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Acoustic analysis had been well incorporated into clinical evaluation and
management of children with speech disorders for many years. The aim of
this study is to investigate developmental changes in vowel production in
Mandarin-speaking children using acoustic study analysis.

A total of 22 children from 5-12 years old were analyzed in this study. Each
child read a list of speech materials consisting of 6 dissyllabic words in
Mandarin phonemes and the speech samples were recorded. The digitized
acoustic recordings were submitted for acoustic analysis. The acoustic para-
meters in this study include the first and second formant frequencies (F1 and
F2) of /a/, /i/ and /u/ and the vowel space. We used the Wilcoxon rank sum
test and Spearman’s rho correlation test for statistical analysis.

The F1 values of the vowel /i/ were significantly lower in boys than those in
girls (p = 0.013) by Wilcoxon ranksum test. The F1 value of the vowel /i/
was negatively correlated with children’s age (rho = —0.601, p = 0.003) and
their body height (rho = 0.478 p = 0.045). The F1 values of the other two
vowels (/u/ and /a/), the F2 values of all three vowels and the vowel space
had no association with age and gender.

F1 acoustic parameters have developmental and gender changes in vowel
production in Mandarin-speaking children. The data in this study provide
references for acoustic assessment of Mandarin-speaking children.
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Acoustic analysis has been used to evaluate the
intelligibility of articulation for many decades.”
Acoustics is the study of sound.® It compensates for
the subjective deficit of perceptual measures by
quantifying speech sound to several acoustic para-
meters. Acoustic parameters in vowels include vowel

duration, fundamental frequency, formant frequen-
cies, vowel space, and spectral-envelope variabili-
ty.2d

Resonant frequencies of the vocal tract are
called formants. Different shapes and dimensions of
the vocal tract cause different formants.** According
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to the tube-resonator model, resonant frequencies are
inversely related to tube length. The vocal tract is
like a tube that opens at one end and closes at the
other. It starts from the glottis and ends at the lip.
The vocal tract can be further separated into three
large resonating cavities by the separation of the ele-
vated tongue and soft palate. These are the anterior
oral cavity, posterior oropharyngeal cavity and nasal
cavity.? In vowel production, the soft palate is low-
ered and the nasal cavity is not opened. The major
determinants of formants of vowels are the anterior
oral cavity and posterior oropharyngeal cavity.?

One classical description of the articulation-
acoustic relationships of vowels was made by
observing first formant frequency (F1) -second for-
mant frequency (F2) diagrams and the highest posi-
tion of the tongue in the back-front and low-high
dimensions from X-ray findings: F1 decreased as the
tongue elevated and F2 or F2-F1 increased as the
tongue advanced.“> The posterior oropharyngeal
cavity lengthened as the tongue elevated, while the
oral cavity shortened as the tongue advanced.“”
Further cavity-acoustic relationships were interpreted
as F1, correlated negatively with the length of the
back of the oropharyngeal cavity and F2 or F2-F1,
correlated negatively with the length of the front of
the oral cavity.**” Although these relationships over-
simplified the acoustic expressions of the compound
resonator system in the vocal tract, they still widely
used now.>*®

Vowel space is a measurement of the size
formed by the extreme vowels in the F1/F2 space.
The extreme vowels in Mandarin are /i/, /u/ and /a/.”
Reduction in vowel space is considered to exist in
many dysarthric speakers such as those who have
amyotrophic lateral sclerosis,'” closed head trauma‘”
and cerebral palsy.”

With the increased availability of low-cost soft-
ware that can exploit analysis of speech, acoustic
analysis had been well incorporated into clinical
evaluation and management of children with speech
disorders. Acoustic studies of speech are variable in
children because of their continuously developing
articulator structure."”? Some studies have dealt with
the development-related anatomical and physiologi-
cal changes in speech-related structures."*'> Many
researchers have also concentrated on acoustic and
functional developmental changes in English- speak-
ing children."'*"® However, there are no studies
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which have investigated the developmental changes
in acoustic features in Mandarin-speaking children in
Taiwan. The aim of this study is to investigate devel-
opmental changes in vowel production in Mandarin-
speaking children in Taiwan using acoustic study
analysis. The data provided in this study may help
clinicians understand the mechanism in speaking
vowels in children with normal development.

METHODS

We recruited children 5 to 12 years old with nor-
mal development in this study. The inclusion criteria
were that the child was a native Mandarin-speaker
and had adequate intelligence in performing the
speech-recording tasks based on the experimenter’s
observations. Children were excluded from the study
if they had documented problems with voice, lan-
guage, hearing, development, the neurological sys-
tem or the respiratory system. A total of 22 children,
11 boys and 11 girls, were recruited in this study. All
children received acoustic analysis.

The speech materials consist of 6 high-frequen-
cy dissyllabic words in Mandarin (three corner vow-
els /i/, /a/, and /u/ X 2 variants). The dissyllabic
words were arranged as consonant-vowel-consonant-
vowel (/CVCV/) and the target vowel was placed in
the first syllable for ease of acoustic analysis. Each
word had its phonetic transcription at its side.

The subject was seated in a quiet room. Each of
the 6 words was printed on a card. A microphone
was placed on a table in front of the subject’s lip.
The distance between the subject’s lips and the
microphone was approximately 15 cm. The record-
ing system consisted of an IBM ThinkPad 570E lap-
top computer and one general extra microphone. The
model of the sound card of the IBM ThinkPad 570E
was CS 4280. The subjects were asked to read the
words on the card aloud at a normal speaking rate. If
any word was unfamiliar, the experimenter would
explain the word or ask the subject to try to read it
with the assistance of its phonetic transcription. No
modelling of the sound production was provided by
the experimenter.

The digitized acoustic recordings were submit-
ted to acoustic analysis. Speech analysis software,
Pratt signal processing software,'” was used to ana-
lyze these speech samples. F1 and F2 were identified
by finding the steady part of the formant bars on
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wide band spectrograms and by using the auto-track-

Table 1. Subject Data

ing program. The vowel space area was calculated as Boys Girls

the absolute value of {[Fli*(F2a—F2u)-+ (n=11) =11y Pvale

Fla*(F2u-F2i)+Flu*(F2i-F2a)]/2}.” Speech sam-

ples of 6 participants were randomly selected for Age (years) 9.09+2.12 7824218 0.181

inter-rater and intra-rater reliability measurements. Body height (cm)  127.67+14.14  124.44£1528  0.649
Differences between boys and girls were deter- Body weighty (kg)  28.44+7.00 28224851 0953

mined by the Wilcoxon ranksum test. The Pearson
correlation test was used to examine the inter-rater
and intra-rater reliability measurements from the
speech samples. Spearman’s rho correlation test was
used to determine the relationships of age, body
weight and body height with acoustic parameters. A
value of p < 0.05 was considered statistically signifi-
cant.

RESULTS

There were no significant differences in age,
body height and body weight between the boys and
the girls in this study (Table 1). The reliability test
showed the speech samples from the 6 participants
had high inter-rater (r = 0.874, p < 0.001) and intra-
rater reliability (r = 0.999, p < 0.001).

The F1 values of the three vowels were different
among these children, with the highest values for the
vowel /a/, then the vowel /u/, and the lowest for the
vowel /i/ (Table 2). There were similar F2 values for
the three vowels in boys and girls (Table 2). The F1

Values are expressed as mean % standard deviation.

value of the vowel /i/ showed a significant difference
between boys and girls in the Wilcoxon rank-sum
test. The F1 value of the vowel /i/ was significantly
higher in girls than in boys (p = 0.013) (Table 2).
There was no significant difference of the F1 values
of the vowels /u/ and /a/ between boys and girls
(Table 2). The F2 values of all three vowels (/i/, /u/,
and /a/) did not show significant differences between
boys and girls (Table 2). The F2-F1 values of the
three vowels also showed no significant differences
between boys and gitls (Table 2).

Spearman’s correlation analysis demonstrated
that the F1 value of the vowel /i/ was negatively cor-
related with age (rtho = —-0.601, p = 0.003) and body
height (tho = -0.478, p = 0.045). However, it was not
correlated with body weight (Table 3). The F1 values
of the vowels /u/ and /a/, and the F2 and F2-F1 val-
ues of the vowels /i/, /u/, and /a/ showed no signifi-

Table 2. Acoustic Parameters of Three Vowels in Boys and Girls

Boys (n=11) Girls (n=11)
Vowel
Median Range Median Range
F1 (Hz) il 360 320-506 458 358-548 0.013"
fu/ 497 386-563 531 460-642 0.133
/a/ 845 670-995 815 666-1058 0.699
F2 (Hz) fil 1335 1128-2014 1357 1048-2342 0.847
fu/ 1326 1099-1538 1337 1053-1544 0.748
fa/ 1338 1251-1472 1278 1227-1411 0.171
F2-F1 (Hz) fi/ 954 793-1654 895 644-1841 0.652
fu/ 816 581-986 780 670-990 0.699
/a/ 503 270-627 481 257-731 0.797
Vowel space (Hz*Hz) 34127 714-208576 13312 305-337996 0.270

*:p<0.05
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Table 3. Correlation Coefficients of Acoustic Parameters of Three Vowels and Subject Data
F1 F2 F2-F1 Vowel
/a/ fi/ Ju/ /a/ i/ Ju/ /a/ [i/ Ju/ space
Age
rho -0.14  -0.60" -0.22 -0.08 -0.27 -0.20 0.05 -0.16 -0.13  -0.18
95% CI L -0.30 -0.82 -0.59 -0.48 -0.62 -0.57 -0.42 -0.52 -0.52  -0.56
0.53 -0.24 0.22 0.36 0.17 0.24 0.43 0.31 0.31 0.27
Height
rho -0.21 -0.48"  -0.17 -0.08 -0.2 -0.15 0.09 —-0.06 -0.07 -0.08
95% CI L -0.58 -0.75 -0.55 -0.49 -0.65 -0.53 -0.35 -0.49 -0.49 -0.49
0.24 0.07 0.27 0.35 0.12 0.29 0.49 0.35 0.35 0.35
Weight
rho -0.06  -0.25 0.05 -0.32 -0.33 0.19 -0.23 0.30 0.20 -0.25
95% CI L -047  -0.60 -0.38 -0.65 -0.66 -0.24 -0.59 -0.64 -024 0.1
U 0.37 0.20 0.46 0.12 0.10 0.57 0.22 0.14 0.57 0.19

Abbreviations: CI: confidence interval; L: lower limit; U: upper limit; *: p < 0.05; ¥: p < 0.01.

cant correlations with age, body height or body
weight (Table 3).

The vowel space areas varied a lot among these
normal children (Table 2). There were no significant
differences between boys and girls. Vowel spaces
were not correlated with age, gender, body height or
body weight (Table 3).

DISCUSSION

In this study, the F1 value of the vowel /a/ was
the highest among these three vowels, followed by
the vowel /u/ and the vowel /i/. The reason, perhaps,
is that the F1 value has a negative relationship with
the posterior oropharyngeal space in pronouncing
vowels.*%” The posterior oropharyngeal space is
longest in pronouncing vowel /i/, next longest when
pronouncing the vowel /u/, and the shortest when
pronouncing the vowel /a/. When uttering the vowel
/i/, the anterior oral cavity becomes very short and
the posterior oropharyngeal space is much elongated
as the tongue advances and the tongue root ele-
vates.®*> The vowel /a/ is articulated with the tongue
depressed and protracted, the oral cavity lengthened
and the posterior oropharyngeal cavity shortened.®*
The posterior oropharyngeal cavity is also somewhat

elongated when pronouncing the vowel /u/ by raising
the tongue root.**

We found the F1 value of the vowel /i/ in boys
was significantly lower than in girls. These finding
suggests that the posterior oropharyngeal space in
boys is longer than in girls when pronouncing the
vowel /i/. This finding is compatible with
Greenberg’s study which used magnetic resonance
imaging (MRI) techniques in 200 children and found
the oropharyngeal distance was longer in boys than
in girls.®”

In this study, the F1 value of the vowel /i/ was
negatively correlated with the children’s age and
body height. However, the F1 values of the other
vowels (/u/ and /a/) had no significant correlation
with age. These results are compatible with Eguchi
and Hirsh’s study in which a linear tendency in an F2
versus F1 plot appeared only in the vowel /i/ as chil-
dren developed, while the linear changes were quite
poor in other vowels.?” Using MRI, Vorperian et al.
suggested that the increase in vocal tract length
throughout development is predominantly due to
growth of the posterior pharyngeal structures.?” The
pace of development for learning to produce and to
coordinate articulatory gestures is not uniform.“? F1
values are not only influenced by physical elongation
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during child development but also by different artic-
ulatory gestures in pronouncing vowels. Children
may use different articulatory gestures in compensat-
ing for the gradually elongating posterior pharyngeal
cavity in pronouncing different vowels.

We found the F2 and F2-F1 values of all three
vowels (/i/, /a/ and /u/) had no association with age
and gender. F2 and F2-F1 values are thought to be
associated with the anterior oral space.**” The ante-
rior oral space is relatively small compared to the
posterior oropharyngeal area and it elongates slightly
during children development."> Therefore, the reason
that F2 values do not change with age may result
from limited anterior oral space elongation during
child development.

In our study, the vowel space showed no signifi-
cant change with development in these children. In
addition, there was a great divergence in vowel space
size among these children. These findings suggest
that the vowel space area does not absolutely reflect
the relative clarity in normally developing children
with relatively good intelligibility. Previous studies
found reduced vowel space was an index correspond-
ing with impaired intelligibility.®*» However, an
absolute value of the vowel space area was not
uniquely associated with a given intelligibility esti-
mate.® All children in this study were older than 5
years with relatively good intelligibility, although
younger children often have less intelligibility than
older children. Therefore, the vowel space did not
change with age in the subjects in this study.

This study is a primitive study of acoustic analy-
sis in Mandarin-speaking children. Investigations of
more case numbers of children with normal develop-
ment are needed in further studies. Future studies
should focus on acoustic features in Mandarin-speak-
ers with speech disorders of different etiologies such
as cerebral palsy and specific language impairment.

Conclusions

The F1 value of the vowel /i/ in boys was signif-
icantly lower than in girls. It was correlated negative-
ly with age in developing children. Other acoustic
parameters used in this study were not associated
with age or gender. The F1 acoustic parameter has
developmental and gender changes in vowel produc-
tion in Mandarin-speaking children. The data provid-
ed in this study can give clinicians references for
acoustic assessment of Mandarin-speaking children.
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