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who are users of hearing aids or tactile aids exhibit delayed or dis-

ordered development in speech production (e.g., Bamford & Saunders,
1991; Geers, Moog, & Schick, 1984; Levitt, McGarr, & Geffner, 1987).
However, a substantial body of research has demonstrated that children
who are prelingually deaf are able to develop speech production skills
with the use of a cochlear implant (CI; Blamey, Barry, & Jacq, 2001;
Geers, 1997; Geers & Tobey, 1995; Miyamoto, Kirk, Robbins, Todd, &
Riley, 1996; Osberger, Maso, & Sam, 1993; Peng, Spencer, & Tomblin,
2004; Serry & Blamey, 1999; Serry, Blamey, & Grogan, 1997; Spencer,
Tye-Murray, & Tomblin, 1998; Svirsky & Chin, 2000; Tobey & Geers,
1995; Tobey, Geers, Brenner, Altuna, & Gabbert, 2003; Tye-Murray &
Kirk, 1993; Tye-Murray, Spencer, & Woodworth, 1995). Pediatric CI re-
cipients show higher accuracy in producing speech contrasts than their
age-matched peers with comparable sensorineural hearing impairments

P relingually deaf (born deaf or become deaf before age 3) children
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(at the severe-profound range) who did not receive an
implant. These individuals also demonstrate significant
improvement in speech sound production, in terms of
accuracy and overall speech intelligibility (i.e., how
well the speaker can be understood) following cochlear
implantation.

Studies of speech development in the pediatric CI
population have demonstrated noteworthy benefits with
the use of a CI in terms of speech sound production and
speech intelligibility during the initial several years of
device use (e.g., Blamey, Barry, & Jacq, 2001; Blamey,
Barry, Bow, et al., 2001; Chin, Tsai, & Gao, 2003; Miyamoto
et al., 1996). However, the ultimate level of achievement
possible is unclear, and researchers do not know whether
there is a point in time at which further improvement
becomes impossible. Blamey and colleagues, for example,
assessed the phonetic inventory development in a group
of nine pediatric CI recipients and reported systematic
improvement in phonetic inventory development over the
first 4 years of device use (Blamey, Barry, & Jacq, 2001).
On the other hand, phonetic inventory development
appeared to decrease between the 5th and 6th years
postimplantation. The findings from Blamey, Barry, and
Jacq (2001) suggested that there may be constraints on
the development of speech sound production in pediatric
CI recipients with extended device experience. That is,
following 6 years of device experience, their CI partici-
pants’ mean chronological age was 9.75 years. This age is
older than the age at which most children with normal
hearing (NH) master speech sound production (.e.,
phonetic inventory of their native language). Thus, the
loss of plasticity in the nervous system as children grow
in age may result in the reduced improvement rate in
these individuals’ phonetic inventory development. Blamey
and colleagues attributed this slowing rate in speech de-
velopment to the effect of a sensitive period associated
with pediatric CI recipients’ chronological age and age at
implantation (Blamey, Barry, & Jacq, 2001).

Interestingly, in another study on the same group
of 9 pediatric CI recipients by Blamey and colleagues
(Blamey, Barry, Bow, et al., 2001), the findings regarding
the existence of a plateau in speech sound development
appeared to be contradictory to the conclusion presented
in Blamey, Barry, and Jacq (2001). That is, Blamey, Barry,
and Jacq (2001) reported a plateau at the 6th year post-
implantation, whereas Blamey, Barry, Bow, et al. (2001)
reported no plateau. The discrepancy in findings is likely
attributable to different analysis approaches. The
plateau shown in Figure 6 of Blamey, Barry, and Jacq
(2001) was based on a 50% correct criterion adopted to
define whether the child had “acquired” a particular
phone production. On the other hand, Figure 3 of Blamey,
Barry, Bow, et al. (2001) reveals no evident plateau for the
group of pediatric CI recipients during the first 6 years
postimplantation. Percentages of correct scores, rather

than a 50% correct criterion, were used in this set of anal-
yses. In addition to the different conclusions of these
two studies, some aspects of these studies were also dif-
ferent. For example, Blamey, Barry, and Jacq (2001) in-
vestigated the phonetic inventory (i.e., phone/phoneme
production) of pediatric CI recipients, whereas Blamey,
Barry, Bow, et al. (2001) investigated phoneme and word
production, as well as speech intelligibility, in these in-
dividuals. To achieve the study purpose, narrow tran-
scription was adopted by Blamey, Barry, and Jacq (2001),
whereas broad transcription was adopted in Blamey,
Barry, Bow, et al. (2001).

There is a need to assess the developmental tra-
jectories of speech sound production in order to reconcile
whether there is an eventual plateau in speech sound
development after receiving a CI. In a longitudinal study,
Miyamoto et al. (1996) examined speech intelligibility
of prelingually deaf children with a CI, indicating im-
provement in speech intelligibility over time following
implantation. These authors reported that pediatric CI
recipients’ improvement in speech intelligibility does not
reach a plateau with up to 5 years of device experience.
Similarly, Chin and colleagues suggested that with 5 to
6 years of device experience, there is no asymptotic
pattern with regard to speech intelligibility (Chin et al.,
2003). In another study, Blamey, Barry, Bow, et al. (2001)
suggested no plateau in speech sound production during
the initial 6 years postimplantation. These authors sug-
gest a need to further investigate the speech sound de-
velopment beyond 6 years of CI experience, in order to
determine whether the children will continue to improve
until they reach near-normal performance levels.

It is unclear whether the growth can continue with
extended device experience (i.e., if a plateau will emerge
at some point in time, for example, after 6 years post-
implantation or by 8 years of age). On the other hand,
children with NH demonstrate mastery of producing
speech sound contrasts in their native language between
4 and 8 years of age (Menyuk, 1972; Shriberg, Gruber, &
Kwiatkowski, 1994). After 8 years of age, persisting
speech errors are assumed by Shriberg and colleagues to
be unambiguously abnormal as continued developmen-
tal growth is unexpected. It would be useful to determine
if pediatric CI recipients’ speech sound development
typically approaches a similar point at which subsequent
growth is not expected. That is, knowing the timing and
pattern of growth in speech sound production will assist
in the planning of speech intervention for pediatric
CI recipients who are prelingually deaf. Additionally,
we may further relate this plateau (if any) to certain
participant-related variables (e.g., age at implantation,
communication mode) or device-related variables (e.g.,
speech-coding strategy). Lastly, within the clinical set-
ting, it is important to know the degree to which long-
term outcomes of speech sound production may be
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predictable based on pediatric CI recipients’ mastery
levels of speech sound production at earlier stages post-
implantation. In other words, there may be a time point
when individual differences in speech sound develop-
ment stabilize, and, hence, reliable predications about
the long-term status of pediatric CI recipients’ speech
sound development may be made.

Our characterization of the long-term growth of
speech sound development in pediatric CI recipients has
theoretical implications. If a plateau is shown, it is im-
portant to consider what might constrain development.
Traditional accounts of critical periods in speech devel-
opment often use some form of maturational processes
as first proposed by Lenneberg (1967). Such mechanisms
are driven by chronological-age—based processes. There-
fore, one should expect to see plateaus in CI recipients
associated with chronological age regardless of their age
of implantation. In contrast, there are accounts of crit-
ical or sensitive periods that are based on the dynamics
of learning (Munakata & McClelland, 2003). In these
accounts, constraints on learning at any point in time
are the product of prior learning history rather than ex-
perience independent biological processes. Thus, if a
plateau is found, it should be related to the length of
experience rather than the age of the child.

The purpose of this study was to characterize the
development of speech sound production in prelingually
deaf children with extended CI experience (i.e., 8—10 years).
Specifically, the issue regarding whether there is a plateau
in the development of speech sound production following
6 years of device experience was addressed. Moreover,
this study examined the extent to which we could predict
pediatric CI recipients’ eventual accuracy in speech sound
production by their early performance postimplant
performance.

Method
Participants

Twenty-seven (14 males and 13 females) children
and young adults who are CI recipients in the longitudinal
cohort of the Iowa Children’s Cochlear Implant Project
served as participants in this study. These individuals
were all prelingually deaf and native speakers of Amer-
ican English. They all underwent surgery and follow-up
assessments of their auditory, speech, and language de-
velopment at the University of lowa Hospital and Clinics.
To be included in this study, the participant must have
had a minimum of 8 years of device experience and had
speech samples available from two or more annual eval-
uation sessions from between both preimplant 6 years
postimplantation and 6-10 years postimplantation.
These criteria were adopted to permit evaluations of the
improvement rates of speech sound production across the

annual evaluation sessions. All participants and their
parents signed the consent and/or assent documents
approved by the University of lowa Institutional Review
Board.

The participants’ age at implantation ranged from
2.58 to 7.44 years (M = 4.57 years). All participants
received the Nucleus 22 device (Cochlear Americas).
Among these participants, 16 were mapped with the
spectral-peak (SPEAK) speech-coding strategy, and 11
were mapped with the multipeak (MPEAK) strategy
during the most recent annual evaluation session when
they had speech samples available. There was no sta-
tistically significant difference in the average age at im-
plantation between the two subgroups of the users
mapped with the MPEAK and SPEAK strategies (M =
4.94 years, SD = 1.32 years for the MPEAK users;
M = 4.32 years, SD = 1.12 years for the SPEAK users),
t(25) = 1.322, p = .198.

Among the 27 participants, 2 (CI-25 and CI-26) re-
ceived their education in a mainstream public school
setting where only spoken English was used as the in-
structional language (oral communication [OC]). All the
other participants (n = 25) received their education in a
mainstream public school setting where both spoken
English and signing exact English were used (total com-
munication [TC]). Classification of communication meth-
ods (OC or TC) was based on parental reports, which was
confirmed by the educational setting of the participant
during the most recent annual evaluation session when
the participant’s speech sample was available. Table 1
provides a summary of the 27 participants’ biographical
and audiological information.

Speech Samples

The CI participants contributed a total of 223 sam-
ples across all pre- and postimplant annual evaluation
sessions. Each participant contributed 5-11 speech
samples (M = 7.96) across all sessions (see Table 1, last
column for details). The spontaneous speech production
samples of each CI participant were elicited using a
story-retell task. Detailed descriptions of this task can
be found in Tye-Murray et al. (1995) and Tye-Murray
(1998). In this task, the examiner described a set of four
pictures in a series following a script, using simulta-
neous communication with spoken English and signing
exact English. The participant was instructed to retell
the story using oral speech (and sign, if preferred). This
procedure was repeated until the participant completed
retelling stories with all six sets of pictures, or until he or
she was unable to complete the task because of young
age or unwillingness to continue. If the participant did
not know how to retell a story, the examiner would raise
questions such as “What did (the boy) do?” or say “Tell
me something about (the boy)” to the participant. Each
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Table 1. The 27 Cl participants’ biographical and audiological information.

Preimplant pure-tone thresholds

) . Age at . of the better ear (dB HL)
Etiology of Implanted  implantation  Coding Samples
ID Gender deafness ear (years) strategy 500Hz  1000Hz  2000Hz Comm. mode  available
Cl-1 Male Unknown Left 4.75 MPEAK NR NR 110 TC 8
Cl-2 Female Genetic Right 4.53 MPEAK 110 120 120 TC 5
Cl-3 Male Meningitis Left 3.52 SPEAK NR NR NR TC 8
Cl-4 Female Unknown Left 3.89 MPEAK 105 NR NR TC 6
Cl-5 Female Unknown Right 6.72 MPEAK 75 110 NR TC 8
Cl-6 Female Unknown Right 5.03 MPEAK 110 NR NR TC 8
Cl-7 Male Meningitis Right 3.82 SPEAK 100 120 NR TC 9
Cl-8 Female Unknown Right 4.24 SPEAK 95 105 NR TC 5
Cl-9 Female Unknown Right 5.43 MPEAK 100 110 115 TC 6
Cl-10 Male Genetic Left 2.88 MPEAK 85 95 NR TC 8
C-11 Female Unknown Left 3.53 SPEAK 115 NR NR TC 7
Cl-12 Male Meningitis Left 5.58 SPEAK 105 105 105 TC 8
Cl-13  Female Meningitis Left 5.16 SPEAK 115 NR NR TC 8
Cl-14 Male Unknown Left 5.55 MPEAK 95 NR NR TC 9
Cl-15  Femdle Unknown Right 4.84 SPEAK 100 110 110 TC 10
Cl-16 Male Meningitis Right 2.58 SPEAK 90 105 100 TC 8
Cl-17 Male Waardenburg's Left 4.52 SPEAK 95 100 NR TC 10
Cl-18  Female Unknown Left 4.38 MPEAK 110 120 NR TC 8
Cl-19 Male Genetic Right 2.74 SPEAK 110 115 NR TC 9
Cl-20  Female CMV Left 3.74 MPEAK NR NR NR TC 11
Cl-21 Female Unknown Left 7.44 MPEAK 90 110 NR TC 8
Cl-22 Male Unknown Right 3.92 SPEAK 90 NR NR TC 6
Cl-23 Male Genetic Right 3.57 SPEAK 105 115 110 TC 8
Cl-24 Male Genetic Right 3.39 SPEAK 105 NR NR TC 10
Cl-25 Male Genetic Left 6.35 SPEAK 85 100 95 oC 8
Cl-26 Male Unknown Right 5.55 SPEAK 90 110 NR oC 10
Cl-27  Female Unknown Left 5.75 SPEAK 105 110 NR TC 7
Note.  Cl = cochlear implant; NR = no response at the output limits (110dB HL at 500Hz, 115dB HL at 1000Hz, and 115dB HL at 2000Hz) of the pure-tone

audiometer; Comm mode = communication mode; MPEAK = multipeak; SPEAK = spectral peak; TC = total communication; OC = oral communication;

CMV = cytomegalovirus.

session was video- and audiotaped onto a videotape, using
the Panasonic AG 1330B videotaping system coupled to a
Tamron 69YE Zoom lens camera through a Telex WT-700
microphone. This microphone was attached to the par-
ticipant’s clothing about 4.5 in. below his or her mouth.
The task was always performed in a quiet testing room
(ambient noise level = 40 dB SPL; long-term averaged
level, A-weighting).

Transcription and Reliability

The speech samples were phonemically glossed for
the intended words based on the participant’s signed
and spoken utterances, in addition to the contexts of the
stories by a certified speech-language pathologist (the
primary examiner). Of each sample, only the initial 100
spoken words were phonemically transcribed in order to
approximately equalize sample size across participants.
On average, there were 261.47 phonemes (ranging from

220.40 to 297.00 phonemes among all participants) av-
eraged across all annual sessions when there were speech
samples available. A comparison of the phonemic tran-
scription and the gloss yielded a percentage correct score®
(i.e., accurate number of phonemes produced in propor-
tion to the number of glossed phonemes) that served as
the index of mastery of speech sound production (Tye-
Murray et al., 1995). Of note, phoneme accuracy, rather
than target word accuracy, was analyzed. This is be-
cause our primary interest was to assess the performance
in speech sound production.

To demonstrate insignificant transcriber bias, inter-
judge reliability measures were performed with 26 speech
samples that were randomly selected among all CI par-
ticipants and across all annual evaluation sessions.

1All results reported in this study were not different when statistical
analyses were performed using the scores on the rationalized arcsine
unit scale, as described in Studebaker (1985).
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These selected speech samples constituted 11.66% of
total available samples. The measures were completed
by two research assistants (designated as Transcribers A
and B; both had taken a course in English phonetics
prior to transcription). Both transcribers were native
speakers of American English and were familiar with
the speech of children with hearing impairments. Point-
by-point phoneme accuracy was assessed for each speech
sample following training, using a small set of speech
samples of pediatric CI recipients who were not par-
ticipants in this study. The average interjudge agreements
between the primary examiner (the speech-language pa-
thologist; see previous paragraph) and the Transcribers A
and B were 78.58% (SD = 7.04%) and 79.05% (SD = 8.87%),
respectively, across the selected samples.?

The observed interjudge reliability, although accept-
able, was not great. It has been documented that typical
interjudge reliability for phonemic transcription can
range from mid-60s to mid-high-90s (Shriberg & Lof,
1991). Investigating the speech sound development of
9 pediatric CI recipients who shared similar partic-
ipant characteristics with those in the present study,
Blamey, Barry, Bow, et al. (2001) reported 72% interrater
agreement. Blamey, Barry, Bow, et al. (2001) indicated
that this low agreement is likely related to the fact that
as the accuracy of phoneme production decreases, the
transcription agreement also decreases (Shriberg & Lof,
1991).

Results

The objectives of this study were to characterize the
long-term speech sound development of pediatric CI
recipients and to assess whether there was a plateau
that was characteristic for the group following 6 years of
device experience. Figure 1A illustrates the distribu-
tions of the 27 pediatric CI recipients’ accuracy in speech
sound production from the preimplant evaluation ses-
sion (0 year) to as many as 10 years postimplantation.
The total number of speech samples from each annual
evaluation session is displayed on the top of each bar, as
not all CI participants attended every session and had
available speech sound samples across all annual eval-
uation sessions. As Figure 1A illustrates, the mean
accuracy of the group of pediatric CI recipients’ speech
sound production was 15.51% (SD = 16.12%) prior to im-
plantation, increasing to 62.90% (SD = 20.51%) with
4 years of device experience, 76.28% (SD = 16.24) with
6 years of device experience, and 81.40% (SD = 22.68%)
with 10 years of device experience. Although many

2The transcriptions obtained from Transcribers A and B were used ex-
clusively for the purpose of reporting interjudge agreements. All of the
results reported in this study are based on the judgments by the primary
examiner.

Figure 1. (A): Distributions of the group of pediatric cochlear implant
(Cl) recipients’ speech sound production from O year (preimplant)
to 10 years (postimplantation). (B): Distributions of the group of
pediatric Cl recipients’ speech sound production as a function of their
chronological age. The x-axis displays the preimplant and post-
implant annual sessions. The y-axis displays the accuracy in speech
sound production (percentage correct). The mean and median are
displayed by the dotted and solid lines across each box, respectively.
The upper and lower bounds of each box represent the first and
third quartiles, the end of the whiskers are located +£1.25 SD away
from the mean, and the filled circles represent the 5th and 95th
percentile bounds (if they fall outside of the end of the whisker).

The total number of speech samples available from each session is
shown on the top of each bar.
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pediatric CI recipients received high levels of accuracy
(e.g., 80% and above) with several years of device ex-
perience (i.e., beyond 6 years), these individuals’ accu-
racy of speech sound production, on average, reached the
maximal performance level at about 85%. Note that the
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average improvement rate was 11.85%, 6.69%, and 1.28%
per year for the intervals from 0-4, 4-6, and 6-10 years,
respectively. The same group of pediatric CI recipients’
accuracy in speech sound production was also assessed as
a function of these individuals’ chronological ages. As
Figure 1B displays, the mean accuracy of the group of
pediatric CI recipients’ speech sound production exhib-
ited steady improvement until these individuals reached
10-12 years of age.

The accuracy of speech sound production in each of
the annual evaluation sessions was evaluated in relation
to the variable and age at implantation by computing the
Pearson correlation coefficients (r values) between the
accuracy in every annual evaluation session and this
variable (age at implantation). The coefficients were found
to be statistically significant, with only 2 years of device
experience (r = .480, p = .032). The coefficients in all
other annual sessions ranged from —.434 (with 8 years of
device experience, p = .056) to .449 (with 1 year of device
experience, p = .107); none were found to be statistically
significant (all p values > .05).

Independent sample ¢ tests were performed to
evaluate if the difference in average accuracy in each
annual evaluation session was significantly different
between the subgroups of pediatric CI recipients who
were mapped with the MPEAK versus SPEAK speech-
coding strategies. The mean accuracy of the SPEAK
subgroup was generally higher than that of the MPEAK
subgroup, but only reached a statistically significant
level (o = .05) with 4 years of device experience, £(25) =
2.334, p = .028, and with 6 years of device experience,
t(21) = 2.360, p = .028. With respect to communication
modes (TC vs. OC), the two OC users appeared to be
among the participants who demonstrated higher accuracy
than the group mean accuracy in all annual evaluation
sessions when they had speech samples available. They
both had mean accuracy higher than 90% across the 6th
to 10th year postimplant sessions. Because of the limited
number (n = 2) of the OC users, no statistical analyses
were performed to evaluate if the accuracy was different
in each annual evaluation session between the TC and
OC users.

The improvement rates reported earlier were based
on group performance. At the individual level, each pe-
diatric CI recipient showed somewhat different devel-
opmental patterns in his or her accuracy of speech sound
production. To illustrate individual improvement pat-
terns, Figure 2 was plotted to depict the profile of each
participant’s accuracy in speech sound production as the
device experience accrues. Each panel of Figure 2 dis-
plays 1 participant’s accuracy in speech sound produc-
tion, as a function of the amount of device experience.
Different symbols were used to display which subgroup
(SPEAK vs. MPEAK) the participant belonged to (see

Figure 2 legends), as the advancement of CI speech-coding
strategies has been reported to contribute to interpartici-
pant variability in CI listeners’ speech perception or
speech production performance (e.g., Peng et al., 2004;
Psarros et al., 2002; Skinner et al., 1994; Skinner, Fourakis,
Holden, Holden, & Demorest, 1996). With few exceptions
(e.g., CI-1), the group of pediatric CI recipients’ accuracy in
speech sound production exhibited an overall improving
trend as their device experience accrued.

As was noted previously, not all CI participants had
speech samples available across the preimplant and
annual evaluation sessions (0-10 years). The fact that
not all of the CI participants had speech samples avail-
able in every evaluation session might have resulted in
the decline of the improvement rate as the device ex-
perience accrued over the 10-year span. In other words,
it was possible that the CI participants with longer de-
vice experience were, in fact, systematically poorer users.
Hence, growth in the later years was only representing
poorer users. This concern was taken into account in the
following set of analyses, focusing on the improvement
rates of those who had speech samples available during
both postimplant periods (i.e., 0-6 and 6-10 years).

To evaluate whether there was a plateau in pe-
diatric CI recipients’ speech sound development, a piece-
wise regression model was fit to assess each participant’s
accuracy of speech sound production from preimplanta-
tion to the 6th year postimplantation and from the 6th to
10th years postimplantation. The two intervals were de-
termined primarily based on the findings in Blamey,
Barry, Bow, et al. (2001), where no plateau was identified
in the speech sound development of their pediatric CI
recipients with the initial 6 years of device experience. In
these piecewise regression models, the intercept estimated
the participant’s accuracy of speech sound production
at the time of implantation. If the intercept was less than
zero, a piecewise regression model through the origin was
fit to the data. Additionally, two estimated slopes were
also derived for each participant. One slope estimated
the improvement rate (percentage per year) from the
preimplant session to the 6th year annual session, and
the other estimated the improvement rate between the
6th and 10th years postimplantation.

During the preimplant session to the 6th year post-
implantation, the group accuracy showed an average
improvement rate at 7.03% (SD = 3.69%) and 10.67%
(SD = 3.22%) per year increase of device experience for
the users mapped with the MPEAK and SPEAK stra-
tegies, respectively (overall = 9.18%, SD = 3.81%). How-
ever, between the 6th and 10th years postimplantation,
the average improvement rate decreased to 0.84% (SD =
4.56%) and 0.77% (SD = 4.57%) per year increase of de-
vice experience for the users mapped with the MPEAK
and SPEAK strategies, respectively. One-sample ¢ tests
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Figure 2. Individual profiles of the participants’ development of speech sound production across the preimplant session (O year) and postimplant
annual sessions. The x-axis displays the preimplant and postimplant annual sessions. The y-axis displays the accuracy in speech sound production

(percentage correct).
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were performed to evaluate if the means of the slope that
estimated the improvement rate from 0-6 to 6-10 years
postimplantation were significantly different from zero,
respectively, for the users of the MPEAK and SPEAK
strategies. The results indicated that although the es-
timated slope was significantly different from zero for
both the users mapped with the MPEAK and SPEAK
strategies from 0 to 6 years postimplantation—#(10) =
6.327, p < .001 for the MPEAK users; #(15) = 13.246,
p < .001 for the SPEAK users—the slope was not sta-
tistically different from zero from 6 to 10 years post-
implantation, #(11) = 0.609, p = .556 for the MPEAK
users; t(15) = 0.671, p = .512 for the SPEAK users.
Moreover, the magnitude of the slope from 6 to 10 years
postimplantation was statistically more reduced rela-
tive to that from 0 to 6 years for both the users mapped
with the MPEAK strategy, £(10) = 3.755, p < .001, and
with the SPEAK strategy, ¢(15) = 7.530, p < .001.

Figure 3 displays the distributions of the slopes es-
timating the pediatric CI recipients’ improvement rates
of speech sound production from 0-6 to 6-10 years post-
implantation for the pediatric CI recipients who were
mapped with the MPEAK and SPEAK speech-coding
strategies (Panels A and B, respectively). Note that in-
dividual differences were observed, despite that the group
data indicated that the pediatric CI recipients exhibited
different trends of improvement rates from 0-6 to 6—
10 years postimplantation. Independent sample ¢ tests
indicated that the difference between the estimated slopes

of the two subgroups (MPEAK vs. SPEAK) was statisti-
cally significant during the initial 6 years of device ex-
perience, £(25) = 2.715, p = .012, but was not statistically
significant between the 6th and 10th years postimplan-
tation, £(25) = 0.039, p = .969.

As shown in Figure 2, it appeared that several CI
participants’ sound production accuracy reached high
performance levels at around 6 years postimplantation,
leaving no room for them to show any further improvement
subsequently. We further assessed those who obviously
reached rather high levels of performance—that is,
90%—-100%, at 6 or 7 years postimplantation; a total of
8 participants (CI-18, CI-19, CI-20, CI-22, CI-23, CI-25,
CI-26, and CI-27) fulfilled this operational criterion. We
repeated the set of analyses to assess whether the es-
timated slopes were significantly different from zero,
from 0-6 to 6-10 years postimplantation, separately for
the two subgroups (i.e., Subgroup A, the 19 individuals who
did not reach the high levels of performance, defined as
below the accuracy at 90%; Subgroup B, the 8 individuals
who exhibited rather high accuracy following 6 years of
device experience).

One-sample ¢ tests revealed that the estimated slope
was significantly different from zero from 0 to 6 years post-
implantation for both Subgroups A and B: Subgroup A,
t(18)=9.170, p < .001; Subgroup B, t(7) = 6.062, p = .001.
Furthermore, the estimated slope during the period from
6 to 10 years postimplantation was not significantly dif-
ferent from zero for Subgroup A, £(18) = 1.676, p = .111.

Figure 3. Distributions of the slopes estimating the pediatric Cl recipients” improvement rates of speech sound
production from 0-6 to 6-10 years postimplantation. Panels A and B display the slopes estimating the im-
provement rate for the participants in the MPEAK and SPEAK subgroups, respectively. The x-axis displays the
preimplant and postimplant annual sessions. The y-axis displays the slopes; that is, the improvement rate of ac-
curacy in speech sound production (percentage correct). See caption to Figure 1 for details of symbols in the plot.
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As for Subgroup B, although the estimated slope during
this period was found to be significantly different from
zero, the slope was not positive in value, #(7) = -3.763,
p =.007. Taken together, although the plateau observed
in the 8 participants who already exhibited high per-
formance levels in speech sound production might be
associated with the ceiling effect, the estimated slope
for the remaining participants indicated that these
pediatric CI recipients’ development of speech sound
production reached the plateau during the period from
6 to 10 years postimplantation.

The relations among pairs of the intercept and the
two slopes that estimated the improvement rate from
0-6 years (Slope 1) to 6-10 years (Slope 2) were assessed,
controlling for age at implantation.? The partial corre-
lation coefficient was —.436 between the intercept and
Slope 1 (p =.026), —.365 between the intercept and Slope 2
(p =.066), and .045 between Slope 1 and Slope 2 (p = .828).
The partial correlation coefficients were not evaluated
separately for the users of the MPEAK and SPEAK
speech-coding strategies, given that similar trends were
observed for the coefficients for the pairs (of the in-
tercept, Slope 1, and Slope 2) that were evaluated. That
is, the coefficient was positive for Slope 1 and Slope 2,
and was negative for the intercept and Slope 1 and for
the intercept and Slope 2. Figure 4 depicts the distribu-
tions that illustrate the relation between pairs of the
intercept, Slope 1, and Slope 2 that was derived from the
piecewise regression models. Data points shown with
different symbols and the best fitted regression lines
are displayed for the pediatric CI recipients that were
mapped with different speech-coding strategies.

These paired comparisons indicated that the group
of pediatric CI recipients’ performance of speech sound
production at the time of implantation (as suggested by
the intercept) was inversely associated with the im-
provement rate of accuracy in speech sound production
from O to 6 years postimplantation. In other words, the
lower the accuracy at the time of implantation, the higher
the improvement rate would be during the first 6 years of
device experience. On the other hand, the improvement
rate during the first 6 years of device experience was not
significantly correlated with the rate from 6 to 10 years
postimplantation. Similarly, no statistically significant
correlation was observed between the early speech sound
production performance during the first 6 years of device
use and the long-term outcomes in speech sound pro-
duction in each annual session following the 6th year
postimplantation (r values ranged from —.016 to .271;
all p values > .05). In short, neither the improvement
rate beyond 6 years postimplantation nor the long-term

3The variable, age at implantation, was controlled. This is because those
with a younger age at implantation were also younger in age and, hence,
were likely to have a lower phoneme accuracy score to begin with.

outcome in speech sound production was found to be asso-
ciated with the intercept that estimated the initial per-
formance level at the time of implantation.

The previous set of analyses addressed the relations
among the intercept and two slopes that estimated the
group of participants’ performance of speech sound pro-
duction at the time of implantation and the growth in
such performance. As was mentioned previously, there
was a significant slowing rate of development, or a pla-
teau between the 6th and 10th years following implan-
tation compared with that during the first 6 years of
device experience in many pediatric CI recipients’ devel-
opment of speech sound production. In the following set
of analyses, the individual patterns in speech sound
development were evaluated to determine the extent to
which pediatric CI recipients’ performance of speech
sound production at early stages postimplantation can
predict the later performance.

To address this question, the relations between the
accuracy of speech sound production were assessed with
each of 5-10 years of device experience and the accuracy
with each of 1-4 years of device experience. Figure 5
illustrates the distributions of the accuracy of speech
sound production in the group of pediatric CI recipients
with each of 5-10 years of device experience as a func-
tion of the accuracy with each of 1-4 years of device
experience. Pearson correlation coefficients for the in-
dividuals with both the MPEAK and SPEAK speech-
coding strategies were both positive. No specific patterns
were observed between the accuracy of speech sound
production with each of 5-10 years of device experience
and the accuracy with each of 1-4 years of device ex-
perience for the two subgroups. Thus, the data of coef-
ficients were collapsed for the users mapped with the
MPEAK and SPEAK strategies.

As Figure 5 displays, there was a systematic in-
crease in the magnitude of coefficients between the ac-
curacy from 1 to 4 years of device experience and the
accuracy from 5 to 10 years of device experience. That is,
the correlations were all low and nonsignificant with
1 year of device experience. The magnitude of the coeffi-
cients increased considerably, with the device experience
increasing from the 1st to 2nd year and from the 2nd to
3rd year postimplantation, but these correlation coeffi-
cients remained modest. By the 4th year postimplantation,
however, the correlation coefficients became much higher
compared with those in the previous annual evaluation
sessions (i.e., 1st to 2nd year postimplantation). All of
these correlation coefficients, ranging from .522 (4th year
vs. 8th year) to .882 (4th year vs. 5th year), were found to
be statistically significant (4th year vs. 8th year, p = .018;
p values < .001 for other pairs).

Linear regression models were fit to the data points
with each of 5-10 years of device experience as a function
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Figure 4. Scatterplots that depict the relation between pairs of the intercept and the two slopes. Slope 1
estimated the improvement rate from O to 6 years postimplantation; Slope 2 estimated the improvement
rate from 6 to 10 years. Panels A-C display Slope 1 versus intercept, Slope 2 versus infercept, and Slope 1
versus Slope 2, respectively. The crosses and circles refer to the data points of the participants in the MPEAK
and SPEAK subgroups, respectively. The dashed and solid lines display the best fitted linear regression
lines for the MPEAK and SPEAK subgroups, respectively.
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Figure 5. Distributions of the group of Cl participants’ accuracy in speech sound production with each of 5-10 years of device experience, as a
function of the accuracy with each of 1-4 years of device experience. Pearson correlation coefficients (r values) and p values are indicated in
the panels. The line on each panel displays display the best fitted linear regression line.
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of the accuracy levels with 4 years of device experience.
Table 2 provides a summary of these linear regression
models and their statistics. All linear regression models
reached a statistically significant level (o = .05). In other
words, the accuracy in speech sound production of the
group of pediatric CI recipients with 5-10 years of device
experience can be reasonably predicted by the accuracy
with 4 years of device experience. Data from the linear
regression models indicated that the accuracy of speech
sound production from 5 to 10 years of device experience
was associated with the accuracy multiples 0.36-0.82
(depending on the exact annual evaluation session) with
4 years of device experience (p values = .018 or less).

Discussion

This study characterized the development of speech
sound production in prelingually deaf children with
long-term device experience (i.e., beyond 6 years of CI ex-
perience). We were particularly interested in examining
the pattern of speech growth in pediatric CI recipients
and determining whether (and if so, when) developmen-
tal trajectories stabilize and ultimately plateau. As
suggested by the present findings, the magnitude of the
group of pediatric CI recipients’ improvement in speech
sound production was quite large from the preimplant
session to the 4th year postimplantation (on average
11.85% per year increase of device experience). However,
this improvement rate appeared to decline between
the 4th and 6th years following implantation (on aver-
age 6.69% per year increase of device experience), and
decreased even more following the 6th year (on average
1.28% per year increase of device experience). The higher
improvement rate during the initial several years (through
the 4th to 6th years) postimplantation suggests that there
is a period when the auditory experience provided by a
CI has noticeable effects on its users’ development of
speech sound production.

These findings were consistent with the results
reported by Blamey, Barry, Bow, et al. (2001): There is no

plateau in speech sound development during the initial
6 years postimplantation. As was mentioned in the
introduction, Blamey, Barry, and Jacq (2001) reported a
plateau in speech sound development at the 6th year
postimplantation, whereas Blamey, Barry, Bow, et al.
(2001) reported no plateau. In this study, we reported
the percentage of correct scores for the phoneme pro-
duction of pediatric CI recipients. Consistent with the
findings by Blamey, Barry, Bow, et al. (2001), who adopted
the same scoring approach, we did not observe a plateau
during the first 6 years following implantation.

In contrast to the magnitude of the present pediatric
CI recipients’ rate of improvement in speech sound
production during the first 6 years postimplantation, the
rate appeared to decline substantially from about 6 to
10 years postimplantation (on average 1.28% per year
increase of implant experience). During this period (6—
10 years), many of the pediatric CI recipients began to
approach mid-to-high levels of performance (i.e., mean
accuracy higher than 75%). By the 6th year postimplan-
tation, the median of these individuals’ accuracy in
speech sound production was 81.48%. The accuracy re-
mained at around the same level (83.85%) with 7 years of
device experience, and improved to 91.21%, 89.48%, and
88.97% with 8-10 years of device experience. The group
of CI recipients’ accuracy of speech sound production
exhibited substantial amounts of improvement, when
compared with that during the initial several years
postimplantation.

The performance levels of the pediatric CI recipi-
ents’ speech sound production during the first 6 years
were nowhere near perfect (Blamey, Barry, & Jacq,
2001), leaving these individuals room to improve in their
performance. In other words, the “ceiling” issue was not
a concern when assessing the existence of a plateau in
that study. On the other hand, in the present study, the
observed “plateau” during 6-10 years postimplantation
might be related to the fact that some of the CI par-
ticipants’ sound production accuracy reached high per-
formance levels, and there was no room for them to show
any further improvement. To examine this possibility,

Table 2. A summary of linear regression models fitted to the data and their statistics.

Comparison Linear regression equation R? df F p value
A4 vs. A5 A5=123.88+0.75x A4 778 1, 21 70.07 <.001
A4 vs. Ab A6 =2987+0.73x A4 750 1,22 63.08 <.001
Ad vs. A7 A7 = 4444 + 0.56 x A4 496 1,23 23.62 <.001
A4 vs. A8 A8 = 62.05 +0.36 x A4 272 1,19 6.73 .018
A4 vs. A9 A9 =41.58 + 0.65 x A4 660 1,19 34.94 <.001
Ad vs. A10 A10=3241 +0.82x A4 560 1,14 16.51 <.001
Note. A4 to A10 refer to the accuracy of speech sound production in the group of pediatric cochlear implant (CI) recipients,

each with 4-10 years of device experience.
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we further assessed those who obviously reached rather
high levels of performance (90%—-100%, an operational
definition) at 6 or 7 years postimplantation (n = 8).
The analyses were performed separately for the two
subgroups (i.e., these 8 participants who exhibited rather
high accuracy following 6 years of device experience vs.
the remaining participants) to evaluate the whether the
estimated slope was significantly different from zero:
from 0-6 to 6-10 years postimplantation. Consistent
with the original conclusion, these results indicated no
further improvement following 6 years of implant ex-
perience for both subgroups, regardless of the possible
ceiling performance observed in some pediatric CI re-
cipients with rather high performance levels in accurate
speech sound production.

The present findings can assist in extending re-
searchers’ understanding of the effects of the long-term
device experience on pediatric CI recipients’ development
of speech sound production. Tye-Murray et al. (1995) as-
sessed the accuracy of speech sound production in
prelingually deaf children who used a CI. They reported
that with 3 years of device experience, pediatric CI re-
cipients received 53% accuracy in speech sound produc-
tion. The present findings suggest that with long-term
device experience, pediatric CI recipients are likely able
to achieve satisfactory levels of accuracy in speech sound
production. On the other hand, these individuals’ per-
formance levels of speech sound production are still
lower when compared with the performance levels of
their NH peers. That is, NH children’s accuracy in
speech sound production achieves slightly below 100%
by 6-8 years of age (Menyuk, 1972; Shriberg et al., 1994).

The present data suggest that speech sound develop-
ment may continue beyond age 8, which is often thought
to be the terminus of normal speech development in NH
children. Interestingly, our results indicate that the age
when the plateau occurred is associated with a hearing
age of around 8 years in pediatric CI recipients (Figure 1B).
These findings would support an account of sensitive
periods that emphasizes experience dependence rather
than maturational mechanisms. However, it should be
acknowledged that these individuals’ age when the pla-
teau occurred coincides with the onset of adolescence,
which is considered as the ending time point for the
speech development period (Lenneberg, 1967). Thus, at
this time it is difficult to use these data to resolve what
mechanisms might account for the plateau. In fact, it is
possible that the plateau represents simply a ceiling or
saturation point in learning. In that regard, the peak
level of performance for each child (i.e., the level of
asymptote) represents the limits of the speech informa-
tion provided by the auditory system. If so, we might ex-
pect to find differences in the plateau level for different
devices.

In this study, we examined whether there was a
plateau in the development of speech sound production
from 6 to 10 years postimplantation by fitting a piecewise
regression model to each CI participant’s chronological
data. The results were evaluated separately for the sub-
groups of individuals who were mapped with the MPEAK
and SPEAK speech-coding strategies, as advancements
in technology might contribute to interparticipant vari-
ability in CI users’ postimplant speech development (Peng
et al., 2004). The results indicated that mean improvement
rates (reflected by the estimated slope in each model) from
the preimplant session to the 6th year postimplantation
for both the MPEAK and SPEAK subgroups were positive
and significantly different from zero. However, the im-
provement rates of both subgroups of participants
declined and were not significantly different from zero
from 6 to 10 years postimplantation. The average im-
provement rate of the users mapped with the SPEAK
speech-coding strategy was significantly higher when
compared with that of those mapped with the MPEAK
speech-coding strategy. The significant difference in the
improvement rates between the users with different
speech-coding strategies, however, was limited to the
initial 6 years of device experience. With 6-10 years of
device experience, there was no statistically significant
difference in the improvement rates between the pe-
diatric CI recipients that were mapped with the MPEAK
and SPEAK strategies. These findings suggest that the
plateau level is not, at least solely, driven by the auditory
information provided.

Taken together, the present findings suggest the
steady improvement in pediatric CI recipients’ speech
sound development during the initial 6 years postimplan-
tation. However, these individuals’ speech development
reaches a plateau following the 6th year postimplanta-
tion. Interestingly, the pediatric CI users mapped with a
more advanced speech-coding strategy (i.e., SPEAK) show
advantages, only in the improvement rates, over those
with a less advanced strategy (i.e., MPEAK), during the
first 6 years postimplantation. However, these individ-
uals’ speech sound development reaches the plateau
after 6 years postimplantation, regardless of the speech-
coding strategy (SPEAK vs. MPEAK) that the individual
is mapped with.

The present findings indicated that the improve-
ment rate between the 6th and 10th year of CI expe-
rience was not significantly correlated with the rate
prior to the 6th year or the initial performance level at
the time of implantation. A subsequent critical question
raised in this investigation was the extent to which
pediatric CI recipients’ mastery of speech sound produc-
tion with extended device experience can be predicted by
early accuracy levels in speech sound production. More
specifically, the question of interest was as follows:
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When in development do researchers find sufficient sta-
bility in the relative standing among pediatric CI re-
cipients that they can make decisions with regard to
whether long-term outcomes will be favorable or at risk?

To answer this question, the accuracy of speech sound
production with 5-10 years of device experience was
evaluated in relation to the accuracy with each of the
initial 4 years postimplantation. The results indicated
that there is a systematic increase in the magnitude
of correlation coefficients between the accuracy with
1-4 years of device experience and that with 5-10 years
of device experience. Moreover, the correlations were
the strongest between the accuracy with 4 years of de-
vice experience (among all the annual sessions from the
1st to 4th year) and that with each of 5-10 years of
device experience. Each of the correlation coefficients
(r values) between the accuracy with 4 years of device
experience and the accuracy with each of 5-10 years
of device experience was statistically significant (see
Figure 5).

Further linear regression analyses indicated that
pediatric CI recipients’ accuracy in speech sound pro-
duction from each of the 5th to 10th year postimplanta-
tion can be reasonably predicated by these individuals’
performance with 4 years of device experience (see Table 2).
These findings have significant clinical applications in
managing pediatric CI recipients’ development of speech
sound production. Specifically, accuracy of speech sound
production after 4 years of device experience can be in-
formative with respect to the prognosis for long-term
outcomes. Early speech production skills can be used as
an index for clinicians, educators, and other profes-
sionals in determining if a pediatric CI user is on track
to achieve good long-standing outcomes in speech sound
production. A caveat to this is that it takes at least
4 years of CI experience before one can project the long-
term efficiency of pediatric CI recipients’ speech sound
production.

The present findings have other important clinical
implications: It is imperative to maximize pediatric CI
recipients’ development of speech sound production dur-
ing the initial 6 years postimplantation. Moreover, pe-
diatric CI recipients’ performance levels of speech
sound production with extended device experience (i.e.,
5-10 years) can be reasonably predicted using the ac-
curacy in speech sound production of these individuals
after 4 years of device experience. The present findings
also revealed that individuals who were mapped with
the SPEAK strategy (as opposed to MPEAK) exhibited
higher improvement rates during the initial 6 years of
device experience. That is, maximizing the development
of speech sound production at early stages postimplan-
tation may be achieved by providing pediatric CI re-
cipients with more advanced speech-coding strategies or
other technological advancements.

This study has some inevitable limitations. It was
not possible to further define the roles of certain par-
ticipant variables, such as education settings (or com-
munication modality) of our participants. Moreover, one
might hypothesize that individuals who depend more
heavily on sign may have a more shallow developmental
trajectory of speech sound production and/or lower peak
accuracy than children who depend more heavily on
auditory—oral communication. Unfortunately, this hypoth-
esis could not be tested because of our limited information
regarding the participants’ amount of reliance on sign. It
was only clear to us that the CI participants who were in
the TC program received their education at school with
signing exact English and oral English (simultaneous),
and all used oral speech at home with their family (because
none of these individuals had deaf parents or siblings).
Additional studies will be needed to test this hypothesis.

Another limitation of this study was that all par-
ticipants in this study were mapped with either MPEAK
or SPEAK speech-coding strategies. Given that these
two strategies were relatively old, when compared with
more current speech-coding strategies, such as advanced
combination encoder or continuous interleaved sampler
(Loizou, 1998; Psarros et al., 2002), it is possible that
pediatric CI recipients who are users of a more advanced
speech-coding strategy may show different profiles in
their development of speech sound production (e.g., max-
imal performance levels or timing of the plateau, if it
exists). With the trends of CI technological advancements
and early implantation in infants as young as 12 months
of age (American Speech-Language-Hearing Association,
2003), the extent to which the present findings regarding
development of speech sound production can be applied to
the current generation of pediatric CI recipients remains
to be demonstrated in future studies. Finally, another
future study could examine the role of vocabulary ac-
quisition and how that might be related to the develop-
mental trajectories of speech sound production in the
pediatric CI population.

Conclusions

The present findings suggest that pediatric CI re-
cipients exhibit steady improvement in the development
of speech sound production during the first 6 years post-
implantation, but as a group, these individuals’ perfor-
mance appears to stabilize (or reaches a plateau) afterward.
Moreover, pediatric CI recipients’ accuracy of speech sound
production with 4 years of device experience can reason-
ably predict the long-term outcomes of speech sound pro-
duction (i.e., with 5-10 years of device experience). These
findings provide indices for clinical applications when
long-term advancements in pediatric CI recipients’ devel-
opment of speech sound production are considered.
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