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ARTICLE INFO ABSTRACT

Purpose: This study assessed the intelligibility of obstruent consonants in pre-
lingually deafened Mandarin-speaking children with cochlear implants (Cls).
Method: Twenty-two Mandarin-speaking children with normal hearing (NH)
aged 3.25-10.0 years and 35 Mandarin-speaking children with Cls aged 3.77—
15.0 years were recruited to produce a list of Mandarin words composed of 17
word-initial obstruent consonants in different vowel contexts. The children with
Cls were assigned to chronological age—matched (CA) and hearing age—
matched (HA) subgroups with reference to the NH controls. One hundred naive
NH adult listeners were recruited for a consonant identification task that con-
sisted of a total of 2,663 stimulus tokens through an online research platform.
For each child speaker, the consonant productions were judged by seven to 12
different adult listeners. An average percentage of consonants correct was cal-
culated across all listeners for each consonant.

Results: The CI children in both the CA and HA subgroups showed lower intel-
ligibility in their consonant productions than the NH controls. Among the 17
obstruents, both Cl subgroups showed higher intelligibility for stops, but they
demonstrated major problems with the sibilant fricatives and affricates and
showed a different confusion pattern from the NH controls on these sibilants.
Of the three places (alveolar, alveolopalatal, and retroflex) in Mandarin sibilants,
both Cl subgroups showed the lowest intelligibility and the greatest difficulties
with alveolar sounds. For the NH children, there was a significant positive rela-
tionship between overall consonant intelligibility and chronological age. For the
children with Cls, the best fit regression model revealed significant effects of
chronological age and age at implantation, with their quadratic terms included.
Conclusions: Mandarin-speaking children with Cls experience major challenges
in the three-way place contrasts of sibilant sounds in consonant production.
Chronological age and the combined effect of Cl-related time variables play
important roles in the development of obstruent consonants in the CI children.
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For prelingually deafened children, the modern tech-
nology of cochlear implants (Cls) enables them to regain
partial auditory sensation and to acquire phonetic inven-
tory in a manner similar to typically developing children
(Blamey et al., 2001; Bouchard et al., 2007; Serry &
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Blamey, 1999). Numerous studies have reported improved
articulation scores and production skills with extended CI
use in children with prelingual deafness (Ertmer & Jung,
2012; Leigh et al., 2013; McCaffrey et al., 1999; Tomblin
et al., 2008; Tye-Murray et al., 1995). However, children
with CIs still demonstrate perceivable deficits in their
speech intelligibility in comparison to normal-hearing (NH)
peers (Boonen et al.,, 2020; Chin et al., 2003; Freeman
et al.,, 2017; Grandon et al., 2020; Poursoroush et al.,
2015), which is associated with the impact of delayed access
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to auditory input (Moeller & Tomblin, 2015) and the dis-
torted speech information conveyed through the CI devices
(Casserly, 2015; Grandon & Vilain, 2020).

Speech intelligibility, defined as the extent to which a
talker’s speech utterances can be understood by a listener
(Yorkston et al., 1996), is a critical measure to assess peo-
ple’s oral communication abilities and skills. Generally,
there are two approaches to evaluate speech intelligibility
in clinical populations including deaf and hard of hearing
talkers (Allison, 2020; Lagerberg et al., 2014; Miller, 2013;
Osberger, 1992). One approach is to ask listeners to rate
the overall intelligibility of spontaneous speech on an
interval scale. This method is fast and convenient to
implement, but it is based on subjective judgment that has
limited reliability. The other approach is to require lis-
teners to identify collected speech samples including words
or sentences in an open-set response format or a closed-set
forced-choice format. This approach yields a percentage
score that provides a more objective measure for robust
statistical analysis. In this study, we adopted a closed-set
phoneme identification task to assess consonant intellig-
ibility in Mandarin-speaking children with ClIs.

Consonant intelligibility at the segmental level is of
interest in this study for several reasons. First, consonant
production involves a delicate and complex coordination of
respiratory, phonatory, and articulatory gestures. The com-
plicated oromotor configurations are reflected in various
manners and places of articulation. For typically developing
children, regardless of the languages they use, consonants
are acquired later than vowel sounds (Hua & Dodd, 2000;
Locke, 1983; Templin, 1957; Vihman, 1996). Critical
changes in consonant acquisition occur between the ages of
3 and 9 years (Sander, 1972; Smit et al., 1990). Second, con-
sonants, especially high-frequency sounds such as /s/ and /f/,
pose a major difficulty in speech perception in the deaf and
hard of hearing population (Chen et al., 2020; Ching et al.,
1998; B. C. J. Moore, 2016; Qi et al., 2021; Zeng & Turner,
1990). The lack of accessibility to high-frequency sounds
results in a longer delay in the acquisition of consonant
phonemes, especially fricatives, than vowel phonemes in
deaf and hard of hearing children (Stelmachowicz et al.,
2004). Even with the assistance of a hearing prosthesis,
CI users still experience challenges in perceiving and pro-
ducing high-frequency sounds (Grandon & Vilain, 2020;
Liker et al., 2007, Munson et al., 2003; Reidy et al., 2017,
Summerfield et al., 2002; Todd et al., 2011), which has a
detrimental effect on speech intelligibility. Third, speech
problems in children are predominately caused by
consonant-involved articulation errors and phonological
processes. With reference to NH peers, children with Cls
show persistent developmental and nondevelopmental
phonological processes (Asad et al., 2018; Buhler et al.,
2007; Eriks-Brophy et al., 2013).

Consonant Production in Children With Cis

The emergence and development of a consonant inven-
tory in English-speaking children with CIs have been well
documented in the literature (Blamey et al., 2001; Chin,
2003; Iyer et al., 2017; Kirk et al., 1995; Serry & Blamey,
1999; Sundarrajan et al., 2020; Tobey et al., 1991). Most
of these studies used criteria based on the production
accuracy judged by trained listeners to determine the
acquisition of individual speech sounds. It was reported
that some children with severe-to-profound hearing loss
could produce consonants equally well as their NH peers
could or even showed a more rapid acquisition of conso-
nant inventories compared with their NH peers (Iyer
et al., 2017; Sundarrajan et al., 2020). However, many
studies revealed that children with CIs, as a group, still
showed lower production accuracy and intelligibility in
consonant production compared with their NH peers
(Connor et al., 2006; Ertmer & Goffman, 2011; Huang
et al., 2005; Tomblin et al., 2008; Warner-Czyz & Davis,
2008). Dillon and colleagues (Dillon, Cleary, et al., 2004;
Dillon, Pisoni, et al., 2004) assessed the accuracy percent-
age of consonants produced by 88 English-speaking chil-
dren with CIs using a nonword repetition task. These chil-
dren received implantation at an age younger than 5 years
old (M = 3.3) and had an average of 5.6 years (range:
3.8-7.5) of experience in implant use. The production of
20 nonwords was transcribed by two phonetically trained
listeners and scored for segment, manner, place, and voic-
ing feature accuracy. In the 76 children who produced
more than 15 of the 20 target nonwords, the overall con-
sonant accuracy was only 33%. Of all the examined places
of articulation, these children produced coronal sounds
more accurately than they did labial or dorsal sounds.
Among different manners of articulation, the children
demonstrated similar accuracy rates: 52%, 54%, 50%, and
46% for the target stops, fricatives, nasals, and liquids,
respectively. As for the voicing feature, these children
showed a similar accuracy rate for voiceless target sounds
(59%) and voiced target sounds (63%). In the 24 children
who repeated all 20 target nonwords, only 5% of non-
words were produced correctly, and the overall accuracy
for consonants was 39%.

In a more recent study by Sundarrajan et al. (2020),
the authors recruited 129 English-speaking children with
CIs who received implantation between the ages of 6 and
38 months (at time points < 12, 12-18, 19-27, and 28—
38 months) and were tested at ages 3.5 and 4.5 years. Con-
versational speech in a play session was elicited for pho-
netic transcription by speech-language pathology graduate
students. The authors found that the children who received
implantation before the age of 12 months had acquired
the majority of consonants and performed on par with the
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age-matched NH children. By contrast, the children who
received implantation between the ages of 28 and 38 months
only mastered /b/ by the age of 3.5 years and /b, p, m, j, w,
d, h, JI by the age of 4.5 years. Among different places,
the children with CIs, across all subgroups, showed the
highest accuracies for bilabial (> 78% correct) and glottal
(> 73% correct) sounds but the lowest accuracies for dental
and postalveolar sounds. In particular, the children with
CIs implanted between the ages of 28 and 38 months and
tested at 3.5 years of age only showed 25% accuracy for
dental sounds and 27.3% accuracy for postalveolar sounds.
Among different manners, the children with CIs produced
stops with the highest accuracies (all > 70% accuracy
except for the children implanted between the ages of 28
and 38 months and tested at 3.5 years of age) but produced
affricates with the lowest accuracies (< 30% accuracy for
children implanted between the ages of 28 and 38 months
and tested at both 3.5 and 4.5 years of age).

Different from the studies that recruited trained or
experienced listeners to do phonetic transcription, some
studies recruited inexperienced or untrained listeners to
judge speech performance (e.g., Chin et al., 2003; Huang
et al., 2005; McAllister Byun et al., 2015). In such studies,
listeners were usually required to rate speech intelligibility
on a scale or to write down the words or sentences they
heard. Chin et al. (2003) recruited 86 inexperienced adult
listeners to judge the connected speech samples from 51
children with CIs and 47 children with NH. The children
with CIs received implantation before 6 years of age, with
an average of 2.4 years of CI experience. Each child was
judged by three listeners, and the listeners were required
to write down everything they heard from the child. Intel-
ligibility was defined as a percentage of words correct con-
verted from the average of correctly identified words
across the three listeners. The results showed that the CI
children were significantly less intelligible than the NH
controls. Huang et al. (2005) recruited five inexperienced
adult listeners to examine the speech intelligibility of 26
Mandarin-speaking children with CIs and 26 aged-
matched NH children. The CI children were between 3.33
and 9.5 years old and received implantation between 1.08
and 7.94 years of age, with the postimplantation period
ranging from 1.17 to 3.5 years. The speech material was
composed of 37 words produced by each child. Compared
to their NH peers (42.8% correct for words, 62.2% correct
for consonants, 73.0% correct for vowels, and 75.8% cor-
rect for tones), the CI children showed much lower intel-
ligibility on all four categories (18.2% correct for words,
40.4% correct for consonants, 53.6% correct for vowels,
and 54.8% correct for tones).

In some studies, researchers recruited both untrained
and trained listeners to examine speech intelligibility and
production accuracy. In Tobey et al. (2003, 2011), 181 CI

participants were tested at 8 or 9 years of age and 110
of them were retested a few years later when they were
15.0-18.5 years old). All children received implantation
before the age of 5.33 years. The speech material con-
sisted of 36 sentences composed of three, five, or seven
syllables. Three NH adults with limited exposure to
speech from the deaf and hard of hearing population
were recruited to judge sentence intelligibility, and four
trained speech-language pathologists were recruited to tran-
scribe the speech samples for consonant and vowel produc-
tion accuracy. Results of the Tobey et al. (2003) study
showed that the speech intelligibility of the 181 CI partici-
pants was only 63.5% correct and that the accuracy of con-
sonant production was 68%. In the follow-up test reported
in the Tobey et al. (2011) study, the average speech intellig-
ibility improved to approximately 86% for the high-context
sentences and 82% for the low-context sentences. Conso-
nant production improved to 93.8% correct.

Comparison Between Mandarin and English
Consonants

Compared to the extensive investigation on speech per-
formance in English-speaking children with ClIs, only a few
studies examined the speech production and speech develop-
ment in pediatric CI users from other language backgrounds
(e.g., Croatian: Mildner & Liker, 2008; Dutch: Faes & Gillis,
2016, 2018; French: Bouchard et al., 2007; Grandon & Vilain,
2020; Israeli Hebrew: Adi-Bensaid & Ben-David, 2010; Span-
ish: J. A. Moore et al., 2006). In this study, we attempted to
examine the production of consonants, particularly obstruent
consonants, in Mandarin-speaking children with CIs. Differ-
ent from sonorants that are produced with little constrictions,
obstruents refer to sounds that have airflow obstructed during
articulation, such as stops, fricatives, and affricates. Obstru-
ents were of particular interest because their inventory size
and manner category are much larger than those of sonorant
consonants in most languages (Lindblom & Maddieson,
1988).

Mandarin has a similar size of consonant inventory
to that of English (see Table 1 for the Mandarin consonant
chart), but Mandarin obstruent consonants are character-
ized by aspirated versus nonaspirated contrast, whereas
English is characterized by voiced versus voiceless contrast.
Additionally, Mandarin sibilants have a three-way place
contrast of alveolar /s/, /ts/, and /tst/ versus alveolopalatal
fel, Itel, and /te" versus retroflex /g/, /ts/, and /ts" in both fric-
atives and affricates (Ladefoged & Wu, 1984; Li & Munson,
2016). Among the three places of the sibilant contrast in Man-
darin, alveolar sounds are the most fronted. Alveolopalatal
sounds are produced in a relatively front region between
alveolar and retroflex sounds (C.-Y. Lee et al., 2014; Li,
2008). The spectral energy of alveolar fricative /s/ can reach
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Table 1. Mandarin consonant (pinyin and IPA) phonemes organized by place, manner, and voicing features.

Place

Manner Voicing Bilabial Labiodental Alveolar Alveolopalatal Retroflex Velar
Stop Voiceless unaspirated | b /p/ d i/ g /k/

Voiceless aspirated p /p"/ t /A k /k"/
Affricate Voiceless unaspirated z /ts/ j te/ zh /ts/

Voiceless aspirated c /ts'/ q /te"/ ch /ts"/
Fricative Voiceless f/t/ s /s/ x /¢/ sh /s/ h /x/
Nasal Voiced m /m/ n /n/ ng /n/
Lateral approximant | Voiced 1/
Approximant Voiced r/r/

Note. IPA = International Phonetic Alphabet.

up to 9-10 kHz. The spectral peak of alveolopalatal /¢/ is
lower than that of /s/ but is also in a relatively high-frequency
region between 5 and 9 kHz. By contrast, retroflex sounds are
characterized by spectral energy concentration in the lower fre-
quency region between 3 and 5 kHz (C.-Y. Lee et al., 2014;
S.-I. Lee, 2011; Li, 2008). With the unaspirated and aspirated
distinction in each place of affricates, Mandarin has a total of
nine sibilant consonants. By contrast, English has a two-way
place contrast of alveolar /s/ versus palatoalveolar /f/ in frica-
tives but no place contrast in affricates (Ladefoged, 2001).
With the voiced and voiceless distinctions in each place of
both fricatives and affricates, English has a total of six sibilant
sounds /s, z, [, 3, §f, d3/. Sibilant fricatives and affricates are
acquired relatively late in both NH and CI children (McLeod
& Crowe, 2018; Serry & Blamey, 1999), and these sounds
pose audibility challenges to deaf and hard of hearing listeners.
The more complex place contrast and a greater number of sibi-
lant consonants in Mandarin provide a valuable source to
examine articulation performance and speech development in
children with CIs. The findings of the intelligibility and confu-
sion patterns of Mandarin fricatives and affricates will help
researchers and clinicians better understand the deficits of pro-
duction and perception of high-frequency sounds, which will
help guide the development of better rehabilitation approaches
in prelingually deafened children with Cls.

This Study

The primary goal of this study was to add to our
knowledge of consonant intelligibility, particularly the intel-
ligibility of word-initial obstruent consonants, in Mandarin-
speaking children with CIs. So far, there have been a few
sporadic research reports on consonant production in
Mandarin-speaking children with CIs (Y.-S. Lin & Peng,
2003; Peng et al., 2004; Yang et al., 2017). These studies,
like most research on speech performance in pediatric CI
users, adopted a routinely used approach in examining pho-
netic and phonological acquisition. The collected speech
samples were transcribed (usually in broad transcription)

by one or two experienced clinicians or phonetically trained
experimenters. Although experienced and trained listeners
may capture phonetic details and subtle differences to
which inexperienced listeners are not sensitive (Munson
et al., 2012), phonetic transcription by professionals does
not represent how naive listeners perceive speech in every-
day communication settings. Furthermore, phonetic tran-
scription is a “subjective” assessment that can be influenced
by many factors (Shriberg & Kent, 2003). Transcriptions
from one or two raters may show bias and be affected by
the rater’s experiences, even though the raters are well
trained and highly experienced.

Alternatively, in this study, we recruited 100 naive
adult NH listeners to evaluate the consonant intelligibility
of NH children and children with CIs. Distinct from previ-
ous studies that recruited naive listeners for an open-set
task to assess speech intelligibility (e.g., Chin et al., 2003;
Huang et al., 2005), we adopted a closed-set consonant
identification task. The listeners were asked to choose one
of the consonants displayed on a computer screen that best
matched what they heard. The identification responses were
used to calculate the percentage of consonants correct
across all listeners for each consonant in each child. In
addition to percentage calculation, the identification responses
were used to examine the confusion patterns of individual
consonants. Specific research questions included the following.

1.  What is the intelligibility of individual obstruent
consonants in Mandarin-speaking children with CIs,
and how does it differ from that in age-matched
NH children?

2. What is the confusion pattern of obstruent conso-
nants in children with CIs, and how does it differ
from that in age-matched NH children?

3. Does the consonant intelligibility in children with
CIs show a significant relationship with the variables
of chronological age, age at implantation, and
length of device use?
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Based on the above-cited studies on English-
speaking children with ClIs, it was expected that the intel-
ligibility of consonant production in our Mandarin-
speaking CI children would be lower than that of the NH
controls. Of the tested consonants, according to the stud-
ies on phonological acquisition in both NH and CI chil-
dren (Iyer et al., 2017; Serry & Blamey, 1999; Smit et al.,
1990), those early-acquired sounds such as bilabials and
stops would be more intelligible, but the late-acquired
fricatives and affricates would pose a greater challenge
and show lower intelligibility. Correspondingly, the
early-acquired sounds would show fewer confusions with
other consonants, whereas the high-frequency sibilants
would demonstrate greater confusions. The confusion
patterns among the fricatives and affricates were of
particular interest in this study. For the third research
question, because consonant acquisition mainly occurs in
the age range of 3-9 years in typically developing chil-
dren (Smit et al., 1990) and both age at implantation and
length of device use have been identified as two impor-
tant time-related variables for CI children’s speech-
language abilities (e.g., Connor et al., 2006; Niparko
et al., 2010), we predicted that all three time-related vari-
ables would play a role in CI children’s consonant
production.

Method
Listeners

This study included 100 native Mandarin-speaking
listeners (60 women, 40 men) aged between 17 and 44 years
(M = 23.6, SD = 8.0). All listeners grew up in China and
spoke Mandarin in their daily life. Nine of the 100 listeners
reported not coming from northern dialect (the basic dialect
of Mandarin Chinese) regions. The listeners’ dialect back-
grounds were not a concern of this study because they all
learned Mandarin after enrolling in elementary schools at
6 years of age and because all used Mandarin as their pri-
mary language in their everyday life. All listeners were
naive to the perception task, with no experience listening to
deaf or CI speech. None of the listeners reported having
speech-language, hearing, or cognitive problems. The lis-
teners were recruited by personal invitation and word of
mouth using chain-referral sampling. This study has been
reviewed and approved by the institutional review board of
the University of Wisconsin—Milwaukee.

Stimuli for Consonant Identification
The stimuli were speech productions collected from

22 children with NH and 35 children with CIs. All
speakers were recruited from the Beijing area in China

and spoke Mandarin as their primary language. The chil-
dren with NH (14 girls, eight boys) were aged between
3.25 and 10.0 years (M = 6.19, SD = 1.65). The children
with CIs (17 girls, 18 boys) were aged between 3.77 and
15.0 years (M = 8.22, SD = 2.58). The children with CIs
were all prelingually deafened and received unilateral
implantation at various ages ranging between 1.08 and
8.0 years (M = 3.30, SD = 1.55), with the length of CI
use ranging between 0.08 and 9.49 years (M = 5.04, SD =
2.50). In the children with CIs, some had no rehabilitation
or speech therapy, some received parent-guided home
practice, and others participated in formal rehabilitation.
Furthermore, those children who had rehabilitation ser-
vices varied in the content and length of their therapy pro-
gram. Therefore, the factor of rehabilitation experience
was not used as a factor in further analysis.

All tested children were asked to produce 51 Man-
darin disyllabic or trisyllabic words (see Appendix A for
the full word list) that covered six Mandarin stops /p, p",
t, th, k, k" (pinyin b, p, d, t, g, and k); five fricatives /f, s,
e, s, X/ (pinyin f, s, x, sh, and h); and six affricates /ts, tsh,
te, te, ts, ts"/ (pinyin z, c, j, q, zh, and ch). The target con-
sonants were located in the word-initial position, and each
consonant occurred in three different vowel contexts /a, i,
u/. Due to the phonotactic constraint in Mandarin, not all
tested obstruents can occur with all three vowels. In this
case, alternative vowel contexts were used. The tone envi-
ronment of the syllables containing the target consonants
was not strictly controlled, except that Tone 3 was avoided
in order to reduce the potential confounding effect associ-
ated with the deficit in Tone 3 production in children with
ClIs (e.g., Mao et al., 2020; Zhou & Xu, 2008).

All speech productions were collected in a quiet
room using an audiovisual word repetition task. For each
word, a picture was presented on a computer screen,
followed by an audio prime. Each child was required to
repeat the word immediately following the audio prompt.
The speech samples were recorded through a digital
recorder (Zoom H4n) with a 44.1-kHz sampling rate and
a 16-bit quantization rate. All recordings were transferred
to a computer hard drive and were segmented into indi-
vidual words, with the landmarks of syllable onsets and
offsets measured manually. For each word, only the first
syllable containing the target obstruents was used for the
recognition task to avoid the impact of the lexical mean-
ing of the entire word on the recognition performance.
Due to missing tokens in some speakers, there were a total
of 2,663 tokens used for the recognition test.

Consonant Recognition Procedure

The recognition task was implemented through an
online research platform (http://www.gorilla.sc). Given the
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large number of tokens, the stimuli were divided into 10
subsets. The number of child speakers contained in each
subset varied from eight to 10. Tokens from four children
(two NH and two CI) were used for all 10 subsets. The
responses of all listeners to the same four speakers were
compared to ensure consistency among listeners. The
other NH and CI children were randomized and roughly
equally assigned to each subset. Within each subset, the
presenting order of speakers was randomized, and the
tokens in each speaker were also randomized. We
regarded each speaker as a different block, and tokens
from the same speaker were presented in the same block.
Each subset was presented to multiple adult listeners, and
each listener was randomly assigned to one subset. All lis-
teners were required to conduct the test on a desktop or
laptop computer with headphones in a quiet environment.
The listeners could adjust the volume to their most com-
fortable level. Instructions and consent information were
first provided at the beginning. No written consent was
collected. Then, the listeners were asked to answer a few
questions to collect basic demographic information, includ-
ing gender, age, and language background. During the
identification test, a practice session was provided to famil-
iarize the listeners with the experimental procedure. The
tokens used for the practice trials were from a typically
developing child who was not included in the real test.

In both practice and real tests, a grid with 18 boxes
was shown on a computer screen. Seventeen buttons were
labeled with Mandarin pinyin, corresponding to the 17
tested obstruents, and one box was labeled “none of the
above.” Listeners were required to choose the button that
matched what they heard immediately after a stimulus
token was played. For each token, the listeners can listen
no more than 3 times. The average testing time for each lis-
tener was approximately 30 min. The participation was vol-
untary with no incentives provided, and the participants
could quit or withdraw at any time during the test. Only
data from the listeners who completed the entire subset
were used for further analysis. Because the listeners were
automatically assigned to a subset test, the number of
listeners varied from seven to 12 for individual speakers
(except for the four ubiquitously tested children).

Data Analysis

An overall percent-correct score across all stimulus
tokens was calculated for each of the four ubiquitously
tested children for each listener, which was then converted
into z scores. Among the 100 listeners, three listeners con-
sistently showed extremely low accuracies (> 2.58 SDs
corresponding to a 99% confidence level) for all four chil-
dren. This indicates that the three listeners failed to per-
form in good faith for the identification task. Therefore,

the three listeners were excluded, which resulted in a total
of 97 listeners used for further analysis. Next, an overall
percent-correct score across the four ubiquitously tested
children was calculated for each obstruent consonant for
each listener. These data were used to test the interrater
agreement. The 97 listeners were divided into a set of
three-listener groups (n = 32), in which each group con-
tained three different randomly selected listeners, and each
listener was only tested once. Then, an intraclass correla-
tion coefficient (ICC) was calculated for each group,
which indicated the interrater agreement among the three
listeners in that group. The average ICC of the 32 groups
was .77 (SD = 0.12, range: 0.43-0.95, with only two ICCs
< .6). This analysis suggested a relatively high agreement
among the 97 listeners.

In this study, the children with CIs showed a wide
range of chronological age and Cl-related time variables.
Although the majority of CI studies had the CI partici-
pants matched with NH controls based on their chrono-
logical age, many researchers examined the language and
speech performance of CI children with reference to hear-
ing age peers (e.g., Faes & Gillis, 2016; Geers et al., 2009;
Schramm et al., 2010) because the amount of auditory
input played a vital role in speech-language development
(Nicholas & Geers, 2006; Niparko et al., 2010; Svirsky
et al., 2000; Wie et al., 2007). In this study, the children
with CIs were assigned into two subgroups. Those whose
chronological age fell into the age range of the NH con-
trols (i.e., 3.25-10.0 years) were labeled as the chronologi-
cal age-matched (CA) subgroup, and those whose electri-
cal hearing age (i.e., duration of CI use) fell into the age
range of NH controls were labeled as the hearing age—
matched (HA) subgroup. Note that the candidacy criteria
for cochlear implantation in China are similar to those of
the United States, but the implementation of the criteria
tends to be more stringent in China. All of our children
with CIs were prelingually deafened. The influence of pre-
surgery acoustic experience from hearing aid, if there was
any, should be very limited. Therefore, the length of
electrical hearing use was defined as the hearing age of
these CI children. The CA subgroup included 26 children
aged between 3.77 and 10.0 years (M = 7.08, SD = 1.67).
The HA subgroup included 26 children with hearing age
ranging between 3.33 and 9.49 years (M = 6.12, SD = 1.88).
Some children with CIs were both chronological age— and
hearing age-matched with the NH children. Therefore,
they were assigned to both subgroups. An independent-
samples ¢ test was implemented to test group differences
in age between the NH and CA subgroups as well as
between the NH and HA groups. The results presented no
significant group difference in age (both ps > .05). None
of the NH children were reported as having communica-
tive or cognitive problems. None of the children with ClIs
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were reported as having language problems or cognitive
impairments.

For a given consonant sound produced by each child,
intelligibility was defined as the percentage correct calcu-
lated across all listeners who were assigned to identify the
stimulus tokens produced by this child. As the main pur-
pose of this study was to compare consonant intelligibility
in CI and NH children and many children with CIs were
both chronological age— and hearing age-matched with the
NH controls, the percentages were compared between the
NH group and the two CI subgroups (CA and HA) sepa-
rately. No comparison was made between the CA and HA
subgroups. The percentages were fitted with a generalized
linear mixed model (GLMM) using SPSS. The factors of
group (NH and CA or NH and HA) and consonants were
defined as fixed effects, and speaker was defined as a ran-
dom effect, with a random intercept of speakers included.
Then, a separate GLMM was used to compare the group
differences for each consonant, with the percentage scores
defined as the dependent variable, the group effect defined
as a fixed effect, and the speaker effect defined as a random
effect. Given that there were 17 comparison procedures in
this study, the traditional approach of Bonferroni correction
that controls the familywise error rate would be too conser-
vative. This study adopted a false discovery rate (FDR) con-
trol. FDR provides an alternative procedure to control for a
low proportion of false positives (Benjamini & Hochberg,
1995), which has been recommended for multiple comparisons
in health studies (Glickman et al., 2014). Based on the lis-
teners’ response data, a confusion matrix was generated
for each of the NH, CA, and HA groups to visualize the

group-level confusion patterns. The confusion matrices
were further used in a hierarchical clustering analysis
(Ward, 1963). This analysis, using Ward’s linkage algo-
rithm in MATLAB, provided perceptual clusters of the
consonants in a hierarchical structure that showed the per-
ceptual distance of one consonant to the others. The hierar-
chical clustering analysis was conducted for each of the
NH, CA, and HA groups. Finally, an overall percent-
correct score across all 17 consonants was calculated for
each child, which was used for regression analysis with the
time-related variables, including chronological age, age at
implantation, and length of device use.

Results

The percentage correct for each consonant in the
NH group and the two CI subgroups is presented in Fig-
ure 1. For all tested consonants, the productions of the chil-
dren with CIs, regardless of subgroup (CA or HA), were
perceived with lower intelligibility compared with those of
the NH children. The HA subgroup were perceived more
similarly to the NH controls, compared with the CA sub-
group. Among the three manners of articulation, the intellig-
ibility of stops in the CA and HA subgroups approached
that in the NH controls, but the intelligibilities of fricatives
and affricates in both CA and HA children were lower than
that in the NH children. Among different places of articula-
tion, the percentages of alveolar sounds, especially alveolar
fricatives and affricates, in both CA and HA children were
dramatically lower than those in the NH controls. Addition-
ally, the labiodental and retroflex sounds in the CA and HA

Figure 1. Bar plots showing the group mean and standard error of the percentage correct of individual obstruent consonants in the normal-
hearing (NH) children and children with cochlear implants assigned into chronological age—-matched (CA) and hearing age-matched (HA)

subgroups.
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children showed lower percentages than those in the NH
children. For the comparison between the NH and CA
groups, the GLMM analysis revealed significant main effects
of group, F(1, 769) = 14.16, p < .001, and consonant, F(16,
769) = 362.43, p < .0001, and a significant interaction effect
between group and consonant, F(16, 769) = 8241, p <
.0001. For the comparison between the NH and HA groups,
the GLMM results revealed significant main effects of
group, F(1, 770) = 8.68, p = .003, and consonant, F(16,
770) = 335.37, p < .0001, and a significant interaction effect
between group and consonant, F(16, 770) = 8091, p <
.0001. In the subsequent analysis for each consonant (shown
in Table 2), with the FDR of .05 being controlled for multi-
ple comparisons, the GLMM results revealed statistically
lower intelligibility for the consonants /f, s, ts, tsh, te"/ (all
FDR-adjusted ps < .05) in the CA subgroup with reference
to the NH controls. For the HA subgroup, the same five
consonants (i.e., /f, s, ts, ts", te"/) were produced with lower
intelligibility with reference to the NH controls (all FDR-
adjusted ps < .05).

Figure 2 presents the confusion pattern of the
17 obstruent consonants in the NH and CI children (see
Appendix B for confusion matrix data). Consistent with the
trend shown in Figure 1, the productions of all tested conso-
nants in the children with CIs, regardless of subgroup (CA
or HA), were less intelligible and showed a higher degree of
confusion than those in the NH group. For all three groups
of children especially the two CI subgroups, greater confu-
sion occurred among the three places of sibilants. In the NH
children, the greatest confusion occurred between the alveo-
lar and retroflex sounds. Not many confusions occurred

between the alveolopalatal sounds and the other two places,
although certain confusions occurred across the alveolopala-
tal fricatives and affricates. Similar to the NH children, the
children with CIs showed major confusions between the
alveolar and retroflex sounds. However, unlike the NH chil-
dren who had a higher percentage of retroflex sounds being
misperceived as alveolar sounds, the children with CIs,
including both the CA and HA subgroups, showed a reverse
pattern: Their productions of alveolar sounds were misper-
ceived as retroflex sounds more than retroflex sounds being
misperceived as alveolar sounds. Another major difference
between the NH group and the two CI subgroups was that
both alveolar and retroflex sounds in the two CI subgroups
were misperceived as alveolopalatal sounds, which happened
less frequently in the children with NH. The confusion pat-
terns of the two CI subgroups also differed from the NH
group in that more productions from the children with Cls
were perceived as “none of the above” in comparison to the
NH controls. These observations suggest that the three
places of sibilants produced by the children with CIs were
less identifiable in comparison to the NH group. Although
the CI subgroups and NH controls demonstrated different
features in the confusion patterns, there are some noticeable
similarities. Both the NH and CI children showed confusions
among the three places for stops and used the alveolar stops
to substitute all affricates. Furthermore, the two CI sub-
groups showed considerable confusions within the three
alveolopalatal sounds /g, te, te'/, just like their NH peers.

Figure 3 displays the hierarchical clustering of the
17 consonants in each group based on the confusion
matrix data. For all three groups, the greatest confusion

Table 2. Summary table showing the F values, the original p values of the generalized linear mixed model, and the false discovery rate
(FDR)—adjusted p values for the comparisons between the normal-hearing and chronological age-matched groups (left) and between
normal-hearing and hearing age—matched groups (right) for individual consonants. Significant differences are indicated by the asterisk.

Consonant F Original p FDR-adjusted p Consonant F Original p FDR-adjusted p
P 3.75 .059 .091 P 1.20 .280 433
p" 4.10 .049 .087 p" 1.71 .198 374
f 17.95 < .001 < .001* f 13.52 < .001 < .001*
t 2.27 139 79 t 0.16 .696 .789
th 3.30 .076 .108 th 3.65 .062 176
] 20.61 < .001 < .001* ] 12.79 < .001 < .001*
ts 26.32 < .001 < .001* ts 22.30 < .001 < .001*
ts" 24.21 < .001 < .001* tsh 19.33 < .001 < .001*
4 5.67 .022 .062 [ 1.85 .180 374
te 4.64 .037 .079 te 3.37 .073 A77
teh 11.20 .002 .007* teh 10.31 .002 .007*
s 4.02 .051 .087 s 0.10 .748 .795
ts 1.23 273 273 ts 0.02 .881 .881
tg" 5.12 .029 .070 tg" 0.82 .370 524
k 2.18 147 79 k 1.46 .234 .398
K" 1.74 .193 219 k" 0.56 459 .600
X 1.62 .209 222 X 0.27 .608 .738
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Figure 2. Confusion matrices for the recognition of consonants produced by the normal-hearing (NH; left panel) children and children with
cochlear implants subgrouped into chronological age-matched (CA; middle panel) and hearing age—matched (HA; right panel). The stimuli
are represented by the ordinate, and the group-pooled responses are represented by the abscissa. In each small square, the color repre-
sents the percentage of the stimulus—response pair. The rightmost column labeled “N” represents responses as “none of the above.”
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(represented as the shortest dissimilarity distance in each
group) always occurred between the alveolar and retroflex
sounds, that is, /s/ and /g/, /ts"/ and /tgt/, and /ts/ and
/ts/. Despite this common feature, there were differences in
the clustering patterns between the CI and NH children.
In the two CI subgroups, the alveolopalatal affricates were
clustered with the alveolar and retroflex affricates. Specifi-
cally, /te"/ showed perceptual clustering with /ts"/ and /ts"/,
and /te/ showed perceptual clustering with /ts/ and /ts/.
Meanwhile, the HA children showed perceptual clustering
of /e/ with /s/ and /g/, which resulted in consistent confu-
sions between alveolopalatal sibilants and the other two

places in this group. These observations indicated that the
children with CIs did not produce identifiable place con-
trast for the alveolar, alveolopalatal, and retroflex sounds.
By contrast, for the production of the children with NH,
there was certain perceptual clustering within the alveolo-
palatal sounds between /e¢/ and /te"/, but these two alveolo-
palatal sounds in the NH children showed a greater per-
ceptual dissimilarity from the alveolar and retroflex
sounds in comparison to the CA and HA children.
Also, the unaspirated alveolopalatal affricate /te/ did not
show considerable grouping with other consonants in the
NH children. These differences suggested that the

Figure 3. Dendrogram plot showing the hierarchical clustering of the 17 consonants based on the confusion matrix data of the children with
normal hearing (NH) and cochlear implants. The y-axis represents the dissimilarity distance calculated using Ward’s algorithm. For a given
sound, the nearest neighbor within a cluster shows the greatest perceptual similarity or confusion. Each cluster with a dissimilarity distance
shorter than 0.8 shares a color. CA = chronological age-matched subgroup; HA = hearing age—-matched subgroup.
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Figure 4. Scatter plots presenting the relations between the overall intelligibility of obstruent consonants and variables including chronologi-
cal age and cochlear implant (Cl)-related time variables for the 22 normal-hearing (NH) children and the 35 children with Cls. For the children
with Cls, linear and quadratic relationships between each variable and consonant intelligibility were presented.
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alveolopalatal sounds produced by the NH children were
perceived as less similar to the alveolar and retroflex
sounds in comparison to those produced by the CI sub-
groups. Another difference between the NH and CI chil-
dren was that the two CI subgroups showed clustering
between /t/ with /ts, ts, te/ and /t"/ with /ts®, tsh, tet/. How-
ever, for the NH children, clustering occurred among the
three aspirated stops and the velar fricative /x/.

Our last research question addressed the relationship
between time-related variables and consonant intelligibility
in the tested children. The age range of both NH and CI
children in this study was in the sensitive period of conso-
nant development (Sander, 1972; Smit et al., 1990). A linear
regression analysis was conducted for the NH children,
which showed that the NH children’s chronological age
significantly predicted the intelligibility of their consonant
production, * = .469, F(1, 20) = 17.66, p < .001. For the
35 children with CIs, three time-related variables were of
interest to us. Regression analyses were implemented to
examine the contribution of these factors to consonant
intelligibility in the CI children. Note that the CI chil-
dren’s chronological age was highly correlated with the
factor of length of device use, r = .786, p < .0001. There-
fore, these two factors were not used in the same model
to avoid multicollinearity. Meanwhile, a close examina-
tion of the data revealed that the time-related variables
and consonant intelligibility did not show a simple linear
relationship (shown in Figure 4). When running regression
models with the tested variables, the linear and quadratic
(feature nonlinear relationship) terms were included and
compared to find the best fit model. As shown in Table 3,
the best fit model included chronological age and age at
implantation, with quadratic terms added for both factors,

F(4, 30) = 4.787, p = .004. The coefficients of the best fit
model (see Table 4) show that both factors of chronologi-
cal age and age at implantation, including their quadratic
terms, played significant roles in the CI children’s conso-
nant intelligibility.

Discussion

The goal of this study was to examine the production
of obstruent consonants in Mandarin-speaking children
with CIs. Mandarin has a three-way place contrast in sibi-
lants in which the alveolar and alveolopalatal fricatives and

Table 3. Comparison of regression models for the relationship
between the overall intelligibility of obstruent consonants and
chronological age (Age), age at implantation (AQOI), and length of
cochlear implant (Cl) use (LOU) in the CI children.

Model Variables R?
1 main effect (linear) Age 147
AOI .005
LOU 198
1 main effect (quadratic) Age + Age_square 275
AOI + AOI_square .086
LOU + LOU_square .263
2 main effects (linear) Age + AOI .202
AOI + LOU .201
2 main effects (quadratic) | Age + Age_square + AOI .390

+ AOI_square

AOI + AOI_square + LOU 278
+ LOU_square

Age + AOI + Age x AOI .203
AOI + LOU + AOI x LOU 218

2 main effects (linear) +
interaction
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Table 4. The parameter estimates of the best fit regression model with the factors of chronological age
(Age) and age at implantation (AOI), with the quadratic terms of both factors (Age_square and AOI_square)

included.
Parameter Beta SE t p
Intercept -11.279 24.712 -0.456 .651
Age 20.595 6.169 3.338 .002
Age_square -1.078 0.368 -2.931 .006
AOI -16.230 6.856 -2.367 .025
AOI_square 2.132 0.939 2.271 .030

Note. SE = standard error.

affricates /s, ts, tsh, e, te, te"/ all have acoustic energy con-
centrated in a high-frequency region, whereas the retroflex
fricatives and affricates /s, ts, ts"/ have spectral energy con-
centrated in a lower frequency region (C.-Y. Lee et al.,
2014; Li, 2008). The rich number of sibilants in Mandarin
provides a good source to examine the production and per-
ception of high-frequency sounds in the CI population. In
this study, we recruited 100 naive listeners, and each lis-
tener was assigned a portion of the stimulus set. Each child
speaker was rated by multiple listeners. Due to the wide
age range of the CI children, they were assigned into CA
and HA subgroups with reference to the NH controls.

Intelligibility of Obstruent Consonants in NH
and CI Children

The first research question focused on the intelligibil-
ity of individual obstruent consonants in children with ClIs.
In this study, the recruited NH and CI children were all at
the age within the crucial period of consonant development
(Sander, 1972; Smit et al., 1990). In the NH control group,
we observed higher intelligibility for the stops and fricative
/fl but lower intelligibility for the affricates and retroflex
sounds. It has been well documented that, in typically
developing English-speaking children, stops and front
sounds are usually acquired before the age of 4 years but
that fricatives (/s/, /z/, [fl, I3/, 10/, 18/) and affricates (/f/, /d3/)
are not fully acquired until the age of 7 or 8 years (using a
90% mastery criterion; Sander, 1972). Hua and Dodd
(2000) reported that, in Mandarin-speaking children, retro-
flex sounds and affricates are among the most difficult and
late-acquired sounds. Our observation in this study is con-
sistent with the pattern reported in these studies.

Compared with NH children, the children with CIs
showed a similar pattern of higher intelligibility for the six
stops than for the other sounds. This outcome conforms to
the finding of the early acquisition of stops in children with
ClIs (Blamey et al., 2001; Peng et al., 2004; Warner-Czyz &
Davis, 2008). However, the children with CIs, including
both the CA and HA subgroups, produced all consonants
with lower intelligibility compared with those produced by

the NH controls. The lower intelligibility was mainly
reflected in the alveolar sounds /s, ts, tsh/. Our data showed
that the intelligibility of the three alveolar sounds was
higher than 60% correct in the NH children but lower than
26% and 33% correct in the CA and HA children, respec-
tively (see Figure 1). Among all tested consonants, the three
alveolar sounds demonstrated the greatest group differences
between the NH and CI children. Meanwhile, the percent-
ages of the three alveolar sounds were much lower than those
of the other consonants in both CI subgroups. The difficulty
with the /s/ sound has been reported in previous acoustic
studies that compared the spectral features of /s/ and /f/
between children with Cls and age-matched NH participants
(Grandon & Vilain, 2020; Liker et al., 2007; Reidy et al.,
2017; Todd et al., 2011). In these studies, the authors found
that CI participants had a lower-than-normal spectral
peak and center of gravity in the /s/ sound, but not in the /[/
sound. The acoustic deviations in the high-frequency sounds
were reflected in the lower intelligibility of these sounds in
children with CIs compared with that in children with NH
(Peng et al., 2004; Reidy et al., 2017; Yang et al., 2017). For
example, Peng et al. (2004) and Yang et al. (2017), both tar-
geting Mandarin-speaking children with CIs, reported the
lowest accuracy of the /s/ sound in comparison to other tested
sounds.

Researchers proposed that problems with /s/ in chil-
dren with CIs could be explained by the inaccessibility of
high-frequency information (Loizou, 2006; Reidy et al.,
2017). Because the upper limit of output frequency
through CI devices is approximately 8 kHz but the spec-
tral peak and spectral mean of /s/ could be higher than
8 kHz (Jongman et al., 2000; Reidy et al., 2017; Yang
et al., 2018), only partial spectral information of the high-
frequency sound is conveyed by the CI processor. The
lack of complete acoustic information through the CI
device results in a perceptual deficiency in this sound.
Given the inherent link between speech perception and
production (Casserly & Pisoni, 2010) and the important
role of auditory input in speech development in children
with CIs (Nicholas & Geers, 2006; Niparko et al., 2010),
the inaccessibility of high frequencies is manifested as low
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intelligibility in their production. By contrast, for the
sounds produced at a further back region such as palatal
fricative /[/, the acoustic energy is concentrated in a lower
frequency region between 4 and 6 kHz (Jongman et al.,
2000). The spectral details of the low-frequency sound can
be maintained and transmitted well through the CI device.
Therefore, the intelligibility of low-frequency sounds is
maintained relatively high. In addition to the frequency
constraint of the CI processor, other factors may contrib-
ute to the deficiency in perceiving and producing high-
frequency sounds. One possible factor is that the band-
width of frequency bands in the CI processor increases as
the frequency moves up (Dorman et al., 1998; Loizou,
1999). As a result, the spectral details of the frication
noise for high-frequency sounds are less precisely con-
veyed in comparison to those for low-frequency sounds.
Another potential factor is that spiral ganglion cell death
may be more severe in the basal half than in the apical
half (Hinojosa & Lindsay, 1980; Zimmermann et al.,
1995), which induces more difficulty in processing and
accessing high-frequency components in people with
severe-to-profound sensorineural hearing loss.

In addition to the three alveolar sounds /s, ts, tsh/,
our data revealed that the children with CIs, including both
the CA and HA subgroups, showed significantly lower
percent-correct scores compared with the NH group for the
labiodental fricative /f/ and the alveolopalatal aspirated
affricate /te/ (see Figure 1). Although the spectrum of /f/ is
relatively flat in comparison to the sibilants, the articulation
of /f/ is in the front region of the oral cavity. The low intel-
ligibility of fricatives and affricates produced in the rela-
tively front region in CI children was reported in other
studies (e.g., Peng et al., 2004). It is noteworthy that
although the alveolopalatal aspirated affricate /te"/ showed
significantly lower intelligibility than that in the NH chil-
dren, the percentages of the alveolopalatal fricative /¢/ and
the unaspirated affricate /te/ in the children with ClIs, espe-
cially in the HA subgroup, were close to those in the NH
children, who showed very high intelligibility for these two
sounds (see Figure 1). The performance gap among the
three alveolopalatal sounds /e, te, te" was also found in
Peng et al. (2004), in which the percent-correct score of the
aspirated affricate /te"/ was 48.3% correct, much lower than
that of /e/ (55.4% correct) and /te/ (69.17% correct). The
higher intelligibility in alveolopalatal sounds /e¢/ and /te/
compared with that in the alveolar and retroflex sounds in
the CI children might be due to the phonetic environment
of the alveolopalatal sounds being different from that of
the other two places. According to the description of the
Mandarin vowel system (T. Lin & Wang, 2001), Mandarin
has six single vowels, namely, a, i, u, U, e, and o (Interna-
tional Phonetic Alphabet: /a/, /i/, lul/, Iyl, /x/, and /of), and
13 compound vowels (not including nasal finals), namely,

ai /ai/, ao /avl, ie fie/, ia [iA/, uo /uol/, ua luA/, te /yel, ei
le1/, ou /oul/, iao /iav/, iou /iov/, uai /uar/, and uei /uer/. The
vowel phoneme /i/ has three allophonic variants, namely,
[il, [l (high front apical vowel), and [] (high back apical
vowel), which are all written as “i” in pinyin. Of the three
places of sibilant consonants, alveolopalatal sounds are
followed by the variant [i], whereas the alveolar and retro-
flex sounds are followed by the apical variants (high front
apical [7] after alveolar sounds and high back apical []
after retroflex sounds). For the other vowels, the alveolopa-
latal sounds can be followed by vowels i, iie, ia, ie, iao,
and iou. By contrast, the alveolar and retroflex fricatives
and affricates are followed by vowels a, o, e, u, ao, ai, ei,
ua, uo, ou, uai, and uei. The phonetic environment of the
alveolopalatal sibilants is complementary to that of the
other two places. This phonotactic constraint is associated
with the distinct tongue shape of a bunched and raised ton-
gue dorsum during the articulation of alveolopalatal sounds
in comparison to the other two places (Li, 2008; Li &
Munson, 2016). As the perceptual stimuli in this study con-
tained the entire consonant-vowel syllable, the distinct
vowel contexts following the alveolopalatal sounds helped
improve listeners’ recognition. However, for the signifi-
cantly lower intelligibility of /te"/ in the CI subgroups com-
pared to that in the NH controls, we speculated that this
might be associated with the developmental trend that aspi-
rated sounds are stabilized later than unaspirated sounds
(Hua & Dodd, 2000; McLeod & Crowe, 2018). Meanwhile,
the involvement of aspiration features may pose additional
difficulty for CI children to produce.

With regard to the retroflex sounds, both CI sub-
groups showed relatively low intelligibility (an average of
41% correct for the CA subgroup and an average of 52%
correct for the HA subgroup) but did not show differences
from the NH controls (an average of 56% correct) as great
as for the alveolar and alveolopalatal sounds. It is note-
worthy that the three retroflex sounds produced by the
NH children had the lowest intelligibility among all tested
consonants. The low intelligibility of the retroflex sounds
in both NH and CI children and the lack of NH-CI dif-
ference in the retroflex sounds suggest that the difficulty
in producing these sounds in the children with CIs was
associated with the more complex articulatory gestures
involved in producing retroflex sounds compared with
those involved in producing the other sounds.

Confusion Patterns of Obstruents in Children
With Cls

The second research question addressed the features
of confusion patterns in the CI and NH groups. Although
for all three groups of children, the greatest confusion
occurred in the s—s, ts—ts, and ts"-ts" pairs (see Figures 2
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and 3), the children with NH tended to substitute /s, ts,
tsh/ with /s, ts, ts"/ because the retroflex sounds involve a
more complex articulatory configuration than the alveolar
sounds. By contrast, the two CI subgroups showed much
more substitutions of /s, ts, ts"/ with /s, ts, ts"/, which indi-
cates that the high-frequency alveolar sounds were more
difficult to produce than the retroflex sounds for the CI
users. In addition, there were more confusions between
the alveolopalatal sounds and the other two places in the
two CI subgroups but not in the children with NH.
Another noteworthy point shown in the confusion matri-
ces was that both NH and CI children (including CA and
HA subgroups) used alveolar stops to substitute the six
affricates, but this confusion occurred more often in the
CI subgroups. Mandarin has three pairs of affricates, and
they all share the common component of alveolar stop.
The consistent pattern of using an alveolar stop for all six
affricates in both NH and CI children supported the find-
ing that affricates are more difficult and are acquired later
than the other types (Hua & Dodd, 2000; McLeod &
Crowe, 2018). This is likely because affricates involve two
articulatory targets and a complex articulatory coordina-
tion that require mature and precise speech motor control.
Note that both CI subgroups, just like the NH controls,
showed confusions in place and manner features but rarely
in the aspiration feature. They did not use unaspirated
sounds to substitute aspirated sounds or vice versa. For
example, they used the unaspirated alveolar stop /t/ to
substitute the unaspirated affricates /ts, te, ts/ but not the
aspirated sounds. They used the aspirated alveolar stop
/th/ to substitute the aspirated affricates /tsh, te", ts"/ but
not the unaspirated sounds. Among the six stops, confu-
sions occurred among /p, t, g/ and /p" th, kb but not
across the aspiration feature. Among the six affricates,
confusions occurred among /ts, te, ts/ and /ts", te", ts"/ but
not across the aspiration feature. This observation indi-
cates that the unaspirated—aspirated contrast is likely mas-
tered well by the CI children.

Relationship Between Obstruent Intelligibility
and Relevant Time Variables

The third research question addressed the relation-
ship between the intelligibility of obstruent consonants
and demographic features. Our NH children were aged
between 3 and 10 years. According to previous studies on
consonant acquisition in typically developing children
(McLeod & Crowe, 2018; Smit et al., 1990), some critical
changes in consonant acquisition occur in this age range.
In this study, the regression analysis revealed a significant
relationship between chronological age and the overall
intelligibility of obstruent production in NH children. This
finding suggests that consonant acquisition is a long-term
process, which reflects the gradual development of speech

motor control and articulatory coordination (Green et al.,
2000; Smith & Zelaznik, 2004).

For children with CIs, age at implantation and length
of CI use have been identified as two key factors in predict-
ing CI children’s speech-language abilities and perceptual
performance (e.g., Connor et al., 2006; Gao et al., 2021;
Kirk et al., 2002; Liu et al., 2013; Miyamoto et al., 1996;
Nikolopoulos et al., 1999; Niparko et al., 2010; Svirsky
et al.,, 2000). In Peng et al. (2004), which also targeted
Mandarin-speaking children with CIs, the authors found a
significant negative relationship between the children’s age
at implantation and their overall score of correct consonant
production as well as a significant positive correlation
between the children’s length of CI use and consonant
scores. In this study, the best fit regression model yielded
significant factors of chronological age and age at implan-
tation. One important difference between Peng et al.’s study
and this study was that the CI children in Peng et al.’s
study were all older than 6 years (average = 9.25). The chil-
dren with ClIs in this study had a younger average age, and
a few were younger than 6 years. The significant effect of
chronological age reflected the important role of this factor
in the consonant acquisition of children with ClIs, especially
young children with ClIs, as in NH children. It is notewor-
thy that significant effects of chronological age and age at
implantation did not exclude the importance of the length
of CI use. According to this model, children with a younger
implantation age (e.g., < 3 years old) and an older chrono-
logical age tended to have higher consonant intelligibility.
Because the factor of length of CI use was determined by
chronological age and age at implantation, children with a
younger implantation age and an older chronological age
indicated that they had a longer duration of CI use. Also,
because the factor of chronological age was highly corre-
lated with the factor of length of CI use, the effect of
chronological age included the contribution of the length of
CI use. Another point shown in our data set was the non-
linear relationship between the time variables and conso-
nant production in children with CIs. As shown in Figure
4, consonant intelligibility increased as chronological age
increased before 10 years of age. After that, consonant
intelligibility was at a plateau (approximately 60% correct),
which did not show further improvement as chronological
age increased. For the variable of length of CI use, the pos-
itive effect of this factor on the CI children’s consonant
intelligibility was lessened after 8 years of CI use. With
regard to the variable of implantation age, the children
who received implantation at a later age did not always
show lower intelligibility than the children who received it
at a younger age. However, the few top performers were
the children who received cochlear implantation at the
youngest age (see Figure 4). In general, the regression find-
ings highlighted that the production performance of the CI
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children was not determined by one single factor in a linear
way. Instead, it was the outcome of the combined effect of
multiple factors, and these factors contributed to consonant
development in a complex manner.

Other Points, Limitations, and Future Study

Finally yet importantly, this study provided insights
into the methodology adoption in phonetic studies. Differ-
ent from the commonly used approach of recruiting a few
trained clinicians/listeners to conduct phonetic transcrip-
tion and measure production accuracy, we recruited a
large number of inexperienced listeners for a consonant
identification task to evaluate consonant intelligibility
through an online research platform. Instead of having all
speech samples transcribed by the same one or two indi-
viduals, this study had every stimulus identified by multi-
ple novel listeners. In the meantime, unlike other speech
intelligibility studies that typically have novel listeners
rated the overall intelligibility on a scale (e.g., Speech
Intelligibility Rating) or use an open-set task in which lis-
teners write down the words or sentences they hear from a
speaker, this study adopted a closed-set task to examine
the intelligibility of speech sounds. Many of our key find-
ings conform to the outcomes reported in previous studies,
especially those that also targeted the Mandarin-speaking
CI population (e.g., Peng et al., 2004). The confusion
matrices generated from the response data provided valu-
able information regarding the error patterns of speech
production in both NH and CI children. The results of
this study provided empirical evidence on the reliability
and effectiveness of the approach of recruiting naive lis-
teners for a consonant identification task through an
online research platform.

Although we highlighted the advantages of naive lis-
teners, this study does not advocate naive listeners for all
perception tasks. Some researchers found a significant effect
of professional experience on listeners’ responses in certain
perception tasks (Munson et al., 2012; Wolfe et al., 2003).
Furthermore, although the online research platform demon-
strates superiority in ease of sampling, cost, flexibility, and
so forth, compared to traditional behavioral studies con-
ducted in research laboratories, it likely introduces addi-
tional distracting factors that may affect data quality (Peer
et al., 2021). In this study, we randomly selected four child
speakers and used their speech samples in all stimulus sub-
tests for all listeners. This procedure helped us identify and
exclude invalid data, but it increased the number of testing
trials and the time cost of the listeners.

Compared to previous large-scale studies that included
a greater number of child speakers, this study had a rela-
tively small sample size. As the CI population shows sub-
stantial individual differences in outcome and benefit, it is

necessary to recruit more children with CIs to improve the
generalizability of the research findings. In this study, there
was a strong correlation between the CI children’s chrono-
logical age and length of device use, which caused data-
based multicollinearity. Because of this issue, the two highly
correlated factors were not tested in the same regression
model. With an increased sample size and more diverse CI
participants included, multicollinearity can be better con-
trolled, and the relationship between consonant production
and all three factors can be addressed. Furthermore,
although we recruited 100 listeners for the consonant identi-
fication task, all of the participants were young adults. It is
unknown whether there will be an age-related difference in
the response data between younger and older NH listeners.
For future studies, listeners of different ages should be
recruited. Finally, although this perception study addressed
the deficits in consonant production in Mandarin-speaking
children with ClIs, for future studies, an acoustic analysis
should be conducted to identify the spectral and temporal
features of consonants produced by the children with Cls.
With the acoustic data showing the deviations of fine-
grained speech characteristics from typically developing tar-
gets for individual sounds, researchers and clinicians can bet-
ter understand the true deficits and difficulties of speech pro-
duction in children with CIs and can design a more targeted
plan for oral rehabilitation to improve their speech
intelligibility.

Conclusions

In summary, our perceptual data revealed that the
Mandarin-speaking children with CIs, regardless of sub-
group (CA or HA), showed lower intelligibility for obstru-
ent consonants with reference to the NH controls. Among
the 17 tested obstruent consonants, the children with CIs
showed higher intelligibility for stops but demonstrated
major problems with the fricatives and affricates involved
in the three-way place contrast. Among the three places of
the sibilant contrast, the children with CIs showed the
lowest intelligibility and the greatest difficulty with the
alveolar sounds. The confusion pattern in the children
with CIs was similar to the NH pattern in that they all
showed the greatest confusion between the alveolar and
retroflex sounds. However, compared with the NH controls,
the children with CIs, including both the CA and HA sub-
groups, tended to use the retroflex sounds to replace the alve-
olar sounds and showed confusions between the alveolopalatal
sounds and the other two places, which indicated the joint
influence of auditory impairment and speech development on
consonant production in children with CIs. Finally, the
regression analysis revealed a strong positive relationship
between the children’s chronological age and the overall intel-
ligibility in NH children. For the children with ClIs, the best
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fit regression model revealed significant effects of chronologi-
cal age and age at implantation, with their quadratic terms
included. These results suggested that chronological age and
the combined effect of the time variables played important
roles in consonant development in the CI children.

Data Availability Statement

The response data from listeners are available upon
request from the authors.
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Appendix A

Word List Used for Speech Sample Collection Through an Audiovisual Word Repetition Task

Consonant English Consonant English Consonant English
IPA Pinyin translation IPA Pinyin translation IPA Pinyin translation
p ba zi character eight | f fa shao fever ts za ji acrobatics

p bi zi nose f fa zi character fu ts zu qiu soccer

p bu wa wa | doll f feiji airplane ts zi lai shui tap water

p" pa xia lie face down X ha migua | cantaloupe tsh ca di wipe the floor
p" pi qiu ball X ha dié butterfly tsh cu ping vinegar bottle
p" pu tao grape X héi se black tsh cl wei hedgehog

t da jimu play with blocks |s sd shui ché | sprinkler truck | ts zha jiang mian | Zhajiang noodle
t di téu lower head s su liao dai | plastic bag ts zhi ba jie Zhu Bajie (Pigsy)
t du shu read a book s sl jin silk scarf ts zhi méo y1 knit a sweater
th ta ban pedal s sha fa sofa ts" cha zuo outlet

th frzi ladder s shi zhud desk ts" chu fang kitchen

tr tu zi rabbit s shi zi lion ts" chr fan have a meal

k gali curry ¢ xia zi shrimp te jia féi mao Garfield

k gé zi pigeon [ XUé Zi boots te ja zi orange

k gl niang | girls ¢ X gua watermelon te jidan egg

k" ka fei coffee te" gia shoéu pinch the arm
k" ke bén textbook te" qi qu cricket

k" ka bi zi cry te" qi zi character seven
Note. IPA = International Phonetic Alphabet.
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Appendix B (p. 1 of 3)
Confusion Matrix Data

Table B1. Confusion matrix of children with normal hearing.

Consonant P p" f t t s ts ts" € te teh s ts ts" k k" X None
p 84.6 4.4 0.7 5.3 0.0 0.2 0.0 0.0 0.0 0.4 0.0 0.0 0.2 0.2 0.6 0.0 0.4 3.1
p" 2.1 82.1 0.1 0.2 6.0 0.1 0.0 1.4 0.0 0.2 1.3 0.2 0.0 0.3 0.2 2.7 0.8 2.2
f 1.8 3.4 86.8 0.2 0.0 0.5 1.4 0.1 0.0 0.2 0.0 0.8 0.0 0.3 0.2 0.2 1.5 25
t 71 0.5 0.2 76.8 1.8 0.0 0.8 0.0 0.0 3.4 0.0 0.0 1.1 0.0 4.6 0.2 0.4 3.3
t 0.0 111 0.0 0.0 73.4 0.2 0.5 0.5 0.5 0.5 5.5 0.4 0.0 1.0 0.1 2.7 1.9 1.7
s 0.3 0.2 3.6 0.4 0.5 60.1 5.3 4.8 2.6 0.2 1.1 10.1 2.2 1.8 0.0 0.2 0.6 5.8
ts 0.8 0.4 3.5 6.4 1.2 0.8 70.4 1.4 0.0 1.1 0.0 0.0 9.3 0.6 0.1 0.2 0.0 3.9
ts" 0.2 1.7 0.6 0.1 8.9 5.1 1.8 65.2 0.3 0.2 0.6 0.5 0.8 8.1 0.0 2.0 0.5 3.3
¢ 0.0 1.2 0.0 0.0 1.0 0.7 0.9 0.1 81.2 1.7 6.1 2.3 0.6 0.3 0.5 0.0 0.0 3.2
te 0.0 1.4 0.0 3.2 15 0.3 1.2 0.0 3.1 78.3 1.1 0.2 2.7 0.4 3.3 1.4 0.0 1.9
teh 0.0 0.4 0.2 0.0 5.0 0.0 0.7 1.1 9.0 5.3 68.3 0.4 0.5 4.8 0.2 0.2 0.2 3.7
s 0.0 0.7 2.7 0.2 0.0 18.5 0.6 2.3 3.8 0.0 1.4 61.8 1.1 4.1 0.0 0.0 0.2 2.6
ts 0.3 0.6 1.1 7.0 2.8 0.1 19.9 1.4 0.0 5.0 0.2 1.5 49.1 3.2 1.1 0.3 0.0 6.3
tg" 0.0 2.2 2.6 0.2 7.7 0.8 1.1 13.6 0.5 0.2 1.2 55 2.8 57.3 0.0 0.6 0.2 3.4
k 3.1 1.0 0.2 6.5 0.5 0.0 0.6 0.0 0.0 0.2 0.0 0.0 3.0 0.2 81.3 0.7 0.0 2.8
kn 0.0 7.9 0.1 0.0 9.3 0.0 0.2 2.8 0.2 0.0 0.3 0.2 0.0 2.9 1.8 70.8 1.8 1.7
X 1.0 20.1 24 0.0 1.1 0.0 0.0 0.3 0.4 0.0 0.4 0.4 0.2 0.0 0.4 3.2 64.0 6.2
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Appendix B (p. 2 of 3)
Confusion Matrix Data

Table B2. Confusion matrix of the chronological age-matched cochlear implant subgroup.

Consonant p p" f t t s ts ts" e te teh s ts ts" k k" X None
p 77.0 4.1 1.2 5.9 0.0 0.0 0.2 0.4 0.2 0.9 0.1 0.3 0.0 0.5 2.4 0.4 1.2 5.3
p" 6.0 70.7 1.7 0.0 7.3 0.3 0.7 0.6 0.4 0.2 1.4 0.1 0.4 0.5 1.4 23 2.7 3.2
f 15.0 3.7 56.8 21 0.6 0.4 2.0 1.5 0.6 1.2 0.3 0.9 0.6 1.2 1.6 0.6 3.1 7.9
t 121 2.4 0.5 66.5 0.5 0.1 0.6 0.1 0.3 1.8 0.1 0.3 1.2 0.4 5.7 0.5 1.2 5.5
t 0.0 11.5 0.3 1.9 61.7 0.1 1.0 15 1.7 1.2 3.8 1.5 0.1 2.7 0.3 4.0 1.5 5.1
s 0.4 1.8 7.6 1.6 1.2 25.4 4.5 3.9 9.4 1.1 2.6 16.0 3.0 5.2 1.9 0.7 2.3 11.4
ts 1.0 1.1 1.7 17.2 1.7 2.6 23.3 2.0 3.0 9.1 3.6 1.3 18.8 1.1 0.8 1.8 1.3 8.5
ts" 0.7 1.9 2.4 1.5 16.6 6.5 1.2 24.4 2.0 1.0 3.6 3.3 1.9 20.8 1.1 3.3 2.7 5.1
¢ 0.4 1.2 0.5 1.0 1.0 1.5 1.1 0.6 61.6 9.2 3.2 5.9 1.5 0.7 0.3 1.3 2.0 71
te 0.7 0.6 0.3 6.7 1.2 0.3 1.4 0.3 1.1 62.9 1.3 0.4 7.2 0.7 4.5 0.1 2.6 7.7
te" 0.3 1.6 0.0 0.4 8.9 0.6 0.9 2.0 12.2 6.4 441 4.6 1.7 71 1.4 0.8 21 4.9
s 0.9 24 4.4 0.8 0.2 8.3 1.1 1.6 15.8 1.8 1.3 44.3 0.9 6.2 0.3 0.7 3.0 5.9
ts 0.4 1.4 0.0 10.3 3.0 0.3 5.7 0.6 1.1 12.6 1.8 1.1 41.8 3.1 2.7 0.8 3.9 9.4
ts" 0.1 24 0.1 0.2 18.4 1.1 0.4 8.7 1.5 0.8 7.4 4.9 2.0 38.5 0.3 4.2 3.0 5.9
k 5.3 1.5 0.2 5.8 0.4 0.3 0.6 0.3 0.0 1.1 0.6 0.0 1.5 0.3 725 1.7 1.1 6.9
kn 0.6 5.7 0.7 0.3 104 0.1 0.3 1.9 0.5 0.5 0.4 0.3 0.0 1.6 1.8 61.5 8.2 5.1
X 2.8 11.8 3.3 0.0 5.1 0.6 0.6 1.4 0.6 0.7 0.2 1.1 0.1 1.4 1.3 4.2 56.3 8.3
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Appendix B (p. 3 of 3)

Confusion Matrix Data

Table B3. Confusion matrix of the hearing age—matched cochlear implant subgroup.

Consonant p p" f t t s ts tsh e te te" ) ts tsh k k" X None
p 81.9 2.1 0.8 4.9 0.2 0.4 0.1 0.2 0.1 0.8 0.1 0.6 0.0 0.4 1.2 0.1 1.4 45
p" 4.8 74.8 1.5 0.2 5.8 0.4 0.6 0.4 0.3 0.5 21 0.1 0.2 0.1 0.4 1.1 3.1 35
f 134 2.1 66.7 2.0 0.8 0.4 2.0 0.6 0.6 1.0 0.4 0.9 0.9 0.3 0.4 0.9 1.5 5.3
t 7.0 1.8 0.5 75.0 0.3 0.2 1.0 0.4 0.5 2.0 0.4 0.3 1.0 0.4 4.0 0.5 0.9 3.8
t 0.0 11.9 0.3 0.9 62.3 0.1 1.2 1.2 24 1.3 4.7 0.6 0.4 2.8 0.3 3.7 1.8 4.0
s 1.0 1.3 75 1.9 0.9 324 6.4 4.5 7.3 0.6 1.4 17.3 1.7 3.9 0.0 0.6 1.5 9.8
ts 2.0 15 1.9 15.2 1.7 41 27.0 1.8 2.6 6.0 1.9 1.9 20.2 0.6 2.8 0.6 0.5 7.6
tsh 0.8 2.3 1.4 0.2 16.6 7.7 2.0 29.2 1.7 0.6 2.2 3.9 1.4 19.6 0.0 3.3 2.2 4.9
[ 0.3 0.4 0.1 0.7 0.8 1.2 1.2 0.8 71.5 6.2 2.9 5.2 1.1 0.4 0.5 0.6 1.1 5.1
te 0.5 0.6 0.3 5.9 2.0 0.0 1.8 0.3 1.6 68.0 1.4 0.6 5.0 0.5 3.6 0.4 1.5 6.1
te" 0.2 1.4 0.2 0.1 8.8 0.5 0.9 2.2 12.8 6.2 46.7 2.0 1.3 9.4 0.2 1.1 0.8 5.0
s 0.8 1.6 3.8 0.0 0.1 6.4 1.4 1.3 12.9 1.1 0.9 58.3 0.1 4.9 0.4 0.7 2.0 3.4
ts 0.5 1.7 0.1 10.2 1.6 0.5 6.3 0.6 0.8 11.4 0.6 1.0 50.1 3.0 25 1.2 2.1 5.9
ts" 0.4 2.3 0.5 0.1 14.4 0.5 0.3 8.5 1.0 1.0 4.7 4.8 1.1 48.9 0.3 4.1 2.3 4.7
k 4.2 0.7 0.4 4.7 0.6 0.4 0.4 0.2 0.0 0.8 0.3 0.0 1.1 0.4 74.6 1.5 1.0 8.8
kh 0.5 6.3 1.0 0.1 8.0 0.4 0.2 1.8 0.7 0.5 0.4 0.3 0.0 1.3 1.1 66.3 7.8 3.1
X 1.6 13.7 2.8 0.0 2.8 0.5 0.8 0.6 0.5 0.3 0.4 0.5 0.2 0.9 0.9 3.7 61.8 8.0

Downloaded from: https://pubs.asha.org Ohio University on 09/01/2023, Terms of Use: https://pubs.asha.org/pubs/rights and_permissions




	Intelligibility of Word-Initial Obstruent Consonants in Mandarin-Speaking Prelingually Deafened Children With Cochlear�Implants
	ABSTRACT
	Consonant Production in Children With CIs
	Comparison Between Mandarin and English Consonants
	This Study

	Method
	Listeners
	Stimuli for Consonant Identification
	Consonant Recognition Procedure
	Data Analysis

	Results
	Discussion
	Intelligibility of Obstruent Consonants in NH and CI Children
	Confusion Patterns of Obstruents in Children With CIs
	Relationship Between Obstruent Intelligibility and Relevant Time Variables
	Other Points, Limitations, and Future Study

	Conclusions
	Data Availability Statement
	References
	Appendix A
	Word List Used for Speech Sample Collection Through an Audiovisual Word Repetition Task

	Appendix B
	Confusion Matrix Data




