Acoustic characterisation of vowel production by young adults with Down syndrome
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ABSTRACT
Down Syndrome (DS) is a frequent genetic disorder
that has systematic consequences on speech
articulation. The acoustic properties of speech
production of people with DS have been poorly
investigated in speech research. This paper reports on
an acoustic analysis of vowels produced by eight
native speakers of French with DS in VowelConsonant-Vowel (VCV) contexts. We observed
more variability in duration, pitch and formants in
vowels produced by people with DS compared with
“ordinary” speakers. F0 was always higher for people
with DS who also tended to display a larger vocalic
space in VCV production than ordinary people. We
interpret these results regarding motor control issues
reported in previous studies involving people with
DS.
Keywords: Down syndrome, Vowel space, Formants,
Articulatory disorders.
1. INTRODUCTION
Down syndrome (DS), caused by the presence of an
extra chromosome 21 in the genotype, is the most
frequent genetic disorder in humans and is present
throughout society. 15-16 out of 10 000 pregnancies
lead to the birth of a child with DS [1,2]. DS induces
a number of physiological disorders. Thanks to
medical progress, life expectancy of people with DS
has however risen from 25 years in 1983 to 49 years
in 1997 [1]. It is nevertheless still a challenge to
improve social integration of these people. Speech
improvement is a core issue to tackle this problem.
DS is the most frequent cause of intellectual
deficiency [2]. When questioned about their child’s
speech, all parents of a child with DS however report
speech intelligibility issues [4]. It is also well known
that people with DS have better receptive than
expressive speech abilities [3-4]. As intellectual
abilities are very often inferred from speech abilities,
speech difficulties in DS result in an overestimation
of intellectual deficiency and consequently in
increased difficulties in social integration. Helping

people with DS improve their speech is thus a major
challenge to improve their quality of life.
Speech difficulties in people with DS originate
from anatomical and physiological specificities as
well as motor control impairments and appear in early
childhood [3]. People with DS have a smaller vocal
tract and their tongue is bigger relatively to the size of
their oral cavity [6]. Other specificities such as
relative size and placement of the articulators, palatal
and dental abnormalities, anomalies in laryngeal
structures as well as hearing loss affect the ability of
people with DS to produce speech (see [7] for a
review). Note that these difficulties can be improved
by speech therapy, including orofacial sensori-motor
stimulation starting from birth [3].
Kent and Vorperian [7] reviewed literature on
speech production in people with DS over the past six
decades. They considered four general areas: voice,
speech sound disorders, fluency/prosody, and
intelligibility. Major results can be summarized as
follows. First, interest for DS in speech research has
recently increased, especially concerning articulation
issues. Second, results from previous studies in the
four areas considered are mixed. For example, even
though F0 is perceived as being lower in people with
DS, results from acoustic measurements tend to show
higher F0 values. Voice quality of people with DS is
often described as breathy and rough but this issue is
poorly quantified. People with DS make a lot of
articulatory and/or phonological errors in word
production. The literature also reports disfluencies as
well as prosodic disturbances. Many studies, mainly
based on perceptual judgements or interviews [3-5],
report various problems in speech intelligibility.
Few studies have characterized the spectral
properties of vowel production in people with DS.
Some studies found that F1-F2 areas for different
vowels overlap more in people with DS than in
“ordinary” people (e.g. [8]). One or several
dimensions of the vowel space would be
compressed [9-11]. Results on which dimension(s)
would be compressed and if such a compression
actually exists are however contradictory. Some
findings also suggest higher variability in formant
patterns and vowel duration in people with DS [12].

As underlined in [7], “studies on vowel formant
frequencies in children and adults [with DS] have
been very limited and somewhat contradictory”. Most
of the existing studies analysed words and not
isolated syllables. Moreover, to our knowledge, no
study was conducted on the acoustic analysis of
vowel production of people with DS in French. This
paper reports on the analysis of vowel production in
VCV units in French by eight adults with DS. Based
on previous studies, we expected: reduced vowel
spaces for people with DS than for “ordinary” people
as well as higher F0 and differences in vowel
duration.
2. METHODS
2.1. Participants

Speakers were 4 females and 4 males with DS, native
speakers of French, aged 19 to 34. For reference, a
group of “ordinary” people was also recorded, with
equivalent ages (±5 years) and genders: 4 females and
4 males, aged 20 to 30. All participants were recorded
in a sound proof room at the lab. Consent forms were
read and explained to the participants with DS and to
their parents. The experiment lasted less than 1h30
and all the participants received a 15 € voucher as
compensation for their participation. The entire
experimental procedure was approved by an ethical
comity (CERNI – Approval number: 2014-03-11-41).
2.2. Set-up, material and task

Speakers sat on a chair in a sound proof room
wearing a head mounted microphone (Sennheiser
HSP 4). Their task was to repeat speech sounds
played on a loudspeaker facing them. Auditory
stimuli presentation was used because some people
with DS have problems reading especially non-sense
items.
One of the experimenters stayed in the room with
the speaker. When the speaker had issues producing a
specific VCV, the experimenter asked him/her to look
at her and repeat after her. This problem never
occurred with “ordinary” participants but did for all
participants with DS. Some of them managed to
correctly produce the target VCV after the
experimenter’s intervention. Errors were however
observed in several cases.
The stimuli were Vowel-Consonant-Vowel (VCV)
bisyllables (V={[a], [i], [u]} – C={[b], [d], [g], [p],
[t], [k], [f], [s], [ʃ], [v], [z], [ʒ], [l], [ʁ], [m], [n]}). The
first and second vowels in a given VCV were always
identical. Vowels were chosen as the extrema of the
vowel space. Consonants were chosen to cover the
different places and modes of articulation of French
consonants. A total of 48 different VCVs were thus

recorded for each participant. Each VCV was
repeated three times. The audio prompts used for
stimulation were recorded from 3 female native
speakers of French aged 25, 34 and 36 in a sound
proof room. The sound level of stimulation was
adjusted for each participant. The recording was
divided into three blocks in which the participant
repeated all VCVs once. The audio prompts used in
one block were all from the same speaker. The order
of the VCVs was randomized within and across
blocks and across participants. A total of 144 VCVs
were thus recorded for each participant. The
procedure was slightly different for two females with
DS due to different recording periods. One participant
repeated only the VCVs with a voiced consonant and
was prompted by only one of the three speakers (five
repetitions/VCV). The other participant followed the
main procedure but was prompted with the stimuli
from the three speakers randomly mixed in a single
block. Due to difficulties in the recruitment of
participants, we however chose to include their results
in the present analyses.
Audio was acquired with a 44 100 Hz sample rate
and an external sound card (Focusrite Scarlett 6i6).
2.3. Analysis and measurements

Praat [13] was used to label vowel boundaries and
vocalic steady states based on the spectrogram. It was
also used to extract F1 and F2 values (Burg methods,
window: 25 ms, amplification: 30, time step 6 ms) as
well as F0 (autocorrelation, pitch floor 75Hz, ceiling
500Hz, time step: 0.01). For formant tracking, we
used the standard parameters of 5 formants in 5000Hz
for males and 5 formants in 5500Hz for females. We
also evaluated different parameters (4-4000, 4-5000,
6-6000), which did not improve the detection over the
whole recording compared with default values. F1
and F2 were computed as the mean values 20 ms
around steady state points. F0 was computed as the
median value over the whole vowel.
The errors made by participants with DS depended
on the participant. To get an idea of these errors, one
of the authors listened to all the productions. She
annotated the following errors: suppression of the first
vowel (n=2, 1 participant), insertion of a final
consonant, always after the vowel [u] (n=13, 1
participant), insertion of an initial consonant (n=25, 6
participants) mainly before or after the vowel [u]
(n=19/25), substitution or ambiguous consonant
(n=101, all participants, min=3, max=28), substitution
or ambiguous first vowel (5 participants, min=12,
max=71) or second vowel (5 participants, min=1,
max=24). This information was not further analysed
since this was not the purpose of the paper. They
would require further perceptual testing.

For each vowel produced we considered: its
duration, F1, F2 and F0 values. For each participant,
we computed the vowel space area from the convex
hull defined using the function “chull” in R [14].
Statistical analyses were conducted using ANOVAs
with vowel ([a] vs. [i] vs. [u]) and vowel position in
the VCV (first vs. second) as within subject factors
and group (TS: participant with DS vs. OS:
“ordinary” participant) and gender as between subject
factors. Results were considered significant for pvalues below .05. Due to the small number of
participants, we also considered p-values below .1 as
potential tendencies for further exploration.

gender. F0 is larger for TS than for OS for both
females (TS: 248.4 Hz – OS: 208.4 Hz,) and males
(TS: 152.6 Hz – OS: 121.5 Hz) – F(1,12)=10.3,
p<.008. As expected, F0 is also greater for females
(228.4 Hz) than for males (137 Hz) – F(1,12)=68.3,
p<2.6e-06 – and for the vowel [u] (188,1 Hz) than for
[a] (174,2 Hz) – F(2,24)=18.6 p=1.3e-05. Vowel
position has no significant effect on F0 – F(1,12)=2.9
p=0.1. Variability between subjects also appeared
greater for TS than OS.
Figure 2: F0 values for the first and second vowels
(in Hz). OS: “ordinary” participants – TS:
participants with DS – f: female – m: male – 1st and
2nd vowel (one observation=one subject).
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Figure 1 provides the formant values of all vowels in
the F1/F2 space for all speakers depending on group
and gender. For this analysis, first and second vowels
were mixed to consider pre- and post- consonant coarticulation. The area of the vowel space was
computed for each speaker over all vowel
occurrences. Statistical analyses show a significant
effect of group on vowel space area (F(1,12)=7,
p=.02), the area being larger for TS than for OS. As
expected, areas were larger for females than for males
(F(1,12)=27.8, p<.001).
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3.3. Duration analyses
Figure 3: Vowel durations for the first and second
vowels (in s). OS: “ordinary” participants – TS:
participants with DS – f: female – m: male – 1: 1st
vowel – 2: 2nd vowel.

Figure 1: Formant values of all vowels in the F1/F2
space (in Hz) for all speakers. Each data point is
annotated according to the vowel supposed to be
produced. OS: “ordinary” participants – TS:
participants with DS – f: female – m: male.
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3.2. F0 analyses

Figure 2 provides F0 values of the first and second
vowels for all participants depending on group and

Figure 3 shows the durations of the first and second
vowels for all participants depending on group and
gender. The higher variability observed for females
with TS is due to one participant who produced
particularly long first vowels. Globally, vowels are
longer for TS than OS (TS: 0,16 s – OS: 0,12 s –
F(1,12)=12.3, p<.004) for both females and males.
Effect of gender is not significant (F(1,12)=0.3, p=.6).
For all groups and genders, the second vowel tends to
be longer than the first one (1st V: 0,13 s – 2nd V:
0,15 s – F(1,12)=4.3, p=.06). There is also a tendency
for [a] to be slightly longer than [i] and [u] ([a]:
0,142 s – [i]: 0,138 s – [u]: 0,138 s – F(2,24)=2.9,
p=.07). Interaction between vowel and group is also

significant (F(2,24)=11.4, p<.0004): for OS Dur[a] <
Dur [i] < Dur[u] and for TS Dur[u] < Dur[i] < Dur[a].
Finally, more variability in vowel durations was
observed for TS than for OS.
4. DISCUSSION AND CONCLUSION
The aim of this paper was to contribute to a better
characterisation of speech difficulties in people with
Down syndrome (DS). As expected, greater
variability in VCV production was observed for
people with DS compared to “ordinary” people (OS)
of comparable age. F0 was also globally higher for
people with DS. By contrast with previous works,
when comparing the [i]-[u]-[a] vowel space of people
with DS to that of OS peers [9-10], we observed
larger areas for people with DS.
The higher F0 values observed for both male and
female speakers with DS compared with OS speakers
is consistent with previous work [7]. It could be
explained by the fact that individuals with DS are
smaller and thus, may also have a smaller vocal tract.
The fact that the voice of individuals with DS has
been shown to be perceived lower can be related to
breathing and laryngeal control. Further analyses of
this phenomenon are required.
Previous studies reported a tendency towards a
reduction of the vowel space in people with DS for
both adults [10] and children [9]. Here the reverse
pattern was observed instead: the vowel space was
larger for people with DS. This difference could be
related to differences in procedure and phonological
material: it is possible that subjects in our study
hyper-articulated more than when producing single
words [10] as they were repeating VCVs produced
with clear articulation. This however suggests that
people with DS are able to produce vowel contrasts in
hyper-articulatory conditions. This could be achieved
through the production of longer vowels and thus
smaller overlapping of articulatory gestures between
vowels and consonant. Note that this larger space was
observed even after normalization with z-scores, the
phenomenon actually being increased.
Previous works also use different methods to
compute the area of the vowel space, based on the
identification of vowel groups. We decided not to use
this method, as we were sometimes not sure that the
participants with DS produced the right vowel. It is
however possible that the larger space we observed is
due to greater variability. Participants with DS may
have explored sounds outside the phonetic space,
which are not representative of their usual
phonological categories. This could also be related to
differences in the definition of phonemes in the
perceptual space.

Previous studies involving speakers with various
articulatory impairments found a relationship between
size of the vowel space and speech intelligibility [1516]. These studies were based on production of single
words or full sentences. It is possible that when
people with articulatory impairments produce speech
under ecological conditions, their signals confirm
their impairment. The advantage of using simpler
non-sense phonetic material is to determine the
extreme sounds people can achieve with their vocal
tract. For people with intellectual disabilities, it is also
an advantage not to be influenced by lexical factors
since language is also affected in DS [3]. The next
step is thus to determine how to include ability to
control individual units in a more complex control of
the speech flow.
In all the studied parameters, we observed greater
variability for participants with DS than OS. This
greater variability is consistent with previous work
also reporting longer durations of vowels in people
with DS [10]. Both increase in duration and
variability could be related to specificity of muscular
control in DS, which does not only concern speech
but also limb control. Movements of people with DS
are generally perceived to be more effortful and
“hypotonic”. As pointed in [17] few studies have
actually quantified hypotonia in DS. Individuals with
DS display lower inertia of limb segments and
probably deeper muscle relaxation at rest [17].
Applied to speech, this possible tendency for higher
threshold of muscle activation and greater inertia
could be related to longer durations of productions.
Inertia may also explain the larger number of errors
observed for the first than the second vowel in our
dataset. These issues in muscular control may be even
more crucial than anatomical anomalies.
Individuals with DS show great physical learning
ability with appropriate training [3,17]. This points
towards the necessity of providing more systematic
analyses of speech acoustics and articulation in DS in
order to adapt speech therapy to their specificities.
Understanding articulatory abilities of individuals
with DS may help improve their communicative
abilities. Particular attention to adults’ abilities and
their evolution over the life span should be developed.
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