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Abstract
For aging speech, there is a limited knowledge regarding the ar-
ticulatory adjustments underlying the acoustic findings observed
in previous studies. In this context, ultrasound imaging is a
technology that can be safely used to study static and dynamic
features of the articulators allowing comparisons of physiologi-
cal differences between older and young adults during speech
production. In order to investigate the age-related articulatory
differences in European Portuguese vowels, the present study
analyzes the tongue contours of the 9 European Portuguese oral
vowels in isolated context and in a disyllabic sequence. From
the tongue contours segmented from the Ultrasound images,
several parameters were extracted (e.g., tongue height, tongue
advancement) to allow comparisons between speakers of differ-
ent age groups. For this study, while the analysis of data for
more speakers is ongoing, we considered a set of four European
Portuguese native female speakers of two different age groups
and addressed the study of the oral vowels articulatory space.
The preliminary results suggest that the vowel articulatory space,
namely for disyllabic sequences, tend to be smaller in the older
females.
Index Terms: 2D-Ultrasound tongue imaging, European Por-
tuguese vowels, Speech Production, Aging speech

1. Introduction
The aging process causes specific alterations in the speech organs
(e.g., stiffening of thorax, decreased lung capacity, weakening of
respiratory muscles and atrophy of facial, mastication and pharyn-
geal muscles) [1, 2, 3], and all these changes are expected to play
an important role in speech production. Over the years, although
age-related variations on the acoustic properties of speech have
been extensively investigated [2, 3, 4], its underlying articulatory
details have not been well understood. On what concerns age-
related changes on vowel formant frequencies (mostly F1 and
F2), the results across studies are highly inconsistent [2, 3, 5, 6].
Previous acoustic results for European Portuguese (EP) were also
not conclusive, as there are vowels that presented a different pat-
tern of formant frequencies variation with age and gender [7, 8, 9].
[8, 10] observed that vowel formants tend to decrease mainly in
females and to centralize in older males with aging, and these
changes might be related to specific articulatory adjustments of
the older speakers during speech.

Unlike acoustic studies, in which age-related speech vari-
ations have been widely studied since the 1960s [3], on what
concerns articulatory studies there are only a few studies about

effects of aging on tongue position and strength during speech
production [11, 12, 13, 14]. Ultrasound (US) tongue imaging
synchronized with audio can be used to investigate the physio-
logical differences between old and young adult speech. For this
reason, the main objective of the ongoing study is to investigate
the age-related articulatory differences in EP vowels with US
imaging. Additionally, since there is a paucity of literature on EP
oral vowel production, the available data were collected mainly
for acoustic studies [7, 8, 15, 16] or in articulatory studies of nasal
vowels [17, 18, 19], this study also provides valuable insights to
a first articulatory description of all EP oral vowels with US.

Due to the limited knowledge of the articulatory basis of
previously acoustic findings concerning aging speech, the aim of
this pilot study is to analyze and compare the US tongue contours
of the 9 EP oral vowels in isolated context and in a disyllabic
sequence produced by four female speakers between 19 and 66
years, to infer 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.

2. Background and Related Work
Speech production has been studied essentially through speech
sound acoustics (for EP: [7, 8, 15, 16]). Although frequencies
are an indirect measure of articulatory movements, direct mea-
sures can be obtained over different articulatory techniques, such
as electromagnetic articulography (EMA), real-time magnetic
resonance (RTMRI) and US imaging (for EP: [17, 18, 19]). US
imaging presents several advantages in comparison with the other
referred techniques: it is a non-invasive, safe, portable and fast
technology that is commonly used to demonstrate the midsagittal
surface contour of the tongue [20], and it can contribute with im-
portant information for different areas in speech research [21, 22].

Despite US being a more affordable alternative for several
contexts, enabling the acquisition of larger datasets, it demands
adequate computational approaches for processing and analysis.
US artifacts, corrupting noise, and the presence of spurious edges
are also challenges for the processing of US images [22, 23].
Furthermore, a challenge in measuring US images is the lack of
a physiological reference [23]. Even though the tongue contours
are visible, there are no hard structure references (i.e., US does
not image internal articulators other than the tongue), making
it difficult to determine an exact position for the tongue in the
vocal tract [24]. The head and transducer holders help overcome
these problems [23], but cannot be guaranteed to be re-fitted to
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the same location on a speakers’ head in different trials [25]. For
that, re-orienting images to a common co-ordinate 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 [25].

The lack of reference points and the anatomical differences
also introduce a difficulty in comparing speech data across speak-
ers, that is, comparing lingual articulation across age groups
raises problems of normalization [24, 26]. This issue has been
also recognized in the acoustic studies of vowel formants; and
indeed, the length of the vocal tract can be considered a greater
influence in the articulatory field, leading to the need of nor-
malization procedures [26]. External references or the image
of internal articulators have been proposed as solutions [24, 23].
However, there is no commonly accepted method for comparing
tongue shapes among speakers [27].

Several research studies developed since 2010 have been
used US tongue images to investigate, on different language
systems, the articulatory correlates of vowels production [28, 29].
Concerning the articulatory parameters, tongue contour and also
height and advancement of the highest point of the tongue had
been successfully used in previous US studies with vowels.

To the best of our knowledge, the articulatory studies con-
cerning vowels’ properties across lifespan are scarce and the
majority focuses on coarticulation issues. An articulatory study
with 3D electromagnetic articulography suggested that especially
the tongue body was affected by age, and the movements for
the vowels were slower in the older speakers compared to the
younger ones [11]. The results of an US study of antecipatory
velar-vowel coarticulation and speech stability in speakers who
do and do not stutter across lifetime [13] indicated an age effect,
with progressive less coarticulation and increase speech stability
with aging. Regarding the performance on motor tasks with in-
creasing age, a generalized slowness, decrease coordination, a
diminished performance level and on precise motor control were
observed [13, 11], which could affect vowel production.

3. Method
This cross-sectional study was approved by the Ethics Commit-
tee 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.

3.1. Speakers and Corpus

Ultrasound data were collected from a convenience sample of
four EP native female speakers, two young (S1 - 19 years; S2
- 31 years) and two old females (S3 - 63 years; S4 - 66 years),
to test ages with more expected distinctive characteristics. Data
collection took place in a pandemic year, which conditioned the
acquisition of a larger number of participants, namely older peo-
ple. All of them were in good health and with no reported history
of neurological disorders or diseases, or any speech, language
or hearing difficulties. Considering the speakers’ anatomical
characteristics, S1 speaker is 174 cm tall and weighs 95 kg; S2
is 171 cm tall and weighs 56 kg; S3 is 152 cm tall and weighs
59 kg; and S4 is 150 cm tall and weighs 52 kg.

The corpus consisted of all EP oral vowels [i], [e], [E], [a],
[o], [O], [u], [1] and [5] in pseudoword context and in isolated con-
text. The pseudoword list contained "pV.Cv sequences (started
with the labial voiceless stop consonant [p]), where C was bal-
anced for the place of articulation using the voiceless stop con-
sonants [p], [t] and [k], and V was all EP oral vowels in stressed

position. The last vowel (i.e., v) corresponds only to the vowels
[u], [1] and [5]. The stimuli were embedded in a carrier sentence
“Em pVCv temos V” (In pVCv we have V.). For each vowel,
three different pseudowords were selected. Each carrier sentence
was repeated 3 times. Thus, each speaker produced 81 individual
utterances, i.e., 9 repetitions of each vowel, per context.

3.2. Data Acquisition

The participants were asked to seat, facing a computer screen
displaying prompts, and to wear a stabilization helmet [30], in
order to ensure that neither the speaker’s head nor the transducer
moved during the experiment.

Synchronous acquisition of US images and speech sounds
through Articulate Assistant Advanced software (AAA) [31]
took place in quiet rooms using an endocavitary probe
(65EC10EA) with 90º field of view positioned under the partic-
ipants’ chin. US images were collected with an US machine
Mindray DP6900 at a frame rate of 60 Hz and the depth setting
was 97 mm. Audio was collected with a Philips SBC ME400
microphone connected to an external sound system (UA-25 EX
USB). The recorded data was collected as video and audio syn-
chronized with a SyncBrightUp unit [32].

Instructions were provided prior to recording to ensure fa-
miliarity with the speech materials. The speech material was
presented in three randomized blocks (i.e., front ([i], [e], [E]),
central ([1], [5], [a]) and back ([u], [o], [O]) vowels). Each block
began and finished with the production of the sequence /tatatata/
to assess sound and image synchronization. Also, at the start of
each block a recording of the bite plane was obtained in order
to image the occlusal plane, which is a reliable method for the
definition of horizontal and vertical orientations in the vocal tract
[25, 33]. That is, the speaker was asked to bite and press their
tongue against a flat plastic plate, which results in their tongue
bulging upward at the back edge of the bite plate [25, 33].

Taking into consideration different anatomical characteris-
tics of each speaker and that the optimal probe orientation is
vowel dependent, its orientation was adjusted, along the sessions,
for each block of vowels, to enable the best possible imaging
of the tongue. The bite plane sequences were then used as a
common referential, for each speaker.

3.3. Data processing and statistical analyses

Data processing – The acoustic files were exported from AAA
software in WAV format for automatic segmentation at word and
phoneme level using WebMAUS [34], and then imported into
Praat software [35], to manually check the accuracy of the vowel
boundaries.

To reduce the impact of the noisy nature of the US images, a
pre-processing was applied and consists in: 1) cropping the US
image to remove irrelevant information and to select a region
of interest (ROI); 2) applying a phase symmetry filter to the
ROI to enhance the outline corresponding of the tongue surface
[36, 37]; 3) applying a radial sweep approach with 5º of angular
distance [29]; 4) collecting of all pixel intensities; 5) extraction
of the highest intensity point for each radial sweep. More details
in [38, 39]. Given the challenging nature of the images, and to
ensure the reliability of the data, the tongue segmentation of all
frames of the vowel occurrences was revised by three annotators
with experience in speech production analysis (see Fig. 1).

For each block of vowels, tongue contours were rotated to
the speaker’s bite plane obtained in the corresponding block, so
that the image of the occlusal plane was observed to be parallel
to the upper and lower edges of the video pane [25, 26, 33].
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Figure 1: Illustrative US image with radial sweeps and the
extracted points on the tongue contour for vowel [a]

Data were exported after rotation and the origin of the co-
ordinates system corresponds to the back of the bite plate, 4 cm
from the upper incisors along the occlusal plane (see the bite
plane traces in Fig. 2).

For the present study, only the tongue contour of the tem-
poral midpoint of the vowels, which consistently contained an
articulatorily steady part of the vowel [33], were exported in
cartesian coordinates. Ideally, the total number of vowels an-
alyzed per speaker was 81, which corresponds to 81 frames.
However some frames had to be discarded from the analysis
due to poor US image quality for some speakers (namely for
S3), vowels (mostly back vowels), and/or context (mostly in
isolated context). Furthermore, due to the fact that some tongue
contours were not totally visible, some tokens were segmented
incomplete and not being able to find important descriptors for
vowel analysis, such as the highest point of the tongue body.

Articulatory Measures – Each vowel tongue contours per
speaker and context were obtained as the median value of all
vowel occurrences. The highest point of the tongue’s contour
was extracted and represents the highest point of the tongue
body (i.e., tongue height, TH). The x-coordinate reflects the
front back position of the tongue in the y coordinate (i.e., tongue
advancement, TA). Pixel to cm conversion was made considering
1 cm corresponds to 44 pixels in the image. The TH and TA
for each vowel, per context and speaker, was obtained based on
the median value of all tokens at the temporal midpoint, which
reduces the effect of the flanking consonants and the effect of
measurement errors.

4. Results
In this section a summary of the main findings for the analysis of
the vowel tongue configuration on EP vowels are presented. Also
some considerations about inter and intra-speaker differences
are reported. Due to space limitations, contours and vowel
articulatory spaces of all speakers are not given here, and only
relevant differences are presented. Note that, for speaker S3,
none completed contour of the back vowels [o] and [O] in isolated
context was obtained, which affect the TH and TA measures
presented for this speaker.

Tongue contours – Concerning the tongue contours analy-
sis, results for one speaker, both contexts, are presented in Fig. 2.
The differences in tongue contours appear to be clearly vowel
dependent in isolated vowels. For vowels in pVCv sequences
the contours for different vowels tend to be more similar.

Articulatory Measures – Considering the tongue contours,
the highest point of the tongue body was determined and ana-
lyzed. Fig. 3 summarizes the TH and TA values obtained for
each speaker by vowel in pVCv sequence, and in isolated context.
In general, vowels in pVCv sequence presented higher variability
of TA and TH values than isolated vowels due to the influence
of the consonantal context [40, 41]. Regardless of the vowel

Figure 2: Tongue contours for all vowels in isolated (left side)
and in pVCv sequences (right side) for speaker S4 (scale in cm)

context, for each speaker, the higher TH was observed for vowel
[i], and the lowest TH was obtained, mostly, for the vowel [a].
The lowest TA was obtained, mostly, for the vowel [o]. Concern-
ing the vowel that presented the highest TA, data showed more
variability, with some speakers present vowel [5] with higher TA
than expected, mostly in isolated context. Concerning the highest
TA, as data showed greater variability, no vowel can be pointed.

Articulatory vowel space – For intra-speaker comparisons,
Fig 4 represents the articulatory space defined by TA and TH of
the cardinal EP oral vowels ([a], [i] and [u]) for each speaker,
in isolated and in pVCv context. Each vowel is represented
by the median TH and TA. Comparing the TH and TA of the
tongue contours of these female speakers, it can be observed
that articulatory space tends to be smaller when vowels occur in
pVCv sequences comparing with isolated vowels. The data also
tends to indicate that the vowel articulatory space differences
observed between both contexts is higher for the old females.
That is, the articulatory vowel space area, namely for pVCv
sequences, tend to be smaller in the older females.

Articulation variability – Plots in Fig. 4 only provide the
average, but variability of productions is also very important to
analyze. Fig. 5 represents individual productions and informa-
tion regarding dispersion based on ellipses. Fig. 5 represents
the TH and TA of the total number of occurrences of the car-
dinal vowels in both contexts for two speakers (one young and
one old). In those graphs it can observed that the dispersion of
isolated vowels is lower than in pVCv sequences, mainly for
vowel [a]. Also, in both contexts, for these two speakers in can
be observed that vowel [a] presents the highest variability.

5. Conclusions
This paper presents the initial results of the automatic extraction
contours and the determination of the highest position of the
tongue body for young and old Portuguese females. The method
revealed being able to detect articulatory measures for young and
old speakers, making possible the production of the first vowel
articulatory space representation for EP. Regarding limitations,
this study presents a reduced sample that, due non-normalization
procedures, hinder inter-speaker comparisons. Also, the noisy
nature of the images make the segmentation demanding and
could difficult the accurate determination of articulatory mea-
sures for some vowels. These issue could be reflected in the
greater variability observed for certain vowels.

The vowel articulatory space reduction observed for isolated
vowels in comparison with the vowels in pVCv sequences might
be related with the tendency to hyperarticulate isolated vowels.
So, this vowel articulatory space reduction was similar between
vowels in clear speech versus in conversational speech [40], or in
long vowels versus short vowels [42], for other languages. Also
the tendency to hyperarticulate isolated vowels might be in the
origin of the more distinct tongue contours for these vowels.

Future work – Ensure inter-speaker comparison through
the aplication of normalization procedures; improvement of
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Figure 3: TH e TA by vowel type and speaker (SAMPA notation). Top: isolated vowels; Bottom: vowels in pVCv sequence (scale in cm)
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Figure 4: Articulatory vowel space of the EP cardinal vowels
in isolated (pink solid lines) and in pVCv context (blue dashed
lines). Top: young females (S1 and S2); bottom: old females (S3
and S4)

the determination of the highest point of the tongue; explore
SSANOVA to study vowel contours; investigate articulatory
movement and velocity; a large study of the age effect on vowel
articulation measures.
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