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ABSTRACT

The present study examined the acoustic features of
stop consonants in Mandarin-speaking children with
cochlear implants (Cls). The speakers included 22
children with normal hearing (NH) and 35 children
with Cls regrouped into chronological age-matched
(CA) and hearing age-matched (HA) subgroups. The
speech material was Mandarin disyllabic words
including six Mandarin stops (/p, t, k, p", t", k")
followed by different vowels. The VOT, AVOT,
normalized amplitude, and F2 onset were measured
and compared between the NH children and each of
the CIl subgroups. The results revealed that the
children with Cls, regardless of CA or HA, showed
no difference from the NH controls on the VOT and
AVOT. However, both CI subgroups produced lower
amplitude for aspirated stops than the NH controls.
Both CI subgroups followed the NH pattern of F2
onset varying as a function of place of articulation. In
sum, Mandarin-speaking children with Cls have
developed NH-like temporal and spectral features for
stops but their respiratory control for stop production
has not fully matured.
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1. INTRODUCTION

Phonological studies on normally developing
children suggest that stops emerged very early and
most children produce acceptable stops by three years
of age [1-3]. However, detailed investigation of stop
acoustics in normally developing children reveals that
the refinement of articulatory and laryngeal
sequences for stop consonants is a gradual process,
which shows a continuing development after three
years of age [4-6]. For the hearing-impaired
population especially children with severe-to-
profound hearing loss since birth, accurately
producing speech segments is challenging. Regarding
the production of stops, deaf children show deviation
from the phonological system rather than individual,
isolated speech errors in stop productions [7].
Congenital deaf speakers show highly variable and
less contrastable voicing features for English stops [8,
9]. Meanwhile, they tend to use alternative features to
produce phonological/phonetic contrasts [10, 11].
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With the facilitation of auditory prosthesis,
children with Cls show an acquisition order for
consonant and vowel inventories comparable to NH
children [12]. Among different types of consonants,
stops are one of the most frequent and predominant
manner of articulation in children with Cls [13, 14].
Acoustically, the change in hearing status introduced
by Cls exerts an observable influence on the acoustic-
phonetic characteristics of stops in CI users. Some
researchers reported enlarged voiced-voiceless
contrast represented by the VOT change post-
implantation [15], adjusted VOT values in
accordance with the change of syllable duration [16],
increased voicing lead for voiced stops [17], and the
NH-like production of VOT in most pediatric Cl
users [18]. Some researchers found that although
early emerged and frequently used, the speech
behaviors including articulatory and phonatory
gestures of stop consonants in children with Cls still
deviate from NH children after a certain period of
device use [19, 20].

Extending from the previous studies that focused
on the detailed speech characteristics of speech
productions in English-speaking children with Cls
[18, 21], The present study aims to characterize the
acoustic profile of stop consonants in Mandarin-
speaking children with Cls. Mandarin stops are
produced at bilabial, alveolar, and velar places,
similar to English stops. But Mandarin stops are
characterized by aspirated-unaspirated distinction,
different from the voiced-voiceless contrast in
English. Despite the distinctive phonological
labelling of the voicing feature, the phonetic
representations of word-initial stops in these two
languages are both reflected in short-lag vs. long-lag
contrast along the VOT continuum. Given the
phonological differences and phonetic similarities
between Mandarin and English stop systems, we
wondered whether the prelingually deafened
Mandarin-speaking children with Cls, after a certain
period of device use, develop NH-like acoustic
features in stop production.

2. METHODS
2.1. Participants

The speakers included 57 Mandarin-speaking
children (22 children with NH and 35 children with
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Cls) recruited from the Beijing area, China. The
children with NH (13 girls and 9 boys) were all aged
between 3.25 and 10 years old (M = 6.17 yrs, SD =
1.69 yrs). None of them was reported as having any
speech, language, or developmental issues. The
children with Cls (16 girls and 19 boys) aged between
3.77 and 15 years old. They were prelingually
deafened and all received unilateral implantation at
ages between 1.08 and 9.42 years with the length of
device use ranging between 0.08 and 9.49 years. To
match with the children with NH, the children with
Cls were assigned to chronological age-matched
(CA) and hearing age-matched (HA) groups. The CA
subgroup included 26 children aged between 3.77 and
10.0 years old (M = 7.08 yrs, SD = 1.67 yrs). In the
HA subgroup, there were 26 children with the hearing
age ranging between 3.33 and 9.49 years (M = 6.12
yrs, SD = 1.88 yrs). Note that the children with Cls
were all prelingually-deafened, the influence of pre-
surgery acoustic experience from hearing aid, if any,
should be very limited. Therefore, we regarded the
length of CI use as their hearing age. Some children
with Cls were assigned to both subgroups because
their chronological age and hearing age were both
within the age range of the NH controls. Independent
sample t-test revealed no significant group difference
in age (both p > 0.05) between NH and CA and
between NH and HA children.

2.2. Speech materials

All participants were recorded producing a list of 18
Mandarin disyllabic words containing six Mandarin
stop consonants /p, t, k, p", th, k"/ each followed by
three vowels /a, i, u/, respectively. Note that the vowel
[il was substituted with /x/ for velar stops /k, k"/ due
to the phonotactic constraints in Mandarin. The target
stop sounds all occurred at the word-initial position in
the first syllable. The selection of these Mandarin
words considered the vocabulary size of young
children and the picturability of the target words. By
virtue of the same consideration, the tone
environment was not strictly controlled.

2.3. Recording

Speech recording was conducted through a visual-
auditory paradigm in a quiet room or sound-treated
auditory booth. Each participant was seated in front
of a laptop computer with which the pictures
representing the target words were presented on the
screen in random order. An audio prime was then
played and the participants were asked to repeat the
target word. The speech samples were recorded
through a digital recorder with a 16-bit quantization
rate and 44.1 kHz sampling rate. All recorded speech
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samples were transferred to a desktop hard disk with
the same quantization rate and sampling rate. The
speech samples were then segmented into individual
words using a spectrographic analysis program
(Adobe Audition 3.0) and saved as separate .wav
files.

2.4. Acoustic measurements

The productions that were identified as stop sounds
were subject to acoustic analysis. The acoustic

measures included VOT, AVOT, normalized
amplitudes, and F2 onset. The landmark locations of
each token including the burst onset, stop

offset/vowel onset, and vowel offset were determined
by the observation of spectrograms with the
assistance of waveform using the digital audio editing
program (Adobe Audition 3.0). VOT was measured
as the time interval from the release of oral occlusion
to the onset of voicing [22]. Because Mandarin stops
are all voiceless stops, the onset of voicing was
defined as the start of the periodicity of the following
vowel. AVOT was calculated for the aspirated-
unaspirated pair in each place of articulation followed
by each vowel. This measure indexes the magnitude
of aspirated-unaspirated contrast. Normalized
amplitude was calculated to examine the airflow
control. To calculate normalized amplitude, the root-
mean-square (RMS) amplitude of the stop and the
RMS of the following vowel were calculated, then the
difference in dB between these two segments was
computed. To measure F2 onset, a vowel analysis
program TF32 [23] was used to extract formant
tracks. A manual correction was implemented when
errors occurred in formant extraction. Then, the
frequency of F2 onset was measured at the start point
of the vowel periodicity. Considering that the
participants in the present study varied in
chronological age, the F2 values were converted to z
scores for each individual speaker [24] to minimize
the influence of vocal tract size on the formant values.
To ensure ease of interpretation, the z scores were
rescaled to Hz-like values following the methods in
Thomas and Kendall (2007) [25]. Note that only /a/
and /u/ vowels were used for the analysis of F2 onset
because they are the common vowel context used for
all six stops.

3. RESULTS

Fig. 1 presents the VOT of NH children and two CI
subgroups for each stop. All three groups of children
produced longer VOTSs for the aspirated stops than the
unaspirated stops. Of the three places, the NH
children produced longer VOT for both unaspirated
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Fig. 1. Box plot showing the VOT of each Mandarin stop
in the NH, CA, and HA children.
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and aspirated velar stops. The two CI subgroups
showed similar place patterns only for the unaspirated
stops. A Linear Mixed-Effects Model (LMM) was
used to examine VOTSs between the NH children and
each CI subgroup, respectively. The factors including
children’s group (NH vs. CA or NH vs. HA), place of
articulation, and aspiration were set as fixed effects
and the subject was set as a random effect with a
random intercept for the subject included. For the
NH-CA comparison, the results revealed a significant
place difference (F(2, 223.9) = 4.77, p = 0.009) and
aspiration difference (F(1,223.7) = 1187.3, p <
0.0001) and a place by aspiration interaction (F(2,
223.4) = 3.78, p = 0.024). For the NH-HA
comparison, the results revealed a significant place
difference (F(2, 224.6) = 6.67, p = 0.002) and
aspiration difference (F(1,224.4) = 1523.2, p <
0.0001) and a place by aspiration interaction (F(2,
224.1) = 5.07, p = 0.007). No significant group
difference or group-related interactions were found
for both comparisons.

The AVOTs across vowel context are shown in
Fig. 2. The data were fitted with an LMM in which
the children’s group (NH vs CA, NH vs HA) and
place of articulation were set as the fixed effects, and
the subject was set as a random effect with a random
intercept for subject included. For the comparison
between NH and CA, the results revealed no
significant group or place difference. For the
comparison between NH and HA, there was a
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Fig. 2. Box plot showing the AVOT for the bilabial,
alveolar, and velar stops in the NH, CA, and HA children.
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Fig. 3. Box plot showing the normalized amplitude of each
Mandarin stop in the NH, CA, and HA children.

significant place difference (F(2, 86.8) = 4.3, p =
0.016) but no significant group difference.

Fig. 3 presents the normalized amplitudes of the
six Mandarin stops collapsed across vowel contexts
in the NH and two CI subgroups. The children with
NH showed a higher amplitude for aspirated stops
than unaspirated stops and the velar stops were
produced with lower amplitudes than the other two
places. Both CA and HA subgroups followed the NH
pattern varying with the place of articulation, but they
produced lower normalized amplitude than the NH
controls, especially for the aspirated stops. An LMM
was implemented to compare the normalized
amplitude between the NH and each CI subgroup,
respectively. For the NH-CA comparison, the results
revealed a significant group effect (F(1, 46.6) = 6.83,
p = 0.012), place effect (F(2, 222.8) = 23.65, p <
0.001), and aspiration effect (F(1, 222.6) = 14.18, p <
0.001). Meanwhile, the results revealed a significant
group by aspiration interaction (F(1,222.6) = 5.42, p
= 0.021) and place by aspiration interaction (F(2,
222.4) = 9.12, p < 0.001). For the NH-HA
comparison, the results revealed a significant group
effect (F(1, 46.5) = 4.10, p = 0.049), place effect (F(2,
223.4) = 20.83, p < 0.001), and aspiration effect (F(1,
223.2) = 11.51, p < 0.001). Meanwhile, the results
revealed a significant group by aspiration interaction
(F(1,223.2) = 8.29, p = 0.004) and place by aspiration
interaction (F(2, 223.0) = 6.82, p = 0.001).

Fig. 4 shows the F2 onset of the six stops followed
by the vowels /a/ and /u/ in the NH group and two ClI
subgroups. All children, NH or CI alike, produced
higher F2 for both /a/ and /u/ following the
unaspirated alveolar stop /t/. An LMM was used to
compare the group difference in F2 onset in /a/ and
{ul contexts, respectively. In the /a/ context, the NH-
CA comparison yielded a significant place (F(2,
203.5) = 14.130, p < 0.001) and group effect (F(1,
47.0) = 6.76, p = 0.012) and a significant place by
aspiration interaction (F(2, 202.8) =10.79, p <0.001).
The NH-HA comparison yielded a significant place
effect (F(2, 206.9) = 15.18, p < 0.001) and place by
aspiration interaction (F(2, 206.04) = 8.50, p <0.001).
In the /u/ context, the NH-CA comparison yielded a
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Fig. 4. Box plot showing F2 onset for each Mandarin stop
followed by /a/ (top) and /u/ (bottom) in the NH, CA, and
HA children.

significant place (F(2,188.4) = 36.04, p < 0.0001) and
aspiration effect (F(1,190.7) = 19.23, p < 0.0001) and
a significant place by aspiration interaction
(F(2,187.7) = 16.66, p < 0.001) but no significant
group effect or group related interactions. The NH-
HA comparison yielded significant place (F(2, 194.7)
= 5891, p < 0.0001) and aspiration -effects
(F(1,196.4) = 35.74, p < 0.0001) but no significant
group effect. AIll two-way interactions were
significant (all p < 0.05).

4. DISCUSSION

VOT is the “acoustic result of laryngeal-oral
coordination reflected in the temporal domain”
(p.1336, [26]). Lane and colleagues (1994) [16]
reported that postlingually deafened CI users
modified the VOT values for English voiced and
voiceless stops in accordance with the change in their
hearing status caused by Cls. Uchanski and Geers
(2003) [18] found that although the CI children
demonstrated greater inter-subject variations in the
VOT for English /t/ and /d/, over 60% of CI children
who used either total communication or oral
communication mode had VOTs and AVOT values
within the normal-hearing range. In the present study,
our data revealed that the CI children, regardless of
CA or HA, showed no significant difference from the
NH children on the VOT for unaspirated or aspirated
stops or the AVOT for the aspirated-unaspirated
contrasts. These results suggested that the children
with Cls approximated the NH children and could use
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the temporal features to effectively distinguish
aspiration contrasts in their stop production.

Among the tested acoustic measures, the
normalized amplitude is associated with respiratory
and airflow control during the process of occlusion
and release. Lane and Perkell (2005) [26] proposed
that the reduced aerodynamic distinction between
voiced and voiceless stops in prelingually deafened
speakers might be reflected as having higher than
normal peak flow for voiced stops while lower than
normal peak flow for voiceless stops. Other
researchers also found that deaf children produced
lower expiratory airflow than NH peers did [27]. In
this study, we observed that both CI subgroups
produced significantly lower normalized amplitude
than the NH control for the aspirated stops but
showed no significant difference from the NH
controls for the unaspirated stops. The production of
aspirated stops involves a strong airflow immediately
following the release burst, which therefore has a
higher amplitude than the unaspirated stops. Our data
suggested that the aerodynamic distinction of
amplitude between unaspirated and aspirated stops in
the children with Cls was reduced than the NH
controls.

F2 onset contains information regarding the
placement of articulation [28, 29]. Of the three places,
the alveolar stops have spectral prominence at a
higher frequency than the bilabial stops [28]. The F2
onset following the alveolar stops is normally higher
than that following bilabial stops. Our data showed
significant place difference, in particular, higher F2
onset following the alveolar stops in both /a/ and /u/
contexts in the NH group, which was consistent with
the pattern reported in previous studies. The two CI
subgroups generally followed the NH pattern of F2
onset varying as a function of place of articulation.
This finding suggested that children with Cls could
differentiate the place of articulation in their stop
production. While F2 onset reflects the articulatory
configuration of the preceding consonant, it is also
determined by the vowel target. The group difference
between the CA and NH children might be partially
accounted for by less definable vowel productions in
children with Cls [30].

In summary, our acoustic data indicated that
Mandarin-speaking children with Cls had not fully
developed NH-like respiratory control for stop
production, but they could produce NH-like temporal
features for the aspirated-unaspirated contrast and
produce distinguishable place features in their stops.
All three groups of children showed considerable
variabilities in the tested measures, which indicated
that the acoustic development of stop consonants is a
long-term process.
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