suggests that these trends may be related to
fat levels in the tongue and moisture levels in the mouth.

The lack of reference points and the anatomical differences also introduce a difficulty
in comparing speech data across speakers; that is, comparing lingual articulation across age
groups raises problems of normalization [51,54]. However, there is no commonly accepted
method for comparing tongue shapes among speakers [55].

Several research studies have been using US tongue images to investigate, on different
languages, the articulatory correlates of vowel production [54,56,57]. Most of them have
focused on coarticulation aspects among children, adolescents, and adults [20,55,58,59].
Concerning the articulatory parameters, tongue contour, height, and advancement of the
highest point of the tongue (i.e., TH and TA), lengths of posterior tongue surface (LPTS)
and anterior oral cavity (LAOC) have been successfully used in previous US studies with
vowels [60-63]. In addition, ratios such as Dorsum Excursion Index (DEI—quantifies the
extent of tongue dorsum excursion toward the palate during an articulation) and Tongue
Constraint Position Index (TCPI—represents the place of maximal constriction) have been
used in coarticulation studies [59,64], which allow the comparison across speakers without
the need to perform a normalization for vocal tract size [65]. Nonetheless, to obtain these
indices, it is essential to ensure that the tongue curve in the image is visible between the
mandible and hyoid bones shadows, and that both shadows are also visible [65] (as well as
to obtain the LPTS and LAOC measures [60]).

2. Materials and Methods
2.1. Participants

Speech production data were collected from a convenience sample of 10 EP native
female speakers, 5 young (between 23 and 32, with a mean age of 27.0) and 5 old (between
59 and 73, with a mean age of 62.4) females. These participants were a subset of 32 speakers
recorded for a larger study. They were selected due to the high quality of their US data
(which was crucial to the articulatory analysis [54]), and only one gender was selected to
avoid possible confounding effects of gender [6].

Participants were recruited through personal contacts and through the snowball
technique in the community and in the University of Aveiro. All of them were in good
health, and they have no reported history of neurological disorders, head /neck diseases, or
any speech, language, or hearing difficulties. All speakers were free of upper respiratory
tract infection, and were excluded (1) if they were current smokers or had smoked within
the previous 5 years; and (2) if they wore hearing aids.

This cross-sectional study was approved by the Ethics Committee of Escola Superior
de Enfermagem de Coimbra, Portugal (approval number 639/12-2019), and all participants
agreed and signed the consent form before participating in the study.

Considering the speakers’ anatomical characteristics, young (Y) and old (O) female
speakers presented similar height (Y = 161.80 £ 5.67; O = 161.40 £ 3.07) but different
weight (Y = 58.00 = 8.46; O = 66.60 £ 11.83), which is reflected in the greater occurrence of
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overweight among older women (Table 1). All speakers have 9 years or more of education,
with the majority (90%) having completed higher education.

Table 1. Speakers” anatomical characteristics.

Speaker Weight (kg) Height (cm) BMI * Weight Status

Y1 72 158 28.8 Overweight
Y2 62 160 24.2 Normal weight
Y3 50 158 20.0 Normal weight
Y4 57 173 19.0 Normal weight
Y5 49 160 19.1 Normal weight
o1 48 158 19.2 Normal weight
02 60 167 21.5 Normal weight
03 80 162 30.5 Obesity class I
04 67 160 26.2 Overweight
05 78 160 30.5 Obesity class I

% _ weight(kg)

BMI= (heiég;lr)z (gm) :
2.2. Corpus

The corpus consisted of all EP oral vowels [i], [e], [€], [a], [0], [], [u], [i], and [e]
in pseudoword context and in isolated context. The pseudoword list contained 'pV.Cv
sequences (started with the labial voiceless stop consonant [p] to reduce coarticulation with
the following vowel), where C was balanced for the place of articulation using the voiceless
stop consonants [p], [t], and [k], and V was all EP oral vowels in the stressed position. The
last vowel (i.e., v) corresponds only to the vowels [u], [i], and [¢].

The stimuli were embedded in a carrier sentence “Em pVCv temos V” (In pVCov we
have V), where the last V was considered an isolated vowel and corresponded to the same
vowel that occured in the stressed position of the pseudoword. For each vowel, three
different pseudowords were selected. The list of 27 pseudowords used in this study is
listed in Table 2 in IPA symbols; however, the pseudowords were presented to the speakers
in the respective writing convention of EP (e.g., ['peke]l-“péca”). Each carrier sentence was
repeated 3 times. Thus, each speaker produced 81 individual utterances (i.e., 9 repetitions
of each vowel, per context) and needed approximately 30 min to complete the task.

Table 2. List of pseudowords per vowel (International Phonetic Alphabet).

Vowels Pseudowords

[i] ['pipi] ['pite] ['pike]

front [e] ["pepi] ["petu] [peke]
[e] ['pepi] ['pete] ['peku]

[i] ['pipi] ['pite] ['pike]

central [e] ['pepi] ['pete] ['peke]
[a] ['papi] ['pate] ['paku]

[u] ['pupi] ['putu] ['puke]

back [o] ["popi] ["potu] ["poku]
[l ['popi] ['potu] ['poke]

2.3. Data Acquisition

The experimental setup for data acquisition is shown in Figure 1. The participants
were asked to seat, facing a computer screen displaying prompts, and to wear a stabilization
helmet [66], in order to ensure that neither the speaker’s head nor the transducer moved
during the experiment.
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Figure 1. Experimental setup for recording ultrasound: the participant is seated in front of a mi-
crophone, wearing a stabilization helmet to keep the ultrasound probe positioned below the chin
throughout the experiment. The prompts are presented on a computer monitor.

Synchronous acquisition of US images and speech sounds was performed through
Articulate Assistant Advanced software (AAA) [67] and took place in a quiet room using
an endocavitary probe (65EC10EA) with 90° field of view positioned under the participants’
chin. The US images were collected at 60 frames per second using a Mindray DP6900
US equipment with depth set to 97 mm. The speech audio was collected with a Philips
SBC ME400 microphone connected to an external sound system (UA-25 EX USB). The
synchronization between the video and audio streams was performed in AAA based on the
synchronization pulses introduced, during recording, by a SyncBrightUp module [68,69].

Instructions were provided prior to recording to ensure familiarity with the speech
materials. Speakers were instructed to read the sentences at a comfortable pace. The speech
material was presented in three randomized blocks (i.e., front ([i], [e], [€]), central ([i], [e],
[a]), and back ([u], [o], [0]) vowels). At the start of each block, a recording of the production
of the sequence [tatatata] was obtained to provide additional data for further assessing
the audio-video synchronization during the data processing stage. In addition, each block
began and finished with the production of the sustained vowel [a] and the recording of
the bite plane. The bite plane was recorded in order to image the occlusal plane, which
is a reliable method for the definition of horizontal and vertical orientations in the vocal
tract [52,70]. That is, the speaker was asked to bite and press their tongue against a flat
plastic plate, with 4 cm length, back from the upper incisor, which results in their tongue
bulging upward at the back edge of the bite plate [52,70]. This bite plate was designed
by the authors for this experiment and is shorter than the one used in Scobbie et al. [52]
to prevent the gag reflex (see Figure 2a). The bite plate was 3D printed in PETG filament
(natural color).

The probe orientation was adjusted between the shadows of the mandible and hyoid
bones, taking into account the different anatomical characteristics of each speaker. Then,
the bite plane sequences and the contours of the sustained vowels [a] were used to obtain
the referential for each speaker. To ensure that for each speaker, there is at least one bite
plane trace to obtain the referential, the probe orientation was fixed along the session.
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Figure 2. To ensure a common referential across blocks and sessions, US acquisitions were considered,
including a bite plate (a). The corresponding images were annotated (b), and the data informed
contour adjustment (e.g., rotation) before analysis. (a) Bite plate; (b) Bite plane trace.

2.4. Data Processing

After acquisition, the data obtained were processed in several steps: (1) speech audio
and US synchronization; (2) segmentation of the acoustic data signal and manual revision;
(3) US image processing using a U-net network [71]; (4) automatic extraction of the tongue
contours in Cartesian coordinates from the vowel midpoint; (5) manual verification of the
extracted contours; (6) bite plane extraction for each block of vowels; (7) tongue countour
rotation to ensure a common referential across blocks; (8) inspection of the US data with a
particular emphasis on the [a] sustained vowels as a quality check of the previous steps;
(9) export of US data contours; and (10) data pruning of the tongue contours. Each of these
steps will be detailed below.

At the end of each session the ultrasound data were synchronized with the speech
data by aligning the audio tone, which was triggered at the onset of each recording, and
the video flash (i.e., a bright flash on the corner of the ultrasound image) [69,72]. After
that, the acoustic files were exported from AAA software in WAV format for automatic
segmentation at the word and phoneme level using WebMAUS General for Portuguese
language (PT) [73]. Then, the accuracy of the target vowel boundaries were manually
checked in Praat software [74] and corrected if necessary. A total of 22 recordings were
discarded (approximately 1.4% of trials) due to problems with the recordings (e.g., the
participants misread the target word or the target vowel). After acoustic segmentation, all
frames that corresponded to the target vowels were extracted from the US videos using
a Python script. A database was devised, containing both vowel contexts, pVCv, and
isolated vowels.

The US images were processed, and splines were automatically fitted to the sur-
face of the tongue across the vowel’s labeled duration using a U-Net adapted from Ron-
neberger et al. [71] (already used in US images by [75,76]). This encoder-decoder model
was trained with a dataset of 7765 US images of different speakers that were manually
annotated by four trained analyzers. In order to virtually increase the amount of training
data, data augmentation was also used to train the neural network, and the final training
set consisted of 9131 images. Figure 3b,d show two examples of the automatic tongue
contour obtained by the developed method.
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Figure 3. Illustrative US images with the automatic tongue spline of the tongue contour for vowel [a]
(a,b) and vowel [u] (¢,d). Left: raw US images; Right: US images with automatic tongue spline.

For the present study, only the tongue contour corresponding to the temporal mid-
point of the vowels was exported, which consistently contained an articulatorily steady
part of the vowel [70]. When the vowels presented an even number of frames, both frames
were exported. The output data structure contains the Cartesian coordinates of the au-
tomatic tongue contour of each frame, as a list of points (x,y values in pixel). Given the
challenging nature of the images, and to ensure the reliability of the data, the automatic
tongue segmentation of the central frames of the vowel occurrences was revised by three
annotators with experience in speech production analysis.

In total, 2303 splines were obtained through automatic tongue segmentation, and
227 images were excluded due to the undefined border of the tongue or extremely dark US
image. The final number of splines, after manual check, were 2076, which corresponded to
1440 vowels.

The bite plane was extracted for each block of vowels. The bite plane recording that
appeared to have the most stable pressing of the tongue was used, and this recording may
have been at the beginning or at the end of each randomized block. Each bite plane is
represented by the points A and B (see Figure 2b). For each point A and B, the coordinates x
and y in pixels were determined to obtain the bite plane line. Nonetheless, for Speaker O5,
it was not possible to get one bite plane per block. As the probe orientation was fixed along
the session, the tongue contours were rotated based on the available speaker’s bite planes.
Then, 6 values were calculated as the angle between the bite plane and the horizontalization
of the occlusal plane (see Figure 4a).
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Figure 4. Example of unrotated (a) and rotated (b) tongue tracing of one sustained vowel [a] (top).
Tongue contour of each sustained vowel [a] of all speakers unrotated (c) and rotated (d) (bottom).
The dashed line represents the annotation of the bite plate.

In order to standardize the rotation of the data across the speakers, for each block of
vowels, the tongue contour data were rotated based on the occlusal plane obtained in the
corresponding block [52,54,70]. As seen in Figure 4, the occlusal plane was observed to be
parallel to the x axis after rotation (see Figure 4b). During rotation, pixel to cm conversion
was made. Data were exported after rotation, and the origin of the coordinates system
corresponds to the upper incisors, which are 4 cm from the back of the bite plate.

Four frames of each sustained vowel [a] were exported and manually verified. The
most complete contour of each [a] was chosen, and the contours were overlapped to inspect
the US data. Figure 4 presents unrotated (Figure 4c) and rotated (Figure 4d) [a] contours
of all speakers. Despite the anatomical differences between speakers, the raw coordinate
values are partly comparable across the speakers, since the tongue advancement/retraction
consists in a distance to the upper incisors. As seen in Figure 4, after rotation, the tongue
contours of the sustained vowels [a] of all speakers tend to be more overlapping.

The tongue contours selected for analysis were revised to detect erroneous/incomplete
segmentations mostly due to poor image quality rendering the tongue incomplete. This
resulted in the exclusion of 113 contours. Additionally, poor US image quality for some
speakers (namely for O2 and O5), vowels (mostly vowel [i]), and/or context (mostly in
pVtv context) resulted in less data usable for analysis. Table 3 presents the number of
tongue contours that are considered for study after the manual check of the US data.

Overall, as expected, the best US images come from sounds where the tongue surfaces
are fairly flat and gently curved, such as the central vowels ([a] and [¢]). Generally, a less
discernible tongue contour occurs at the tip and back regions of the tongue, and vowels
that have steep slopes, such as [i] or [u], tend to present worse images. Stone [50] also
explained that the edges perpendicular to the beam will image best, and edges more than
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50 degrees from perpendicular begin to image poorly. Other studies of vowel production
report similar difficulties [62,63].

Table 3. Number of vowels analyzed per speaker and vowel type after removing some of the data
due to poor image quality.

Speaker
Y1 Y2 Y3 Y4 Y5 01 02 03 04 05 Total
[i] 17 18 14 17 17 2 5 6 1 0 97
[e] 18 18 17 18 18 17 10 16 8 2 142
[e] 18 18 18 18 18 17 16 15 16 7 161
[i] 17 18 18 18 17 17 10 17 13 6 151
[e] 18 18 18 18 18 16 18 18 16 18 176
[a] 18 18 18 17 16 18 14 18 17 17 171
[ul 13 18 18 17 18 18 0 14 12 14 142
[o] 18 16 14 18 18 18 0 11 12 17 142
[o] 18 15 18 18 18 18 0 16 17 17 155
Total 155 157 153 159 158 141 73 131 112 98 1337

2.5. Articulatory Measures and Normalization

For each vowel token, two parameters were extracted, namely the y-coordinate of
the highest point of the tongue’s contour (i.e., tongue height, TH) and the corresponding
x-coordinate, which reflects the front back position of the tongue (i.e., tongue advancement,
TA). Thus, the TH corresponds to the distance between the bite plane and the highest
point of the contour, while TA was measured as the distance to the upper incisors. The TA
values are always negative; the higher values (in module) indicate greater tongue retraction
and lower values (in module) suggest greater tongue advancement of the highest point of
the tongue. When the vowels present two central frames, the mean values of TA and TH
were considered.

In order to compare average tongue measures between age groups, it was necessary
to adopt an approach toward a normalization of the data based on vocal tract size and
US probe orientation. Therefore, the raw measures of vowels are sensitive to anatomical
differences between speakers, with expected larger vowel spaces for larger speakers [54].
One potential normalization method would consist of z-score normalization, but in this
case, a full set of vowels or a normalization as a function of the distance to a reference vowel
would be required [54]. On the other hand, Zharkova et al. [51] applied a normalization
method based on the assumption that the length of tongue contour correlates with the
overall size of the vocal tract, and the proportion of tongue imaged in the ultrasound
display is similar across speakers.

Nonetheless, in this study, the normalization is independent of the proportion of the
tongue imaged for each speaker, but it involves the assumption that each distance used as
scale factor (TA and TH scale factor) correlates with the overall size of the vocal tract. For
TH, the normalization for vocal tract height was carried out on the basis of the distance
of the back of the bite plate to the virtual origin of the probe (in mm) for each speaker by
block of vowels (see Figure 5a). The normalization factor for vocal tract length was based
on the tongue contour of the sustained vowels [a], because the tongue tip and the larynx
are low during the production of this vowel; thus, the imaged tongue contour tends to be
better [51]. The TA normalization factor was based on the distance, in mm, of the upper
incisors to the interception between the occlusal plane and the tongue root surface in the
production of sustained [a] (mean of all [a] productions), for each speaker (see Figure 5b).

For each speaker, TH and TA normalization was applied, multiplying each raw value
of TH and TA by the corresponding normalization factor. Figure 5¢,d illustrate the normal-
ization procedures.
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Figure 5. Top: Illustration of normalization measures for TH (a) and TA (b). Bottom: Sustained
vowels [a] contours of all speakers rotated (c) and scaled (d).

3. Results

In this section, a summary of the main findings on EP vowel tongue configurations
by age group is presented. In addition, some considerations about vowel context effect,
and inter and intra-speaker differences are reported. Note that for some older speakers (see
Table 3), there are no tongue contours available for some vowels, which does not allow a
more comprehensive comparison between age groups to be carried out. In this section, the
scaled US data are used (i.e., TA and TH obtained after normalization). The analysis starts
with a brief inspection of the tongue contours. Thus, some examples of tongue contours for
all vowels by context are presented in Figure 6 for one speaker (speaker Y1).

Considering the articulatory measures, Figure 7 summarizes the TH (Figure 7a) and
TA (Figure 7b) values obtained by vowel for each age group. In this first analysis, both
contexts (vowels in pVCv sequence and isolated) are considered. In general, concerning
TH, the older females showed higher values, except for vowel [o]. In general, the front
vowels presented higher TH values, and the vowels [a] and [o] presented the lower values,
mainly for the older females. For young females, the central vowels [¢] and [a] showed
similar TH, while for older females, the vowel [¢] presented higher TH values than vowel
[a]. In addition, old females presented identical values of TH for vowel [a] and [o].

Regarding TA, the lowest values (in module) were obtained for the old group. For both
groups, the front vowels tend to present the lowest TA, and the vowels [0] and [o] revealed
the highest TA values (in module). Variability tends to be higher in TA in comparison with
TH values, mainly for young females (i.e., the variability of TA tends to decrease with age).

To complement this initial analysis, the individual variability is also explored through
the articulatory vowel space and the vowel articulatory cluster size by speaker and
vowel context.
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Figure 6. Example of one tongue contour by vowel for each context for speaker Y1. (a) pVpv context;
(b) pVtv context; (c) pVkv context; (d) isolated context.
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Figure 7. Boxplots of TH (a) and TA (b) values by vowel and age group.

Figure 8 represents the articulatory vowel space defined by scaled TA and TH values
of the cardinal EP oral vowels ([a], [i], and [u]) for each speaker and vowel context (i.e.,
pVCv and isolated vowel). Each vowel is represented by the mean TH and TA. As four
old females (O1, O2, O4, and O5) presented incomplete data, it was not possible to define
the articulatory space of all speakers by vowel context. Furthermore, the young females
also showed great variability in the shape of the articulatory vowel space. Concerning the
vowel context, it can be observed that articulatory space tends to be smaller when vowels
occur in pVCv sequences comparing with isolated vowels, namely for the speakers Y2, Y3,
Y5, and O3.
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Since our main goal is the study of age effects, in Figure 9, the articulatory vowel space
of the two age groups is compared separately for each production context. The articulatory
space was defined by the mean of the TA and TH values of the cardinal EP oral vowels for

each speaker by vowel context.
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Figure 9. Articulatory vowel space of the EP cardinal vowels in pVCv (a) and in isolated context (b) by

age group. The remaining vowels are also represented.

The vowel articulatory space tends to be different, in shape and size, between the
younger and older females in both contexts. Old females produced vowels with higher TH
and a notable decrease (in module) of the TA (i.e., the highest point of the tongue contour
tended to be more advanced). Consequently, these results are in line with some of the
observations made above. The vowel articulatory space differences observed between
both contexts is more pronounced for the young females. That is, the articulatory vowel
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space area, namely for pVCv sequences, tended to be smaller in the young females. In old
females, the differences between contexts were smaller, but a tendency to TA decrease (in
module) for isolated vowels comparing with vowels produced in pVCv sequences (i.e.,
isolated vowels tend to be more advanced) was observed.

The plots in Figure 8 only provide the average, but variability of productions is also
very important to analyze. Figure 10 represents individual productions (i.e., the TH and
TA of the total number of occurrences of all EP oral vowels) and information regarding
dispersion based on ellipses for two speakers (one young and one old) by vowel context.
The ellipses surround values that fall within 20 of the mean [24]. In those graphs, a
considerable variability between speakers can be observed.

12 - 1.2
1 1 ﬂ
3 idii 3 i
S 08| &t S 08} . . e
Q Q i l i
6 i Mﬂu 1} it
= oD - i
g . L = g
0.6 L ) I o o | S
5 00 Gotyuw (i ’21.9 *ézg g 08 3V
E] ok s
By 0.4 - - gy 04
5 s
= =
0.2 - 0.2+
0 . . . . . . | 0 . . . . . . |
-1.1 -1 —0.9 —0.8 —0.7 —0.6 —0.5 —0.4 —-1.1 -1 —0.9 —0.8 —0.7 —0.6 —0.5 —0.4
Tongue Advancement - Scaled Tongue Advancement - Scaled
(a) (b)
1.2 - 1.2
1 | i
E i z . CEeS
S 08} s S 08| < R,
3] 3 . i .
%) ol AL
, 8y & 4 LEgS T, HA
= u : =
Lh 0.6 f il g T b (.6 |
B 5 ]R g i}i i}_ 1 5 0.6
= T St}
Q K o
XD
B 04 ‘331 S 04
g i g
= =
0.2 0.2
U L L L L L L I} 0 I L L L L L I}
—1.1 —1 —-0.9 —0.8 —0.7 —0.6 —0.5 —0.4 —1.1 —1 —-0.9 —0.8 —-0.7 —0.6 —0.5 —0.4
Tongue Advancement - Scaled Tongue Advancement - Scaled

(c) (d)

Figure 10. Vowel articulatory cluster size of all EP vowels of two speakers in pVCv sequences (top)
(a,b) and in isolated context (bottom) (c,d). Left side: young female (Y2); Right side: old female (O3).

4. Discussion

This study contributes to increasing knowledge on EP aging speech, providing an
articulatory perspective of the effects of age in all oral vowels of the EP based on articulatory
measures: TH and TA. The present study extends in many ways our previous pilot research
by reporting articulatory data from more female speakers and by ensuring an inter-speaker
comparison through the application of normalization procedures. In addition, the automatic
method of contours tracing was improved.

In general, the results of this articulatory study reveal that the highest point of the
tongue tends to be higher for the older females and more advanced compared to the
younger females (except the TH of the vowel [5]). The increase of the TH is in accordance
with our previous acoustic study [16] of aging speech for EP. In other words, the tongue
raising (higher TH) is correlated with a decrease in F1 [9,56], which has been reported for
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both EP [15,16] and other languages [4,5,44,77,78] with aging. However, Pellegrini et al. [17]
reported higher F1 values for vowels produced by older EP females.

Regarding TA, the results indicate a tendency to tongue advancement in the older
group, which is correlated with an increase in F2 [9,56]. The tongue advancement observed
for older females is not in line with our previous acoustic study [16], where a tendency for F2
decrease with aging occurred. Yet, some studies have reported vowel-specific changes with
age and gender [5,11,17,78,79]. For EP, Pellegrini et al. [17] observed a trend for F2 decrease
in back vowels and an increase in front vowels. Nonetheless, Sonies et al. [23] reported a
reduction in tongue retraction on the vowel [a] in older adults, and they suggested that
older speakers tend to hold the tongue in a more anterior position in the mouth than
younger speakers. The authors [23] attributed this reduction in tongue retraction to a
normal compensatory tongue motion, which is apparently due to alterations in the function
of the suspensory muscles of the tongue [80].

Beyond the observed displacement of the articulatory vowel space with age (i.e., more
advanced) (see Figure 9), the vowels’ space tends to be more reduced in younger than in
older females. For EP, Pellegrini et al. [17] also reported an acoustic space that is more
reduced for younger females. Although formant frequencies can be affected by other
articulatory adjustments than the tongue movements, it would be interesting to study the
acoustic—articulatory relationship of the data. Furthermore, Xue and Hao [44] suggested
that the lowering of formants with age might be due to the lengthening of the vocal tract
with aging, but in the present study, a tongue raising and a tongue advancement were
observed for the older females.

Additionally, the articulatory measures show great variability, as it can be observed by
the different format of the individual articulatory vowel spaces and the vowel articulatory
clusters. The comparison of the amount of variability within and across speakers in both
age groups needs to take into account the fact that older speakers present less data, which
does not allow drawing solid conclusions. In addition, there does not appear to be a direct
relationship between speaker size (BMI) and the length of the tongue contour or the size of
the acoustic triangle obtained.

Concerning the vowel type, our results indicate a significant difference in tongue
height position between the EP oral vowels examined, mainly between front and back
vowels. As expected, for each block of vowels, the TH is higher for close vowels and lower
for open vowels. An interesting observation is that for young females, the central vowels [¢]
and [a] show lower values and similar TH among each other, while for older females, the
vowel [¢] presents higher TH than vowel [a]. Regarding TA, front vowels tend to present a
more advanced higher point of the tongue contour.

Regarding the vowel context, as in the pilot study [22], the articulatory space tends
to be smaller when vowels occur in pVCv sequences comparing with isolated vowels,
mainly for younger females. The vowel articulatory space reduction observed for vowels in
pVCv sequences in comparison with isolated vowels might be related with the tendency to
hyperarticulate isolated vowels. This type of effect was also evident between vowels in clear
speech versus in conversational speech [63], or in long vowels versus short vowels [81], for
other languages.

While for young females, a reduction in the articulatory vowel space between contexts
was observed, and for older females, the vowel space tends to be more advanced for
isolated vowels. This different pattern between vowel contexts with age might be related
to specific articulatory adjustments of the older females.

In this study, the extraction of the tongue contours (using a U-Net adapted from
Ronneberger et al. [71]) and the determination of the highest position of the tongue body
for young and old Portuguese females were done automatically. Figure A1l shows the TA
and TH scaled measures obtained of all tongue contours without any manual verification.
Compared with the data obtained after manual inspection of the tongue contours (see
Figure 7), similar tendencies for each vowel by age group are observed, even though a
higher amount of outliers occur. In a broader perspective, this automatic method may
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enable an unsupervised extraction and analysis of these tongue measures, making possible
the analysis of large amounts of US data for young and old speakers. Notwithstanding,
more methodological work is necessary to improve the automatic tongue tracing to deal
with extraction errors, and the accuracy of this method still needs to be measured in order
to avoid the manual revision of the tongue contours, as this is a time-consuming task.

As the dataset is small, it cannot be excluded that speaker-specific strategies interact
with group behavior [42]. In addition, the US images could be affected by many factors,
such as the anatomical differences (e.g., facial profile, thickness of the fat tissue around the
neck), or the pressure or position of the transducer between speakers [43,54]. Furthermore,
the noisy nature of the images make the segmentation demanding, and several unclear
images had to be excluded from the study.

Moreover, the analysis of the TH and its horizontal location (TA) can be inaccu-
rate when the highest point of the tongue is not located at the narrowest point of the
tongue—palate constriction [62]. However, as the palate traces were largely unreliable for
the majority of the speakers, it is not possible to implement a measure of constriction
degree for the current data. Thus, reducing the lingual configuration to a single point is a
convenient methodological solution, but it is far from adequate in giving a comprehensive
description of the lingual articulation [62].

As raw distance measures between vowels are sensitive to anatomical differences
between speakers, this study proposes a new normalization approach that is independent
of the proportion of the tongue imaged for each speaker. However, this normalization
method requires further validation.

Considering that the present study is a preliminary analysis of articulatory changes in
lifetime, the researchers intend to extend the study to the male gender and to analyze other
measures such as the tongue root and the total vowel contour through Smoothing Spline
ANOVA [63,82,83]. In addition, static and dynamic studies of the vowel tongue measures
need to be addressed to investigate articulatory movement and velocity.

5. Conclusions

In this study, the age-related articulatory changes are investigated through the analysis
of the US tongue contours of nine EP oral vowels produced by 10 female speakers aged
between 23 and 73. Advancing our preliminary work on this topic, an improved automatic
method for tongue contour tracing allowed expanding the number of considered speakers
and supported a novel normalization procedure for inter-speaker comparison.

In light of this new articulatory data, it can be concluded that the tongue tends to
be higher and more advanced with aging for almost all vowels, meaning that the vowel
articulatory space tends to be higher, advanced, and bigger in older females. Concerning
the context, the vowel space tends to be more advanced for isolated vowels comparing
with vowels produced in disyllabic sequences for older females, while younger females
tend to present a sharp reduction in the articulatory vowel space in disyllabic sequences.

These results contribute to an accurate articulatory description of EP oral vowels, and
they also provide valuable insights about the vowel articulatory normal patterns of aging
among female Portuguese adults. As this study provides information from adults who
speak a language different from English, it might help to better understand cross-linguistic
similarities and language-particular features of vowel aging. Furthermore, these data
are important as a reference for the clinical assessment and treatment of different speech
disorders, which are often age-related, and to provide articulatory information for speech
synthesis based on production models.

In the long term, the systematic approach enabled by the adopted automatic method of
tongue contour tracing, along with the normalization supporting inter-speaker comparison,
may open the way toward broader lifespan articulatory studies and the development of
larger databases with speakers from infancy to old age.
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Appendix A. TA and TH Scaled Measures Obtained of All Tongue Contours without

Any Manual Verification
1
13 -0.25
5 ) g :
% 1.0 group % 0.50 s . i . o | grow
g . . BY g7 i t a8y
= . H . . B0 < B0
T : P <
osl | | $ é % 0.75 gminf
. . Vo
: -1.00{ .
e & i e a u o 9 i e ¢ i B a u o 9
Vowel Vowel
(a) (b)

Figure A1. Boxplots of TH (a) and TA (b) scaled values by vowel and age group of all tongue contours
automatically obtained.
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