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The Relationship Between the Onset
of Canonical Syllables and Speech
Perception Skills in Children
With Cochlear Implants

Jongmin Jung?® and Derek Houston®®

Purpose: The study sought to determine whether the onset
of canonical vocalizations in children with cochlear implants
(Cls) is related to speech perception skills and spoken
vocabulary size at 24 months postactivation.

Method: The vocal development in 13 young Cl recipients
(implanted by their third birthdays; mean age at activation =
20.62 months, SD = 8.92 months) was examined at every
3-month interval during the first 2 years of Cl use. All children
were enrolled in auditory—oral intervention programs. Families
of these children used spoken English only. To determine
the onset of canonical syllables, the first 50 utterances from
20-min adult—child interactions were analyzed during each
session. The onset timing was determined when at least
20% of utterances included canonical syllables. As children’s

outcomes, we examined their Lexical Neighborhood Test
scores and vocabulary size at 24 months postactivation.
Results: Pearson correlation analysis showed that the
onset timing of canonical syllables is significantly correlated
with phonemic recognition skills and spoken vocabulary
size at 24 months postactivation. Regression analyses also
indicated that the onset timing of canonical syllables predicted
phonemic recognition skills and spoken vocabulary size at
24 months postactivation.

Conclusion: Monitoring vocal advancement during the earliest
periods following cochlear implantation could be valuable
as an early indicator of auditory-driven language development
in young children with Cls. It remains to be studied which
factors improve vocal development for young CI recipients.

access to sound, but even after consistent use,

children continue to exhibit variability in spoken
language skills (Niparko et al., 2010). Therefore, identifying
early predictors for spoken language outcomes in children
with CIs has been an area of great interest to many re-
searchers and clinicians (Bavin et al., 2018; Boons et al., 2012;
Castellanos et al., 2014; Connor et al., 2006; Percy-Smith
et al., 2013). Early predictors indicate which factors are im-
portant and thus can inform intervention approaches for
children with CIs.

For instance, an important predictor of spoken lan-

guage outcomes is speech perception (i.e., the ability to
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segment, discriminate, categorize, and recognize the sounds
that comprise spoken language). These skills are highly
dependent on children’s hearing experience and form the
foundation of spoken language development (Houston &
Warner-Czyz, 2018). Indeed, speech perception has been
found to predict spoken language skills in children with
CIs (Hunter et al., 2017). However, it is challenging to assess
speech perception skills in infants with CIs because estab-
lished tests of speech perception require children to follow
instructions—something infants cannot do (Eisenberg
et al., 2006). For infants, new tools are being developed to
assess speech perception (Houston et al., 2007; Jusczyk &
Aslin, 1995; Kemler Nelson et al., 1995; McMurray &
Aslin, 2005; Uhler et al., 2015; Werker et al., 1997). How-
ever, they are still in experimental stages and have signifi-
cant challenges to overcome in terms of their reliability and
cognitive demands (Cristia et al., 2016; Uhler et al., 2017,
2011). Thus, there is still a need to explore methods of esti-
mating speech perception skills during infancy.

The study reported here investigates the possibility
that the onset of the production of canonical syllables may
serve as an estimate of infants’ speech perception abilities.

Disclosure: The authors have declared that no competing interests existed at the time
of publication.
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Speech production skills can be reliably assessed at very
young ages (Ertmer & Jung, 2012b; Ertmer et al., 2007;
Nathani et al., 2006; Oller & Eilers, 1988; Walker & Bass-
Ringdahl, 2008), and as reviewed below, perception and
production skills have been found to be closely coupled in
children with normal hearing (NH; Bruderder et al., 2015;
D’Ausilio et al., 2012; DePaolis et al., 2011; Imada et al.,
2006; Skipper et al., 2017), raising the possibility that assess-
ment of early speech productions skills may serve as an
estimate of speech perception and a predictor for later lan-
guage outcomes (Walker & Bass-Ringdahl, 2008). How-
ever, little is known about the relationship between speech
perception and speech production skills in children with
CIs. We investigated the relationship between early speech
production (i.e., vocalizations) and later perception skills
to determine the extent to which these processes are tightly
coupled in young children with CIs. If they are tightly
coupled, then speech production measures may be a reliable
indicator of CI children’s speech perception skills and
language development.

The Link Between Speech Perception and Speech
Production in Children With NH and Cls

Many studies suggest that speech perception and
speech production are integrally related with each other
(Bruderer et al., 2015; D’Ausilio et al., 2012; DePaolis
et al., 2011; Fernald et al., 2006; Imada et al., 2006; Kuhl
et al., 2005; Marchman & Fernald, 2008; McCathren et al.,
1999; McGillion et al., 2016; Pulvermiiller et al., 2006;
Skipper et al., 2017; Vihman et al., 2014; Whitehurst et al.,
1991). One study by Imada et al. (2006) found that, when
6- and 12-month-olds with NH heard speech sounds, they
showed a coupled activation in the auditory cortex and
motor cortex (i.e., speech production areas). This coupled
activation was not found either in newborns or with non-
speech stimuli, suggesting that it was not innate but instead
acquired through the experience of hearing speech.

Infants accumulate speech perception experience not
only by hearing the speech of others but also through
their own vocalizations. Most NH infants begin producing
canonical syllables (i.e., the combination(s) of adultlike
consonant [C] and vowel [V] with rapid transition between
the two segments, e.g., CV, CVCV; Fagan, 2015; Nathani
et al., 2006; Oller & Eilers, 1988) at around 6 months of
age (Nathani et al., 2006; Oller & Eiler, 1988). A particular
feature of the vocalizations at this age is that infants fre-
quently produce canonical syllables spontaneously (Fagan
& Doveikis, 2017; Iyer et al., 2016; Majorano et al., 2014;).
Fagan (2015) argued that the voluntary productions of ca-
nonical vocalization played a significant role in auditory
skill development. Among canonical syllable types, Fagan
focused on reduplicated syllables (e.g., /baba/, /dada/) and
asserted that they are self-generated auditory stimuli that
allow the infant to explore the link between perception and
production. The study examined vocal development in
young CI recipients (i.e., implanted before 16 months of age,

M = 12.9 months, SD = 2.3 months, range: 8-16 months)
at pre-implant and approximately 4.2 months postimplan-
tation (SD = 2.6 months). Consistent with the previous
finding that the production of canonical syllable is affected
by children’s hearing (Ertmer et al., 2007; Kishon-Rabin
et al., 2005; Moeller et al., 2007; Oller & Eilers, 1988;
Vilimaa et al., 2019), Fagan found that canonical vocali-
zations increased after cochlear implantation. In addition,
during a relatively short period after implantation, the
young CI recipients increased their production of redupli-
cated syllables and matched the production frequency of
their NH peers. Fagan argued that the rapid increase in
production of this particular vocal type reflected children’s
interest in auditory feedback using self-generated stimuli.
Thus, it is important to monitor the onset of canonical syl-
lables, of which the main subtype is repetitive syllables, to
understand auditory skill development. If the onset of ca-
nonical vocalizations represents infants’ interest in exploring
the auditory feedback of speech sounds, those who had the
onset of canonical syllables relatively soon after CI would
have more experience of actively listening to speech than
those with a later onset. This indicator of active listening
may explain the variability in spoken language outcomes
better than simply the amount experience of using ClIs.

The Link Between Prelinguistic Vocalizations
and Spoken Language Outcomes

Vocal development has important clinical implications
because it is strongly associated with language outcomes
(Lohmander et al., 2017; Oller, 2000). Children’s first words
often incorporate syllable structures and sounds (e.g., vowels,
consonants) they produced in prelinguistic vocalizations.
Thus, limited production skills during prelinguistic vocali-
zations can result in the delay of lexical development (Oller
et al., 1999; Stoel-Gammon, 1989; Vihman, 1993; Vihman
et al., 1985). For example, a recent study found that chil-
dren who produced two supraglottal consonants consistently
early showed better vocabulary development than those
who produced them later (McGillion et al., 2016). Similarly,
other researchers have found that children with expressive
language delays produce less diverse phonetic inventories in
their prelinguistic vocalizations than children without lan-
guage delays (Fasolo et al., 2008; Whitehurst et al., 1991).

Connection between prelinguistic vocalizations and
later language outcomes has also been found in young CI
recipients. Walker and Bass-Ringdahl (2008) examined the
first year of vocal development in young CI recipients
(mean age at activation = 18.21 months, range: 11-27 months)
using a vocal assessment system, the Mean Babbling Level
(Stoel-Gammon, 1989). The system assigns high scores to
more advanced vocalizations. The sum is then divided by
the total occasions of vocalizations to provide a measure
of vocal complexity. The study showed that vocal complex-
ity during and after the interval of 6-9 months postactiva-
tion predicted the speech-language outcomes at 4 years
old. These findings indicated that advanced prelinguistic
vocalizations during the first year of cochlear implantation
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are associated with better language outcomes. The Walker
and Bass-Ringdahl findings were the first to show a positive
relationship between a measure of vocal production and a
measure of language outcomes in children with CIs. This
study provides direct evidence that early measures of speech
production may serve as a predictor of later outcomes.
Given that it is important to determine whether children
with CIs are on track to acquire speech and language after
implantation as young as possible, a next step would be

to investigate the possibility that even earlier measures of
speech production (e.g., before 6 months postactivation)
may predict later outcomes.

As the early predictor for later speech-language out-
comes in children with CIs, there is another potential mile-
stone in vocal development—the onset timing of canonical
syllables. As mentioned in the previous section, the typical
onset timing of canonical syllables is around 5-10 months
of age for infants with NH, and it is quite robust across
infant populations. The timing is unaffected by social eco-
nomic status, prematurity, or exposure to multiple languages
(Eilers et al., 1993; Nathani et al., 2006; Oller, 2000; Torola
et al., 2012). Typically hearing infants with delayed onset
of canonical syllables are at high risk for speech-language—
related disorders (Oller et al., 1998, 1999; Stoel-Gammon,
1989).

In contrast to the reliable timing of canonical syllable
onset in children with NH, children with hearing loss fre-
quently show delayed onset (Lynch, 1989; Oller & Eiler,
1988). If children use amplification (i.e., hearing aids or
ClIs), the age of canonical syllable onset is reduced but var-
iable (Bass-Ringdahl, 2010). This variability is correlated
with children’s degree of aided hearing acuity. To show on-
set of canonical syllables, Bass-Ringdahl (2010) argues that
children with hearing loss need a certain level of audibility
(i.e., Speech Intelligibility Index > .35). Notably, in Bass-
Ringdahl’s study, the Speech Intelligibility Index for all
participants with CI was greater than .35 (range: .65-.93),
which suggests that all of the CI recipients’ hearing was
sensitive enough to develop the canonical syllables.

However, even after receiving a CI, the onset timing
of canonical syllables still shows enormous variability
(Ertmer & Jung, 2012b). Schauwers et al. (2004) found that
the onset timing (i.e., > 20% of reduplicated CV or VC
combinations) in 10 children who were implanted between
6 and 20 months of age ranged from pre-implant to 7 months
postactivation. Kishon-Robin et al. (2005) found similar
variability when assessing vocal development using parental
reports. The large variability has been also found in a recent
study using a vocal assessment tool specifying canonical
syllables into two levels. Ertmer et al. (2012b) followed
young CI recipients’ vocal development during the first
year after CI activation using the Consolidated Stark Assess-
ment of Early Vocal Development—Revised (Consolidated
SAEVD-R; Ertmer et al., 2007, 2013; Ertmer & Jung, 2012b;
see Table 1). The Consolidated SAEVD-R differentiates
canonical syllables into Basic Canonical Syllables (BCS)
and Advanced Forms (AF). These two levels of vocaliza-
tions include rapid formant transition between segments as

adult forms. However, they represent different development
statuses; the syllable complexity in these two levels is differ-
ent, and in typically developing children, the onset timing

i1s 5-10 months for BCS and 9-18 months for AF. In fact,
many other systems do not fully cover the AF level of
vocalizations (Oller, 2000; Schauwers et al., 2004). There-
fore, the BCS level is comparable to canonical syllables in
previous studies using different classification systems (e.g.,
Oller & Eilers, 1988; Schauwers et al., 2004). Ertmer and
Jung (2012b) demonstrated that there was a large vari-
ability in young CI recipients’ onset timing of BCS (i.e., 1-
12 months postactivation). As mentioned in the previous
section, if the onset of canonical vocalizations represents
the timing that infants enjoy self-exploration of the audi-
tory feedback of speech sounds, the variability in the onset
timing may explain why young CI recipients have variable
speech perception ability with generally sufficient hearing
sensitivity (Bass-Ringdahl, 2010). In addition, examining
the onset timing of canonical syllables and its relation to
later perception skill outcomes may reveal an important pre-
dictor for language outcomes that is available during the
very early phase of CI use.

Study Purpose and Research Questions

This study aimed to examine the underlying associa-
tion between the onset timing of canonical syllables and
speech perception to determine the potential of early speech
production as a predictor for language outcomes in children
with CIs. We hypothesized that children who demonstrated
early onset of BCS would have better speech perception
skills and better spoken language outcomes (i.e., spoken
vocabulary). To address this hypothesis, three research ques-
tions were asked: (a) Is the onset timing of canonical sylla-
bles correlated with later speech recognition scores? (b) Is
the onset timing of canonical syllables correlated with later
spoken language outcomes measured by vocabulary size?
(c) Does the onset timing of canonical syllables predict
speech recognition and vocabulary size when controlling for
other important factors known to contribute to outcomes
(e.g., age at activation)?

Method
Participants

The current study included 13 young CI recipients
who were implanted by their third birthday (mean age
at activation = 21 months, SD = 8.92 months, range: 9—
36 months). They were part of a 2-year longitudinal inves-
tigation of speech development after activation (see Ertmer
& Jung, 2012b; Ertmer et al., 2013). All CI users had bilat-
eral severe-to-profound or profound hearing loss. Six chil-
dren were unilateral CI users: One child had bilateral Cls
simultaneously, and five children received their second Cls
sequentially during the 2 years. Parents, interventionists,
and/or medical reports confirmed that these children had
no additional disabilities.
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Table 1. Consolidated Stark Assessment of Early Vocal Development—Revised (SAEVD-R).

SAEVD-R level (age of onset in typically

Consolidated SAEVD-R level

(Ertmer et al., 2013) Nathani et al., 2006)

developing children in months;

Examples

Precanonical Syllables Reflexive (0-2)

Control of phonation (1-4)
Expansion (3-8)
Basic Canonical Syllables

Basic Canonical Syllables (5—10)

Advanced Forms Advanced Forms (9—18)

Vegetative sounds, crying, quasiresonant nuclei

Fully resonant nuclei, closant (consonant-like segment),
isolated consonant, combination of vowel-like and
closant segments

Single or series of vowels, ingressive sounds, squeal,
vowel glides

Single, or a series of consonant-vowel combination with
rapid transition, whispered vocalizations

Complex syllables, diphthongs, and jargons with varied
intonation pattern

To evaluate children’s auditory accessibility during
the study participation, we examined their audiometry results
collected across 2 years. Each child provided, on average,
2.85 audiometric reports (SD = 1.21). To approximate aided
hearing thresholds across the years, we averaged them
(mean Cl-aided hearing thresholds = 26.0 dB HL, SD =
5.74, range: 18-41.1 dB HL). See Table 2 for individual
information. All children came from families that used spoken
English only. In addition, these children were all enrolled
in auditory—oral intervention programs. This study was ap-
proved by the institutional review board of Purdue University.

Data Collection Procedure

Vocalization Samples

To collect children’s vocalization samples, 20-min
adult—child interactions were audio- and video-recorded every
3-month intervals after CI. Some children were available
for pre-implant sessions (n =3) and early sessions (i.e., within

Table 2. Audiological information and outcomes.

a month after activation; n = 7). That is, the children who
contributed to early sessions had their next sessions (i.e.,

3 months postactivation) in 2 months, but after the 3-month
postactivation session, the intervals were consistent. The
current study included samples from the early sessions to
24 months postactivation (a total of 107 sessions).

The recordings were made using Sony mini-DVD
camcorders (Model No. DCR-DVD504) and a wireless
microphone (SONY; ECM-HW1). The children wore a
specially designed vest with a pocket at chest holding the
microphone (SONY; ECM-HW1), enabling the recording
of children’s vocal production at a consistently close dis-
tance. A standardized set of toys was provided to every
child, including food items, books, a baby doll, soft blocks,
toy animals, vehicles, and puzzles. Most sessions involved
interactions between children and their parents (74.7%)
across 2 years of CI use. When the parents were unavail-
able, the children interacted with their interventionists who
were familiar to them. Only two children interacted with

Age at activation Mean Cl-aided hearing

Device model,

in months thresholds across 2 years processing BCS onset LNT LNT

Child Gender (2nd CI) (SF or better ear; dB HL) strategy session Word (%) Phoneme (%) CDI
Clo1 M 12 24 Freedom, ACE 6 10.5 63.5 389
Clo2 M 21 22.3 Freedom, ACE 6 76.0 88.0 675
Clo3 F 25 325 Freedom, ACE 1 64.0 NA 680
Clo4 F 27 23 Harmony, HiRes-P 3 78.0 90.3 666
Cl05 M 26 22.3 Freedom, ACE 9 30.0 66.5 313
Cloé F 36 18 Freedom, ACE 1 80.0 90.9 678
clo7 F 36 24.7 Freedom, ACE 6 72.0 68.5 283
Clos M 9 (22) 22.4 Freedom, ACE 6 80.0 89.5 542
Cl09 M 13 (13) 411 Freedom, ACE 12 54.0 64.5 190
Cio F 13 (19) 27.5 Freedom, ACE 3 NA NA 631
Cl11 F 13 (27) 27 Freedom, ACE 12 30.0 54.0 340
CH2 F 18 (20) 26.7 Freedom, ACE 3 64 83.5 533
CI13 F 19 (38) 27.7 Harmony, HiRes-P 9 60 82 383

M 20.62 (23.17) 26.08 58.21 76.51 484.85
SD 8.92 (8.57) 5.74 22.97 13.31 175.37
Note. CI = cochlear implant; SF = sound field; BCS = Basic Canonical Syllables; LNT = Lexical Neighborhood Test (Kirk et al., 1999); CDI =

MacArthur—-Bates Communicative Development Inventories (Fenson et al., 2007); M = male; ACE = advanced combination encoder; F = female;

NA = not available; HiRes-P = HiResolution-Paired.
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interventionists more than two sessions during the 1-year
monitoring period.

The Onset of the BCS Level

From each session, all available utterances were parsed
up to a maximum of 50 utterances for analyses. A total
of 97 sessions (90.65%) contained more than 50 utterances.
Ten sessions from five children contained fewer than 50
(range: 8-49). The utterances were separated by either audi-
ble breath or a silence of > 1 s (Ertmer et al., 2013). Each
utterance was then classified into three levels (Precanonical
Syllables, BCS, and AF; see Table 1) following the Consol-
idated SAEVD-R (Ertmer et al., 2007, 2013). The propor-
tion of BCS was our primary interest because this level
contains various types of well-shaped CV combinations,
including reduplicated syllables, and its emergence repre-
sents the effect of audition (Fagan, 2015; Oller & Eilers,
1988). Ertmer et al. (2012b, 2013) defined the onset of
BCS to be when the child produced it at least 20% of ut-
terances within an individual session. To confirm the reli-
ability of the onset timing, we adapted the criteria so that
this proportion (> 20%) was required to be achieved also
in the subsequent session.! The total number of utterances
included in the current study was 5,183. Five graduate re-
search assistants, who had completed a Phonetic course
and had been trained to use the Consolidated SAEVD-R,
reviewed the DVDs of the adult—child interactions using
headphones. Intra- and intercoder reliability were examined
in approximately 8% of the randomly selected samples, using
Cohen’s kappa analysis. The k value was .97 for intracoder
reliability and .87 for intercoder reliability. According to
McHugh (2012), a k value between .8 and .9 represents
strong agreement, and a value above .90 is almost perfect.

Lexical Neighborhood Tests

Children’s speech recognition ability at 24 months post-
activation was evaluated using the Lexical Neighborhood
Test (LNT; Kirk et al., 1999, 1995). The LNT contains two
50 monosyllable word lists: easy and hard words. Each list
provides two kinds of scores: the percentage of accurately
identified phonemes and words. The test was conducted as a
sound field test in a quiet audiometric booth with a monitored
live voice (50 dB HL) provided by the children’s school audi-
ologists. Children were asked to repeat what they heard. One
child missed the test appointment, and another had a re-
ported score for words only; as a result, 11 children’s scores
were available for phonemes, and 12 were available for words.

MacArthur—Bates Communicative Development Inventories
Expressive vocabulary sizes of CI recipients were
assessed using the MacArthur-Bates Communicative

One child produced the exact 20% of BCS within the first month post-
activation; however, during the following 8 months, the proportions of
BCS in this child were below 20%. Therefore, the onset was determined
at 9 months postactivation session when the criteria were reached again
and maintained at the following session.

Development Inventories (CDI): Words and Sentences ver-
sion (Fenson et al., 2007) at every 6-month interval after
CI activation. This checklist contains 680 vocabulary items
to be checked by parents, who marked CDI word items
with different colored markers on one form at different inter-
vals so that they did not have to repetitively fill in the same
words at each interval. The current analyses included the
vocabulary size at 24 months postactivation as a dependent
variable. Thal et al. (2007) demonstrated that there were
high correlations (range of r: .71-.88) between the scores
measured by the CDI: Words and Sentences version and
those by a standardized language assessment (i.e., the
Reynell Developmental Language Scales; Reynell & Gruber,
1990), suggesting that it is a valid measure of language ability
in young children with ClIs.

Data Analysis

Pearson correlation analysis was conducted to test
the relationship between BCS onset timing and both later
speech recognition ability (LNT scores) and expressive
vocabulary size at 24 months postactivation. Shapiro-Wilk
test results indicated that the four variables were normally
distributed. We have conducted paired ¢ tests of the LNT
scores of the easy word list and the hard word list to exam-
ine whether there was any difference in children’s scores of
the two lists. The results indicated that there was no signifi-
cant difference between the two lists for words, #(11) =
1.448, p = .176, and for phonemes, #(10) = 0.864, p = .408.
Therefore, the scores from the easy and hard lists were
collapsed for word and phoneme scores. After examining
the relationship between BCS onset timing and outcomes,
regression models were conducted to determine whether BCS
onset timing predicts outcomes independently from other
factors that may affect both (i.e., age at activation, pre-CI
hearing thresholds, bilateral implantation).

Results
Descriptive Analyses

Children’s onset timing of BCS varied from 1 to
12 months postactivation (M = 5.92 months, SD = 3.73
months). Because the BCS level requires consonantal
components (in CV combinations), we also examined chil-
dren’s consonant inventory at their BCS onset. The conso-
nants were identified when they were produced greater
than or equal to two times in a session. Bilabial voiced stop
/bl and nasal /m/ were the most commonly produced conso-
nants (both produced by 12 of 13 children; see Iyer et al.,
2017, for more information on phonetic inventories in young
CI recipients). At BCS onset, children’s accumulative con-
sonant inventory size was, on average, 6.46 (SD = 3.18,
range: 2-12). The LNT word scores (average of easy and
hard lists) was 58.21 (SD = 22.97, range: 10.5-80). The
mean score for LNT phoneme score (average of easy and
hard lists) was 76.51 (SD = 13.31, range: 54.00-90.90). The
mean vocabulary size at 24 months postactivation was
484.85 words (SD = 175.37, range: 190-680 words). The
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following section will present the correlation analyses and
regression analyses in the order of our research questions.

The Correlation Analysis of the Onset Timing of BCS
and Outcomes at 24 Months Postactivation

Since three correlation coefficients were calculated,
we adopted an adjusted p value at .016. The results indicated
that the LNT “word” scores were not correlated with the
BCS onset, r = —.511, p = .090. Additional analyses were
conducted for each LNT word list (i.e., “easy” and “hard”
word lists) to examine whether the lack of correlation re-
sulted from the fact that the scores were combined. No sig-
nificant correlations were found. In contrast, the LNT
“phoneme” recognition scores were significantly correlated
to the onset of BCS, r = —.742, p = .009. That is, children
who demonstrated BCS onsets earlier attained better pho-
nemic recognition abilities at 24 months postactivation
than those who demonstrated BCS onsets later. Figures 1
and 2 present the relationship between the onset timing of
BCS and LNT scores (words and phonemes, respectively).

The onset of BCS was also significantly correlated
with the vocabulary size at 24 months postactivation,
r=—-.832, p < .001. Children who demonstrated BCS onsets
earlier showed larger vocabulary size at 24 months post-
activation than those who showed the onset of the level
later. Table 3 contains the results of Pearson correlation
analysis of the relationship between the onset of BCS level
and later outcomes. Figure 3 also presents the vocabulary
size measured by the CDI at 24 months postactivation as
the function of BCS onset timing.

Multiple Regression Analyses: The Timing
of BCS Onset as a Predictor for Outcomes
at 24 Months Postactivation

We conducted a regression analysis to further under-
stand the impact of the BCS onset timing on later out-
comes. Children’s vocal development and speech-language
outcomes could be influenced by children’s age or hearing
sensitivity (Niparko et al., 2010; Oller & Eilers, 1988). There-
fore, prior to conducting regression analyses, we explored
the relationships of BCS onset timing with three indepen-
dent variables—age at activation, the CI-aided hearing
thresholds, and the use of bilateral CIs. Correlation analyses
indicated that the BCS onset timing did not correlate sig-
nificantly with age at activation or with the average of
Cl-aided hearing thresholds across 2 years (all ps > .156).
With respect to a possible effect of bilateral CIs, four out
of six bilateral CI users showed the onset of BCS before their
second implantation (one child received both Cls simulta-
neously, and five were implanted sequentially). Therefore,
it was not possible to identify the effect of bilateral CI use
on the onset of BCS using the current data set. We also
tested the effect of the three variables on the later outcomes
(LNT and CDI) but did not find any significant correla-
tions. However, given the fundamental importance of age
at activation on speech-language outcomes (Connor et al.,
2006; Houston & Miyamoto, 2010; Houston et al., 2012;
Svirsky et al., 2009; Tomblin et al., 2005), we included the
age at activation with the onset timing of BCS as predic-
tors. Regression analyses were not conducted for LNT
word scores because of the lack of correlation with BCS
onset.

Figure 1. Relationship between the onset timing of Basic Canonical Syllables (BCS) level and speech recognition scores measured by the
Lexical Neighborhood Test (LNT) Words. Each dot represents individual scores. Note that the regression line was not marked because there

was no significant relationship.
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Figure 2. Relationship between the onset timing of Basic Canonical Syllables (BCS) level and speech recognition scores measured by the
Lexical Neighborhood Test (LNT) phonemes. Each dot represents individual scores.
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The results of regression analyses are displayed in
Table 4. As can be seen in the table, BCS onset timing pre-
dicted a significant amount of variance in both LNT phoneme
scores and CDI scores at 24 months postactivation indepen-
dently from any effects of age at activation. In summary, the
onset timing of BCS showed clear correlations with later
phonemic recognition skills and spoken vocabulary size. The
children who showed the early onset developed the percep-
tion skill and vocabulary better than those who showed the
onset of the BCS level later. The regression analyses demon-
strated that, controlling for the effect of age at activation,
the onset timing of BCS predicted speech recognition skills
and spoken vocabulary skills at 24 months postactivation.

Discussion
The Relationship Between the Canonical Syllable
Onset Timing and Speech Recognition

This study revealed a significant relationship between
the onset timing of BCS and phoneme recognition scores

in LNT at 24 months postactivation. CI recipients who
showed the BCS onset relatively soon after activation showed
better speech recognition skills after 2 years of CI use than
those who demonstrated BCS onset relatively later. This
finding supports the possibility that children who actively
produced canonical syllables attend to the auditory feedback
that they create to explore the auditory—motor link (Fagan,
2015). For instance, one child may show the BCS onset at
3 months postactivation; and another child, at 12 months
postactivation. When both of them have 24 months of CI
experience, the former child would have longer experience
of actively using auditory feedback (i.e., 21 months) than
the latter child (i.e., 12 months), and the increased experi-
ence may contribute to better phonemic perception skills.
It was not clear why the onset timing of BCS was not related
to LNT word scores. It is possible that these young chil-
dren may still explore various phonemic representations
and not necessarily focus on word levels. This aspect should
be studied further. We also noted that young CI recipients
showed individual variability not only in the BCS onset
timing but also in the size of consonant inventory at the

Table 3. Pearson correlations between Basic Canonical Syllable (BCS) onset timing and outcome measures at 24 months postactivation.

Variable BCS onset timing LNT?® Word scores LNT Phoneme scores cbl®
BCS onset timing 1 -511 —.742* -.832*
LNT Word scores .816* 572
LNT Phoneme scores 1 .841*

CDI

1

3 exical Neighborhood Test (Kirk et al., 1999). "MacArthur—Bates Communicative Development Inventories (Fenson et al., 2007).

*0 < .01.
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Figure 3. Relationship between the onset timing of Basic Canonical Syllables (BCS) level and vocabulary size measured by MacArthur—Bates
Communicative Development Inventories (CDI). Each dot represents individual scores.
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onset timing. Although the impact of consonant inventory
on speech recognition skills was not within the scope of this
study, we acknowledge that the relationship needs to be ex-
amined in future studies.

The Relationship Between the Onset Timing
of Canonical Syllables and Spoken Language
Outcomes Measured by Vocabulary Size

The findings of the current study also indicated that
children who showed the onset of the BCS soon after CI
activation demonstrated larger productive vocabularies than
those who showed it later. This finding is in line with the
Walker and Bass-Ringdahl (2008) finding that babbling
complexity predicts later language outcomes. Given that
parents respond more frequently to speech-related vocaliza-
tions (Warlaumont et al., 2014) and the quantity of child-
directed input is correlated with children’s spoken language
ability (Weisleder & Fernald, 2013), producing vocalizations

Table 4. Coefficients of the independent variables.

resembling speech sounds could be advantageous for the
children to have a supportive environment for vocabulary
learning. Studies on typically developing infants show that
parents’ contingent response improve infants’ vocalizations
(i.e., number and structure of vocalizations; Bloom et al.,
1987; Goldstein et al., 2003; Goldstein & Schwade, 2008).
In addition, a recent study using an eye-tracking paradigm
by Goldstein et al. (2010) found that children who were
provided contingent labels when they vocalized to the ob-
jects showed better novel word learning than those who
were provided the labels when they did not produce vocali-
zations. They argued that children’s vocalization may indi-
cate an enhanced attention state. As the study did not
specify vocalization types (i.e., canonical or precanonical),
it was not clear how the quality of vocalization is related
to novel word learning. However, the study does point to
parental response as a possible mechanism by which chil-
dren’s prelinguistic vocal production is related to their per-
ceptual learning. To our knowledge, there are no studies

Dependent variables Independent variables SEB B t p

LNT® Phonemes Age at activation 0.384 —-.148 —-0.551 597
BCS onset 1.000 -.817 -3.032 .016*

CDP Age at activation -3.975 3.597 —-.202 -1.105 .295
BCS onset —43.054 8.577 -916 -5.020 .002*

Note. BCS = Basic Canonical Syllables.

3L exical Neighborhood Test (Kirk et al., 1999). PMacArthur—Bates Communicative Development Inventories (Fenson et al., 2007).

" < .025. **p < .01.
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on the effect of parent—child interaction to facilitate vocal
development in young children with CIs. The strategies to
promote child’s vocalizations toward speechlike forms should
be studied further because there is potential that vocal
production could accompany auditory skill development.
Additionally, we did not find that age at activation
correlated with the onset of canonical syllables. This may be
because all of our children were implanted at an early age
(< 3 years). Given the relationship between the onset timing
of BCS and speech recognition test scores, the finding is in
line with previous studies showing that speech perception
skills were relatively unaffected by age at CI in children
implanted at early ages (Holt & Svirsky, 2008; Houston &
Miyamoto, 2010; Leigh et al., 2013; Phan et al., 2016). We
also did not find a relationship between Cl-aided hearing
thresholds and onset of canonical syllables. However, this
is probably due to the small variance in hearing thresholds
that CI provided (M = 26.09, SD = 5.74), which is in line
with Bass-Ringdahl’s (2010) finding that overall young
CI recipients’ hearing sensitivity was sufficient to develop
canonical syllables. Future works with a larger sample
of children could shed light on the role of audibility on
the prelinguistic vocal development and speech-language
outcomes.

Clinical Implications

Early vocal development was significantly related to
later speech perception skills and spoken vocabulary size.
The individual variability in the onset timing indicated that
the emergence of well-shaped CV combinations is an im-
portant target to be monitored by clinicians. There are var-
ious commercially available assessment tools, but often,
they incorporate quite extensive definitions for vocalization.
Instead, some research-based measures, such as the Con-
solidated SAEVD-R or Mean Babbling Level (Stoel-Gammon,
1989), may be clinically applicable given that they have few
levels to categorize. We acknowledge that, in clinical set-
tings, time could be too limited to record and analyze addi-
tional speech samples. As an alternative, a short structured
test such as the Conditioned Assessment of Speech Produc-
tion (Ertmer & Jung, 2012a; Ertmer & Stoel-Gammon,
2008), which can be administered in about 10 min, may be
feasible. Regardless of the measures, development of canon-
ical syllables should be one of the early intervention targets
once children have robust auditory access through Cls.

Future Directions and Limitations of the Study

Given our findings, it would be worth examining
which factors contribute to the onset of BCS. Overall, the
relationship between maternal speech input and children’s
language development is well established (DesJardin &
Eisenberg, 2007; Gilkerson et al., 2018; Goldstein et al.,
2010; Hart & Risley, 1995; Ramirez-Esparza et al., 2014;
Romeo et al., 2018; Weisleder & Fernald, 2013). More-
over, adults respond more frequently to children’s speech-
like vocalizations than nonspeech-related vocalizations, and

their feedback promotes children’s following vocalizations to
be speech related (i.e., “social feedback loop”; Warlaumont
et al., 2014). Therefore, there might be a link between more
responsive parents and rapid BCS onset timing in children
with CIs, which is in line with better language outcomes.
However, in the pediatric CI population, to our knowledge,
no study has examined the effect of parental input on vocal
development. Further investigation is warranted to under-
stand the factors to promote rapid BCS onset after cochlear
implantation.

Another possibility is that children’s vocabulary ability
at activation may affect vocal development: Children with
larger vocabulary sizes at activation may have enhanced
parent—child interactions, which may lead to earlier onset
of BCS. Controlling for the effect of spoken vocabulary
size at activation will remove the potential of the cascading
effect of early language ability on later outcomes. The
vocabulary size at activation may also influence children’s
speech recognition skills. Thus, controlling for the effect of
early vocabulary skills will help us clearly understand the
effects of the BCS onset timing as the indicator that children
use auditory feedback from self-generated speech stimuli.

This study had a few limitations. First, the post-CI
intervals at which we collected samples were every 3 months.
Collecting samples more often, such as at monthly inter-
vals, would enable us to more precisely examine onset
timing of BCS. Second, we used expressive language out-
come measures that require children’s speech production
(CDI spoken vocabulary and LNT). We were not able to
include children who had additional disabilities (e.g., speech—
motor challenges) because of the generic feature of the
measures. By including receptive vocabulary and a speech
perception testing that does not require children’s motor
skills, such as adopting tasks measuring outcomes through
eye gaze behavior (e.g., Houston et al., 2007, 2012), we
could extend our understanding to young CI recipients with
additional disabilities.

Conclusion

Children who demonstrated earlier onset of BCS had
better outcomes in phoneme recognition tasks and vocabu-
lary skills than those who had later onsets of BCS. Thus,
vocal development may be tracked as an early indicator of
auditory-driven language development in young children
with ClIs. It remains to be studied which factors improve
vocal development for young CI recipients.
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