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� This study investigated the developmental pattern of VOT in pre-adolescent children.
� VOT characteristics of the voiceless stop consonants /p, t, k/ were studied.
� VOT is not associated with gender, but decreases significantly with age.
� VOT value changed as a function of the place of articulation and the characteristics of the following vowel.
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1. Introduction

Voice onset time (VOT) is defined as the interval between the
release of an oral constriction (acoustically marked by a noise burst)
and the onset of voicing (acoustically marked by the onset of pe-
riodic voicing) [1,2]. When the stop consonant is released prior to
voice onset, the VOT is considered to be positive, while voicing
onset that precedes the release is considered negative VOT. The
stop consonants /p, t, k/ are known as voiceless because the vocal
cords produce no voicing during the articular closure, and /b, d, g/
are stop consonants that are voiced. Because speech production
includes the temporal coordination of respiratory, laryngeal, and
orofacial muscle activities, the release of vocal tract occlusion and
the initiation of glottal vibrations have to be properly adjusted
during the production of stop consonant-vowel sequences. Thus,
VOT can be considered a measure of the temporal coordination of
the underlying successive articulatory gestures.

VOT values vary as a function of place of articulation: (1) /p/ and

/b/ that are produced with the constriction at the lips (bilabial), (2)
/t/ and /d/ that are produced with the constriction of the blade of
the tongue against the ridge behind the upper teeth (alveolar), and
(3) /k/ and /g/ that are produced with the constriction of the back of
the tongue against the back of the roof of the mouth, the soft palate
(velar). Bilabial VOTs are consistently shorter than velar and alve-
olar, but there appears to be some speaker variation as to whether
alveolar stops have a shorter VOT than velars [3] or whether they
are the same [4]. Besides the place of articulation, VOT can change
as a function of the identity of the following vowel, speaking rate,
lung volume, and age [2,5e7].

In relation to gender the results are conflicting, with some
studies reporting a difference between sexes [8e10], and others not
showing a significant gender effect on VOT [11,12]. Because VOT
reflects the temporal control between the larynx and the lips,
tongue and jaw, the examination of VOT patterns in children pro-
vides us with information on how this temporal parameter of
speech is acquired and mastered as a function of development
[13,14].

VOT has also received a good deal of attention from speech re-
searchers in that it has proven to be a useful parameter for speech
pathologists. VOT has been investigated in a range of motor speech
and language disorders [15e24]. For speech and language thera-
pists, a major clinical goal of VOT analysis in speech and language
disorders is to establish a correlation between the acoustic abnor-
malities and the phonetic perturbations, or/and disturbances in
phonological planning. VOT disruptions seem to occur in dysfunc-
tions of the basal ganglia and the anterior language zones. Either all
these cerebral structures, i.e., frontal cortex, cerebellum, and basal
ganglia, interact during the computation of temporal relationships
or a variety of pathomechanisms result in similar deviations of VOT
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[16].
Several studies of the acoustic characteristics of European Por-

tuguese (EP) have been published, although the studies on VOT
characteristics are scarce [25e29]. Moreover, the majority of the
participants were adults. The main purpose of this study was to
study the VOT changes as a function of gender and age, and to
contribute to the knowledge of the VOT characteristics of the stop
consonants /p, t, k/ in children with EP as mother tongue.

2. Methodology

2.1. Participants

Four groups of participants from one school in Faro were
recruited to the study: Group I (n ¼ 24; 5e6 years; mean age 5.5
years); Group II (n ¼ 14; 7e8 years; mean age 7.1 years); Group III
(n ¼ 14; 9e10 years; mean age 9.4 years). Equal numbers of boys
and girls participated in each age group. In all cases, the subjects:
(1) had no history of neurological or sensory-motor impairment
which would affect articulation, phonation, and/or respiration, as
judged by the class teacher; (2) were monolingual speakers of
European Portuguese; (3) had no speech or language impairments
as judged by TALC [30], GOL-E [31], and TAV [32]; (4) had no
hearing problems as judged by an audiologist, and (4) volunteered
to participate in the study with parental consent.

2.2. Speech stimuli

All subjects produced three repetitions of each of the voiceless
stop consonants /p, t, k / in a syllable initial position, followed by
the vowels /a/, /i/, and /u/. The corpus contained nine disyllabic
words that were produced within the frame sentence Diga___por
favor [25,26] to produce speaking rates more nearly in line with
conversational speech. The phrases and target stop consonants
were elicited from the children in a randomized order using a
repetition task. A repetition task was chosen because the study
included very young children without reading abilities. In sum, a
total of 1404 items (52 speakers � 3 vowels � 3 consonants � 3
repetitions) were produced. The children’s speech samples were
collected at pre- and elementary school facilities in the least dis-
tracting environment possible. Data were recorded using a wireless
system that included a handheld microphone (SHURE SM58; USA)
located 10 cm in front of the subject’s mouth, and a diversity
receiver (T4A-PR; USA). Data were recorded using a laptop com-
puter (Toshiba Satellite C850; Germany). All vocal recordings were
digitized at a sampling rate of 44.1 kHz a resolution of 16 bits and
saved in WAV-format, using Audacity 2.0.2, a freeware program
(GNU General Public License/GPL).

2.3. Measurements

Measurements were made of VOT in EP plosives followed by
vowels in word-initial position in stressed syllables. VOTs were
measured by marking off the interval between the release of the
stop and the onset of glottal vibration [35]. Lag time measurements
were taken using the length from the burst to the instant in time at
which the second formant intensity becomes characteristic for a
vowel in the spectrogram. In the case of multiple bursts, the first
burst was chosen as the beginning of VOT value. In the cases where
VOT was unclear, e.g. presence of background noise, the speech
sample was discarded. All samples were labelled manually in the
digitized sound wave using the computer program Praat (GNU
General Public License/GPL).

To ensure consistency in the VOT measurements, a test of inter-
rater reliability was carried out. Reliability measures were

conducted by randomly selecting data from different age groups for
reanalysis by a second rater. A Pearson’s product-moment corre-
lation was used to calculate the level of inter-rater reliability. A
significant correlation coefficient (r ¼ 0.940; p ¼ 0.000) demon-
strated a high level of inter-rater reliability.

2.4. Statistical analysis

A t-test was used to establish the differences between VOT
values of boys and girls. A one-way ANOVA was used to study the
change of VOTwith age, place of articulation, and the identity of the
following vowel. Whenever an overall significant difference in
group means was obtained, the Bonferroni’ method was used to
make a pairwise comparison of VOT means. All statistical analyses
were carried out using IBM SPSS for Windows, version 22.0 (SPSS,
Inc, Chicago, IL). Significance was set at p < 0.05.

3. Results

The results showed that children from all age groups had a
positive VOT when producing the voiceless stop consonants. Re-
sults show that the EP voiceless stops /p t k/ are unaspirated, as in
French, Spanish, Italian and many other Romance languages [34].
The influence of gender, age, place of articulation and the identity of
the following vowel on VOT mean values were investigated.

3.1. Influence of gender

Gender differences were analyzed using a t-test (Table 1). In
most instances (79%), the mean VOT values did not differ signifi-
cantly between boys and girls. Therefore, the two groups were
considered to be from the same population, and the data from the
two groups were combined for the subsequent analyses.

3.2. Influence of age

The VOT means and 95% confidence intervals for the stop con-
sonants /p/, /t/ and /k/ are illustrated in Figs. 1e3, respectively.
Studying the effect of age on the values of VOT, the bilabial stop
consonant /p/ showed the same pattern whatever the identity of
the following vowel (Fig. 1). A one-way ANOVA revealed a signifi-
cant main effect of age for syllables /pa/ (F(2,149) ¼ 17.45; p-
value ¼ 0.000), /pi/ (F(2,139) ¼ 47.87; p-value ¼ 0.000), and /pu/
(F(2,128)¼ 12.26; p-value¼ 0.000). Pairwise comparisons between
means using the Bonferroni adjustment revealed that, for all syl-
lables, there were no significant differences between the VOT
means of Group I (5e6 years old) and Group III (9e10 years old).
However, significantly lower VOTmeans were obtained for Group II
(7e8 years old).

The effect of age on the values of VOT of the stop consonant /t/
was also studied (Fig. 2). For syllable /ta/ the pattern is similar to
that described for the stop consonant /p/. A one-way ANOVA
revealed a significant main effect of age (F(2,142) ¼ 11.75; p-
value ¼ 0.000), and pairwise mean comparisons using the Bon-
ferroni adjustment revealed that Group I is not significantly
different from Group III, but both are significantly higher than
Group II. For the syllables /ti/ and /tu/ VOTmean decreases with age
although the differences were significant for syllable /tu/
(F(2,155)¼ 3.95; p-value¼ 0.021) but not significant for syllable /ti/
.

Studying the effect of age on the values of VOT for the stop
consonant /k/ showed that syllable /ka/ does not change with age,
but /ki/ and /ku/ decrease significantly with age (F(2,145) ¼ 25.54;
p-value ¼ 0.000 and F(2,119) ¼ 3.99; p-value ¼ 0.021, respectively).
Bonferroni post-hoc tests showed, in both cases, that a significant
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