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Purpose: Characterizing and comparing speech recognition development in
children with cochlear implants (CIs) is challenging because of variations in test
type. This retrospective cohort study modified the Pediatric Ranked Order
Speech Perception (PROSPER) scoring system to (a) longitudinally analyze the
speech perception of children with CIs and (b) examine the role of age at CI
activation, listening mode (i.e., unilateral or bilateral implantation), and inter-
implant interval.
Method: Postimplantation speech recognition scores from 31 children with pre-
lingual, severe-to-profound hearing loss who received CIs were analyzed (12
with unilateral CI [UniCI], 13 with sequential bilateral CIs [SEQ BiCIs], and six
with simultaneous BiCIs). Data were extracted from the Massachusetts Eye and
Ear Audiology database. A version of the PROSPER score was modified to inte-
grate the varying test types by mapping raw scores from different tests into a
single score. The PROSPER scores were used to construct speech recognition
growth curves of the implanted ears, which were characterized by the slope of
the growth phase, the time from activation to the plateau onset, and the score
at the plateau.
Results: While speech recognition improved considerably for children following
implantation, the growth rates and scores at the plateau were highly variable. In
first implanted ears, later implantation was associated with poorer scores at the
plateau (β = −0.15, p = .01), but not growth rate. The first implanted ears of chil-
dren with BiCIs had better scores at the plateau than those with UniCI (β =
0.59, p = .02). Shorter interimplant intervals in children with SEQ BiCIs pro-
moted faster speech recognition growth of the first implanted ears.
Conclusion: The modified PROSPER score could be used clinically to track
speech recognition development in children with CIs, to assess influencing factors,
and to assist in developing and evaluating patient-specific intervention strategies.
Supplemental Material: https://doi.org/10.23641/asha.20113538
As the most successful neural prostheses to date,
cochlear implants (CIs) provide critical access to speech to
children with severe-to-profound hearing loss who other-
wise derive little benefit from acoustic hearing aids (HAs).
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Hearing the speech signal through a CI increases the
chances of developing good speech perception abilities in
pediatric CI listeners (e.g., Colletti et al., 2012; Dettman
et al., 2016; Geers & Nicholas, 2013; Svirsky et al., 2000;
Zeng, 2017). Despite successful development of speech
perception in many pediatric recipients of CIs, perfor-
mance varies widely among children and it is unclear who
will have good or poor outcomes (e.g., Davidson et al.,
2011; Dunn et al., 2014; Tomblin et al., 2005). Prior
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studies have either focused on final long-term speech rec-
ognition outcomes and/or speech recognition at a fixed
time postimplantation or between groups of children with
different age at implantation (e.g., Davidson et al., 2011;
Dowell, 2002; Dunn et al., 2014; Manrique et al., 2004;
Ruffin et al., 2013). A major challenge in characterizing
the development of speech recognition skills in children
with CIs is that the test type changes based on the age,
vocabulary levels, and speech perception abilities of each
child, making it difficult to compare scores across individ-
uals (Eisenberg, Johnson, et al., 2006; Fink et al., 2007;
Trimble et al., 2008). In this study, we modified a scoring
chart, the Pediatric Ranked Order Speech Perception
(PROSPER), that integrates all available scores from different
test types administered in our center at the Massachusetts
Eye and Ear (MEE) Audiology clinic into one score,
allowing us to longitudinally track speech recognition out-
comes (Eskander et al., 2011; Trimble et al., 2008; Yeung
et al., 2018). The PROSPER score was used in prior
studies to examine speech recognition of children with CIs
pre- and postimplantation/re-implantation at one time
point (Eskander et al., 2011; Trimble et al., 2008; Yeung
et al., 2018). We use this scoring chart to better under-
stand how the trajectory of speech recognition development
varies among children with prelingual, severe-to-profound
hearing loss who underwent cochlear implantation and to
examine how age at CI activation, listening mode (unilat-
eral or bilateral CI), and interimplant interval may influ-
ence children’s speech recognition development.

Longitudinal assessment of speech recognition devel-
opment in children with CIs in early childhood following
implantation is challenging due to rapid changes in audi-
tory abilities with age, wide ranges of hearing and lan-
guage skills, or a combination of these factors. In response
to these methodological challenges, several studies have
focused on developing a speech recognition hierarchy by
integrating different test types based on the child’s age
and hearing ability, to construct standardized and uniform
test batteries (e.g., Eisenberg, Johnson, et al., 2006; Fink
et al., 2007; Wang et al., 2008). The first longitudinal mul-
ticenter studies to investigate various outcomes following
cochlear implantation are the Childhood Development
after Cochlear Implantation (CDaCI) studies (e.g., Eisenberg,
Johnson, et al., 2006). In those prospective studies, scores
were measured at specific intervals aimed to comprehensively
assess factors that influence spoken language; speech recogni-
tion; cognitive; behavioral, and psychosocial performance;
and quality of life in young children with CIs (e.g., Eisenberg,
Johnson, et al., 2006; Fink et al., 2007; Wang et al., 2008).
These studies defined an integrated hierarchical test battery
for their set of speech perception tests to track children’s
speech and language development. Wang et al. (2008) devel-
oped a speech recognition in quiet index that integrated
speech recognition scores collected through a series of
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hierarchical tests used to track speech recognition develop-
ment over 24 months following implantation. They showed
that speech recognition growth was largely variable among
children with CIs over that time. A small group of children
with relatively later ages at implantation showed slower post-
implantation trajectories.

Building on the CDaCI studies, the Pediatric Mini-
mum Speech Test Battery (PMSTB) working group con-
ducted a review on a variety of speech perception mea-
sures and developed a protocol for clinical use after incor-
porating new speech materials such as pediatric AzBio
(Uhler et al., 2017). The development of this protocol was
motivated by a need for a standardized and comprehen-
sive test battery to facilitate tracking children’s perfor-
mance. Together, these works demonstrated that such
speech recognition hierarchies can be used to track and
describe the auditory abilities of children with CIs. Results
have been used to compare speech recognition develop-
ment between children with CIs and their normal-hearing
peers. The present work further builds on the existing
framework from these works (Eisenberg, Johnson, et al.,
2006; Fink et al., 2007; Niparko et al., 2010; Wang et al.,
2008; the PMSTB, Uhler et al., 2011; 2017; the Longitudi-
nal Outcomes of Children with Hearing Impairment,
Ching et al., 2013; and PROSPER scoring chart,
Eskander et al., 2011; Trimble et al., 2008; Yeung et al.,
2018). We developed and modified the PROSPER scoring
system according to the hierarchy of clinical tests used
consistently in our clinic and data set at the MEE Audiol-
ogy. This study demonstrates an approach that could be
employed at any clinic that uses a standard protocol.

Individual Differences in Speech Recognition
Development

Prior studies based on grouping children for age at
implantation or school age have shown that speech recog-
nition typically improves over time in children with CIs
(e.g., Davidson et al., 2011; Dunn et al., 2014; Holt &
Svirsky, 2008; Uhler et al., 2011). However, this improve-
ment varied widely among individual children (e.g.,
Arjmandi et al., 2021; Bø Wie et al., 2007; Davidson
et al., 2011; Dilley et al., 2020; Dowell, 2002; Dunn et al.,
2014; Eisenberg, Johnson, et al., 2006; Geers et al., 2003,
2011; Geers & Moog, 1987; Niparko et al., 2010; Pisoni
et al., 2018; Waltzman et al., 2002; Wie et al., 2020). For
example, Davidson et al. (2011) found that word recogni-
tion scores ranged from 0% to 90% for pediatric CI recipi-
ents in elementary school (8–9 years of age) and those in
high school (15–18 years of age). While prior studies have
shown how speech recognition varies among individual
pediatric CI listeners at different times postimplantation,
or in the long term (e.g., Davidson et al., 2011; Dowell,
2002; Dunn et al., 2014; Eisenberg, Johnson, et al., 2006;
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Fink et al., 2007; Geers et al., 2011; Manrique et al.,
2004), studies have yet to quantify the developmental tra-
jectory of speech recognition in a consistent manner by
integrating different test types and time points. Prior studies
have also been limited by selecting a specific subset of tests
to longitudinally track the performance of the children in
their cohort (e.g., Dunn et al., 2014; Wie et al., 2020).
These limitations are mainly due to the major challenge of
quantifying performance longitudinally as children develop
and require a change in test type and test materials
(Eisenberg, Fink, & Niparko, 2006; Geers & Moog, 1987;
Trimble et al., 2008; Uhler et al., 2017; Yeung et al., 2018).
To address this challenge, a scoring chart can be developed to
integrate scores from different test types into one summary
score (e.g., Trimble et al., 2008; Wang et al., 2008).

Age at CI Activation and Speech Recognition
Development

Several factors related to the implanted CI device
(e.g., the speech processing strategy and the electrode–
neuron interface; e.g., DiNino et al., 2019; Fryauf-
Bertschy et al., 1997), interventions (e.g., communication
mode, age at implantation; Geers et al., 2003; Holt &
Svirsky, 2008), and children’s personal characteristics
(e.g., verbal and nonverbal IQ, cognitive skills; Geers
et al., 2008; Pisoni, 2012) have been investigated to under-
stand how they may influence speech recognition scores in
children with CIs. Early age at CI activation is a factor
that has been frequently reported as a significant contribu-
tor to the variability in outcomes among children (e.g.,
Fryauf-Bertschy et al., 1997; Holt & Svirsky, 2008; Kirk
et al., 2002; Leigh et al., 2013; Niparko et al., 2010;
Sharma et al., 2005; Tobey et al., 2013). In addition,
among different audiologic factors such as onset of hear-
ing loss, pre-implant residual hearing, and degree of hear-
ing loss, age at CI can be potentially intervened (earlier
rather late implantation) to improve speech and language
outcomes. While some studies found a positive effect of
earlier implantation on word recognition scores and the
rate of speech recognition development for a group of
children (e.g., Bø Wie et al., 2007; Wang et al., 2008),
some reported no effect of age at implantation on the rate
of the word recognition development (Holt & Svirsky,
2008). In those studies, the rate of word recognition devel-
opment was defined as the amount of change in speech
recognition scores using a single test over a fixed period
after implantation. Dunn et al. (2014) found that by the
time children were 11 and 13 years old, the positive
impact of earlier implantation on speech perception had
diminished such that there was no significant difference
between the younger implanted (less than 2 years of age)
and the older implanted group (between 2 and 3.8 years
of age). However, a delay in speech recognition development
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in early years after implantation may lead to negative
consequences of delayed spoken language acquisition
(Eisenberg, Johnson, et al., 2006; Houston et al., 2020)
and other developmental abilities such as social (e.g.,
parent–child communication, engagement, self-control)
and cognitive abilities (e.g., information processing speed,
attention, problem-solving, and short- and long-term mem-
ory retrieval; Eisenberg, Fink, & Niparko, 2006; Fink
et al., 2007; McLaughlin, 2011; Silva et al., 1983, 1987;
Uhler et al., 2017). Most previous studies grouped children
based on their age at CI activation to examine its effect on
speech recognition development mainly because of the chal-
lenges of using different test types and materials. Further
investigation using a scoring system that integrates all avail-
able scores from different tests into a single score may pro-
vide better understanding of the effect of age at CI activation
on the trajectory of speech recognition development in indi-
vidual children with CIs.

Listening Mode (Unilateral or Bilateral CIs)
and Speech Recognition Development

Speech recognition development is also influenced
by the listening mode, whether a child received a unilat-
eral or bilateral (sequential or simultaneous) CI(s). This is
particularly important as more children are receiving bilat-
eral CIs (BiCIs; e.g., Peters et al., 2010). Bilateral cochlear
implantation has been shown to facilitate speech develop-
ment (e.g., Boons et al., 2012; De Raeve et al., 2015;
Jacobs et al., 2016; Lammers et al., 2014; Leigh et al.,
2013; Sarant et al., 2014; 2016), to facilitate the develop-
ment of binaural hearing skills such as segregation of
speech from competing sounds (e.g., Galvin et al., 2007;
Litovsky et al., 2006), and sound source localization
(e.g., Gordon, Wong, & Papsin, 2013; Grieco-Calub &
Litovsky, 2011; Litovsky et al., 2006; Zheng et al., 2015).
These abilities are particularly important for developing
speech recognition, as children need to understand speech
and learn language in daily, challenging listening environ-
ments such as school and childcare facilities (Busch et al.,
2017; Manlove et al., 2001; Shield et al., 2015). Further-
more, there is evidence that listeners with BiCIs experience
less listening effort compared to those who receive unilat-
eral CIs (e.g., Hughes & Galvin, 2013; Schnabl et al.,
2021). Evidence suggests that children with BiCIs also
develop better and faster expressive and receptive lan-
guage skills (Boons et al., 2012; Sarant et al., 2014), a
trend moderated by age at CI activation in the BiCIs
group (Sarant et al., 2014).

Interestingly, bimodal listening with a CI in one ear
and HA in the other could be more beneficial than BiCIs
for some spoken language skills depending on the level of
residual hearing on the nonimplanted ear (Davidson et al.,
2019). Investigation of cortical responses to bimodal
i et al.: Speech Recognition Growth in Pediatric CI Listeners 615



stimulation, as measured by electroencephalography, showed
that balanced input during early auditory development
can prevent preference for hearing through better ear and
enhance bimodal hearing (Polonenko et al., 2018), suggest-
ing that bilateral implantation and earlier implantation of
the poorer ear in children with asymmetric hearing loss
can help with symmetric auditory cortical processing.
Studies have also showed that simultaneous bilateral CIs
(SIM BiCIs) further enhanced speech perception by
improving the perception of sound patterns and better
development of peripheral and central auditory pathways
compared to unilateral and sequential listening modes
(Gordon, Jiwani, & Papsin, 2013; Kral et al., 2016). In an
investigation of the combined effect of earlier implantation
and simultaneous BiCIs on language development, Wie
et al. (2020) found that the performance gap between
early-implanted children with simultaneous BiCI and their
normal-hearing peers is closed within the first 4 years after
implantation, although the two groups showed differences
in some aspects of language (receptive vocabulary and
expressive grammar) between 4 and 6 years after implan-
tation. Despite these additional speech perception and
localization benefits offered by BiCIs, it is unclear whether
the trajectory of speech recognition development is influ-
enced by the listening mode and timing of a second CI.

Interimplant Interval and Speech Recognition
Development

Different factors such as the effectiveness of sequen-
tial BiCIs (SEQ BiCIs), economic concerns due to costs of
implantation, and possible surgical complications could
impact the family’s consideration and the appropriate tim-
ing for receiving a second implant. The positive effect of
shorter interimplant intervals on speech recognition out-
comes of children with SEQ BiCIs has been shown
(Galvin et al., 2009; Gordon & Papsin, 2009; Jeong et al.,
2018; Johnston et al., 2009; Steffens et al., 2008; Zeitler
et al., 2008). For example, long interimplant interval nega-
tively influences speech recognition outcomes and cortical
plasticity (Gordon et al., 2011; Gordon & Papsin, 2009;
Strøm-roum et al., 2012) and short intervals led to better
language scores assessed at 3 years postimplantation
(Boons et al., 2012). Prolonged interimplant intervals can
also lead to asymmetric speech recognition abilities with
slower development of speech recognition for the second
implanted ears (Zhang et al., 2020) and an unbalanced
auditory cortical organization with preference for hearing
through the better ear (Polonenko et al., 2018). Illg et al.
(2019) reported an effective interimplant interval of up to
4 years for children who received their first implant before
4 years old. Yet, the effects of the interval between the
first and second implantation on the growth and longer-
term speech recognition performance remain unknown.
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This Study

In this retrospective cohort study, data from chil-
dren with prelingual, severe-to-profound hearing loss, who
received their first implant by age 9 years, were studied to
understand the trajectory of speech recognition develop-
ment postimplantation. As common to most retrospective
studies, the scores were not from specific and evenly dis-
tributed intervals and test types varied depending on
child’s age and hearing ability. In response to these chal-
lenges, we modified a scoring scheme based on the
PROSPER system to integrate scores from different test
types and materials and quantified the trajectory of speech
recognition development (e.g., Trimble et al., 2008; Yeung
et al., 2018). This modified PROSPER score was used to
explore individual differences in the rate of speech recog-
nition development and their longer term speech recogni-
tion outcomes. We focused on whether earlier implanta-
tion related to faster speech recognition growth and better
longer term speech recognition scores with the prediction
that early age at activation of the first implant would lead
to better speech recognition scores, but not the rate of
development, as suggested by Holt and Svirsky (2008).
We further examined the role of listening mode (unilateral
vs. bilateral CIs) on the trajectory of speech recognition
development, hypothesizing that children with BiCIs
would perform better than those with unilateral CI, both
in terms of how rapidly they reach peak performance and
their longer term speech recognition scores. Furthermore,
we explored whether shorter interimplant intervals in chil-
dren with SEQ BiCIs corresponds to faster rates of speech
recognition growth and better longer term speech recogni-
tion scores. Finally, we examined how patterns of speech
recognition development varied between the first and the
second implanted ears of children with BiCIs, and whether
age at CI activation contributed to possible differences.
We hypothesized that the longer term speech recognition
scores would be higher for the first implanted ears due to
earlier implantation and longer CI use.
Materials and Method

Data Collection

The medical records of patients at the MEE Audiol-
ogy clinic were reviewed to identify children with severe to
profound, sensorineural hearing loss, diagnosed within the
first year of life (i.e., prelingually deafened), who under-
went cochlear implantation. The data reviewed were col-
lected between 1994 and 2015. The degree of hearing loss
was determined from some combination or subset of pure-
tone thresholds of 70 dB HL or greater either from behav-
ioral assessment and/or auditory brainstem response
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estimates for pure tones at 250 Hz, 500 Hz, 1 kHz, 2 kHz,
4 kHz, and 8 kHz. Children were classified as having
severe, severe-to-profound, or profound hearing loss at the
time of diagnosis (Clark, 1981). Speech recognition scores
in quiet were extracted for these children. All speech mate-
rials were presented at 65 dB HL presentation level of
recorded speech from a single loudspeaker at 0° azimuth
at 1 m from the patient, which was the clinical standard
at our center at the time the data were collected. The test
materials were administered by licensed audiologists at
MEE who specialized in working with children with hear-
ing loss. The non–test ear was either plugged with a foam
earplug, masked using speech-shaped noise or the contra-
lateral CI or HA was turned off. Only scores for individ-
ual implanted ears were analyzed in this study. For each
testing session, the age at testing, type of test adminis-
tered, and speech recognition score were collected. The
speech recognition scores were the percentage of correct
responses. The type of test used at a session varied depend-
ing on the child’s age, performance, and cooperation.

MEE PROSPER Score

To address the problem of the variety of test types
used for speech recognition assessment in children, we
modified the hierarchical approach adopted from the
PROSPER score chart (Eskander et al., 2011; Trimble
et al., 2008; Yeung et al., 2018), by tailoring it to the
speech recognition tests used regularly in our clinics. To
create a PROSPER score chart, the individual speech per-
ception tests are ranked in a hierarchy from easiest to the
most complex and difficult (Trimble et al., 2008). The
ranking is based on the criteria described by Geers and
Moog (1987), including if a test is closed- or open-set and
the difficulty level of the vocabulary in each test. For
example, pattern perception tests that examine a child’s
general auditory behavior and do not require any word
understanding are easier than open-set tests of speech per-
ception and are, therefore, ranked the lowest in the
PROSPER hierarchy. In addition, listeners have more dif-
ficulty discriminating between monosyllabic words than
spondees and multisyllabic words (Erber, 1982). There-
fore, a test that contains multisyllabic words are expected
to be easier than a test with monosyllabic words, having a
relatively lower rank and a lower PROSPER score. Fur-
thermore, tests with more difficult vocabularies are more
challenging, thus will have a higher ranking in the
PROSPER chart. The modified PROSPER score chart
was constructed based on the described hierarchy such
that the easiest, least complex test corresponded with
lower scores and the most difficult and complex test with
higher scores. See Trimble et al. (2008) and Yeung et al.
(2018) for a detailed discussion of PROSPER scores. We
used our MEE PROSPER score to build and compare the
Arjmand
trajectory of children’s speech recognition scores (i.e., how
quickly they improve and how well they perform after
reaching a plateau in performance). We then examined the
role of age at implantation, listening mode, and interimplant
interval on speech recognition development in our cohort
while controlling for other factors available in our database
(e.g., hearing loss, etiology, and device manufacturer).

Table 1 shows the MEE PROSPER score chart for
the tests used in the extracted data. The tests are ordered
based on the developmental appropriateness of the test
materials (Geers & Moog, 1987), using three criteria: (a)
whether the test was a closed-set (e.g., Early Speech Per-
ception (ESP; Eisenberg, Johnson, et al., 2006) or open-set
(e.g., Central Institute for the Deaf W-22 lists [W22] test;
Hirsh et al., 1952), (b) the level of vocabulary in each test
from the easiest (ESP low verbal) to most difficult (The
Northwestern University Auditory Test Number Six
[NU6]; Tillman & Carhart, 1966) or The Maryland
Consonant–Vowel Nucleus–Consonant (CNC) test (Lehiste
& Peterson, 1959; Peterson & Lehiste, 1962; or W22), and
(c) the normative age range for which each test was
designed (age ≤ 4 or 4 < age ≤ 6 or 6 < age ≤ 8 or age ≥
8 years). Note that the recommended age ranges by the
test manuals are based on typical development and the
administered test may not necessarily correspond to chil-
dren’s chronological ages when administered and may
change depending on the vocabulary of the child, particu-
larly in children with CIs who are more likely to perform
poorer and more variably than their age-matched peers
with typical hearing (Eisenberg, Fink, & Niparko, 2006;
Svirsky et al., 2000; Wie et al., 2020; Uhler et al., 2017).
Closed-set tests are developed for younger children to be
appropriate for their age and speech and language skills.
In closed-set tests, children are asked to choose a represen-
tation from a set of pictures or objects, which increases
the chance of guessing correctly compared to open-set
tests in which they are asked to repeat the word heard
(e.g., Geers & Moog, 1987). The level of vocabulary and
number of possible answers increases from the lowest
PROSPER value for the closed-set, low verbal ESP test to
the highest category that includes open-set, monosyllabic
word tests often used for testing adults, such as the W22,
NU6, and CNC materials. The W22, NU6, and CNC
tests were considered as one category as they are all open-
set tests and all contain relatively complex vocabulary.
Another criterion for ranking tests in the PROSPER is the
age range for which each test were designed, as they were
designed for different spoken language ages. For example,
the CNC test was designed for children with a spoken lan-
guage age of 8 years and above, while Phonetically Bal-
anced Word Lists–Kindergarten (Haskins, 1949) was
designed for children between 5 and 8 years old. Tests
were also ranked to reflect the chance-level performance
of each test based on the number of items for each test.
i et al.: Speech Recognition Growth in Pediatric CI Listeners 617



Table 1. Massachusetts Eye and Ear (MEE) Pediatric Ranked Order Speech Perception (PROSPER) score chart.

MEE PROSPER
score

Speech perception
test % correct

Closed-set or
open-set

Vocabulary
level

Normative
age rangea

1 ESP low verbal Category 1 C 1 ≤ 4
2 ESP low verbal Category 2 C 1 ≤ 4
3 ESP low verbal Category 3 C 1 ≤ 4
4 ESP low verbal Category 4 C 1 ≤ 4
5 ESP standard Category 1 C 2 ≤ 4
6 ESP standard Category 2 C 2 ≤ 4
7 ESP standard Category 3 C 2 ≤ 4
8 ESP standard Category 4 C 2 ≤ 4
9 WIPI < 25% C 3 4–6
10 WIPI 25% ≤ score < 50% C 3 4–6
11 WIPI 50% ≤ score < 75% C 3 4–6
12 WIPI Score ≥ 75% C 3 4–6
13 PBK < 25% O 4 5–8
14 PBK 25% ≤ score < 50% O 4 5–8
15 PBK 50% ≤ score < 75% O 4 5–8
16 PBK Score ≥ 75% O 4 5–8
17 W22/NU-6/CNC < 25% O 5 ≥ 8
18 W22/NU-6/CNC 25% ≤ score < 50% O 5 ≥ 8
19 W22/NU-6/CNC 50% ≤ score < 75% O 5 ≥ 8
20 W22/NU-6/CNC Score ≥ 75% O 5 ≥ 8

Note. Early Speech Perception (ESP) category score criteria for low-verbal version and standard version. Low-verbal: It is a 4-item test. Category
1 was assigned to pattern perception test scores lower than 67%. Category 2 was assigned to pattern perception test scores higher than 67%
or spondee identification test scores lower than 67%. Category 3 was assigned to spondee identification test scores higher than 67% or mono-
syllable identification test scores lower than 83%. Category 4 was assigned to monosyllable identification test scores higher than 83%. Standard:
It is a 12-item test. Category 1 was assigned to pattern perception test scores lower than 75%. Category 2 was assigned to pattern perception
test scores higher than 75% or spondee identification test scores lower than 75%. Category 3 was assigned to spondee identification test scores
higher than 75% or monosyllable identification test scores lower than 50%. Category 4 was assigned to monosyllable identification test scores
higher than 50%. Word Intelligibility by Picture Identification (WIPI): It is a 25-item test. The Phonetically Balanced Kindergarten Test (PBK): It is a
50-item test. The W22, NU6, and CNC are all 50-item tests. C = closed-set; O = open-set; W22 = Central Institute for the Deaf W-22 lists; NU-6 =
The Northwestern University Auditory Test No. 6; CNC = The Maryland Consonant–Vowel Nucleus–Consonant test.
aNote that the tests were often used at different ages than the normative ages indicated here due to variability in children’s performance at
different ages.
Based on these criteria, the tests were ranked from
simple pattern detection of ESP low verbal to more diffi-
cult open-set word recognition tests with high vocabulary
levels. We increased the resolution from the previously
used PROSPER to four levels (0%–25%, 25%–50%, 50%–

75%, and 75%–100%) instead of two (0%–50% and 50%–

100%; Yeung et al., 2018) to achieve higher precision. The
final MEE PROSPER score ranged from 1 to 20. Raw
speech recognition scores for each implanted ear were
mapped to its corresponding PROSPER score. For exam-
ple, a raw score of 85% on the Word Identification by Pic-
ture Identification test (Ross & Lerman, 1970) was con-
verted to a score of 12 in PROSPER.

Characterizing Speech Recognition Growth
Curves

After mapping raw scores to PROSPER scores,
graphical exploration of the longitudinal scores exhibited
two distinct phases. Figure 1 shows an example of the raw
speech recognition scores (left) and the corresponding
PROSPER scores (right) over time. PROSPER scores for
618 American Journal of Audiology • Vol. 31 • 613–632 • September
each ear of each child were characterized by these two
phases. The growth phase was defined by an early, rela-
tively steep phase followed by a plateau phase where
scores were relatively stable. A linear, piecewise function
was used to model these two distinct phases (e.g., Chou
et al., 2004). The growth phase was modeled with a linear
fit, and the plateau was modeled using a constant value.
At least three scores after implantation were required to
assess the growth phase, unless the second score was at
the maximum value of 20 in PROSPER. The plateau
phase was defined as the period of time where scores were
stable (i.e., not significantly changing over time). One
important step in a linear piecewise growth model is to
identify the location of change point or breakpoint; a time
point at which a trajectory transits from one phase to
another (e.g., Chou et al., 2004; Dominicus et al., 2008).
A breakpoint detection analysis found the point where the
growth phase ended and the plateau phase began. The
algorithm calculated the first derivative of the scores from
the latest MEE PROSPER score and detected the positive
derivative. This was done until the two consecutive time
points did not change by a PROSPER score of one. The
2022



Figure 1. Example of the trajectory of speech recognition over time (subject ID 2 in Table 2) created from (A) raw speech recognition scores
and (B) the corresponding Pediatric Ranked Order Speech Perception (PROSPER) scores. The vertical lines show age at activation of the
first cochlear implant (CI; orange color) and the second CI (blue color). Panel B shows the estimated best fit line on the speech recognition
scores for the growth phase of the first implanted (orange) and the second implanted ear (blue), as well as the average score during the pla-
teau shown by a horizontal line in the plateau phase of the estimated growth curves. The slope of the best fit-line was used as the slope of
the growth phase. The breakpoints on the speech recognition growth curves in the panel (B) are shown by the dotted circles for the first
and second implanted ears. ESP = Early Speech Perception; WIPI = Word Intelligibility by Picture Identification; CNC = The Maryland
Consonant–Vowel Nucleus–Consonant test.
positive derivative was used to indicate a monotonically
increasing trend in scores over time. The significance level
for assuming that the score is constant was a change in
PROSPER score of one.

After detecting the age at plateau onset (i.e., the
breakpoint), the data were divided into two time series:
the growth and plateau phases. The growth phase was
modeled with a linear fit, while the plateau phase was
modeled using a constant value, such that children’s per-
formance during the plateau phase is reflective of their
longer term speech recognition score. This constant value
was the average of scores during the plateau phase, which
we call the score at the plateau hereafter. Panel B in
Figure 1 shows an example of the trajectory of speech rec-
ognition over time for the first and second implanted ears
of a child with SEQ BiCIs. The growth phase is described
by the slope of the best-fit line (in PROSPER/years), and
the time from CI activation to plateau onset (in years).
The plateau phase is described by the score at the plateau
(in PROSPER). These three outcome measures were stud-
ied to examine the role of age at CI activation, listening
mode (UniCI or BiCI), and interimplant interval on
speech recognition development. Higher slopes and shorter
time from CI activation to plateau onset indicate faster
speech recognition growth and higher score at the plateau
implies better longer term speech recognition skills. Due
to the irregularly and unequally spaced measurement
times across children, which could impact the fitted regres-
sion line and the estimated slopes for the speech recogni-
tion growth curve, both the slope and the time from CI
activation to the plateau onset were calculated to capture
Arjmand
portions of variability in the growth phase that may not
be reflected in one of these measures alone.

Study Sample

Children were included who had at least a severe
degree of hearing loss identified prior to 1 year of age and at
least three postimplantation speech recognition scores before
reaching plateau performance levels. Children with progres-
sive hearing loss and those with other cognitive, visual, or
motor disorders in addition to sensorineural hearing loss
were excluded from this study. For children included,
English was the primary language of the children and the
primary language spoken in their home. Data from 31 of the
prelingually deafened children (boys = 16) met the inclusion
criteria. The data were meticulously checked by three of the
authors to ensure that they met these criteria. Each ear had a
minimum of three scores measured over time, with at least
two scores within 24 months postimplantation during the
growth phase. The minimum and maximum ages of testing
across children was around 3 months and 20 years postim-
plantation, respectively. The age of CI activation for the first
implanted ears ranged from 11 months to 9 years (Mdn =
20 months, interquartile range = 15 months) with 78% of the
children receiving their first implant by 3 years. Twelve chil-
dren were unilaterally implanted, and 19 were bilaterally
implanted. Thirteen of the 19 children with BiCIs received
their implants sequentially (SEQ BiCIs), and six received
them simultaneously (SIM BiCIs).

Demographic details of the patients are presented in
Table 2. In addition to the data related to speech recognition
i et al.: Speech Recognition Growth in Pediatric CI Listeners 619



Table 2. Demographic information of 31 children with prelingual, severe-to-profound hearing loss who underwent cochlear implantation at
Massachusetts Eye and Ear audiology clinic.

ID Gender
Listening
mode

First implanted ear/second implanted ear

Communication
modeEar

Age at
activation Degree of HL Etiology Revision Manufacturer

1 F UniCI R 5.2 Profound Genetic 0 AB TC
2 M SEQ BiCI R/L 2.9/9.2 Profound Genetic 0/0 AB OC
3 F SEQ BiCI L/R 1.4/4 Profound Congenital 0/0 AB TC
4 M UniCI R 7.3 Profound Congenital 0/— Cochlear Unknown
5 F UniCI L 1.2 Profound Unknown 0/— AB OC
6 M SEQ BiCI R/L 1.7/10.2 Profound/severe–

profound
Genetic 1/0 AB OC

7 F SEQ BiCI L/R 2.2/5.4 Profound/ severe–
profound

Unknown 0/0 AB OC

8a F SEQ BiCI L/R 5/14 Profound Meningitis 0/0 Cochlear OC
9 F SEQ BiCI L/R 1.25/2 Profound/severe–

profound
Genetic 0/0 Cochlear OC

10 F SEQ BiCI R/L 2/13.5 Profound Genetic 0/0 AB OC
11 F SIM BiCI R/L 1 Profound Unknown 0/0 AB TC
12 M UniCI L/R 2.67 Profound Genetic 0/— Cochlear Unknown
13 M SEQ BiCI R/L 1.5/2.5 Profound Unknown 1/1 AB TC
14 M UniCI L 2.17 Profound Unknown 0/— AB TC
15 M UniCI R 3.67 Profound Unknown 1/— AB TC
16 F UniCI R 1.83 Severe Genetic 0/— Cochlear TC
17 M UniCI R 2.08 Severe–profound Auditory

neuropathy
0/— AB TC

18 M SEQ BiCI L/R 1.8/11.3 Profound Genetic 0/0 AB OC
19a M SEQ BiCI R/L 2.5/6.6 Profound EVA/unknown 0/0 AB OC
20 M SIM BiCI R/L 1.08 Profound Congenital 0/0 MED-EL TC
21a M SIM BiCI R/L 0.92 Profound Congenital 0/0 AB OC
22 F SIM BiCI R/L 1.75 Profound Auditory

neuropathy
0/0 MED-EL TC

23 F SEQ BiCI L/R 1.08/4.75 Profound Unknown 1/0 AB OC
24 M SEQ BiCI R/L 9/15.2 Severe–profound/

severe
Congenital 0/0 Cochlear Unknown

25 M UniCI R 1.16 Profound Meningitis 0/— AB Unknown
26 F UniCI L 5.5 Profound Genetic 0/— AB OC
27 F UniCI L 1.58 Severe/profound Connexin 26 0/— AB OC
28 M SEQ BiCI R/L 1.42/9.2 Profound Meningitis 0/0 AB OC
29 F SIM BiCI R/L 1 Profound Congenital 0/0 Cochlear OC
30 M UniCI R 1.5 Profound Genetic 0/— AB Unknown
31 F SIM BiCI R/L 1.25 Profound Genetic 0/0 AB TC

Note. The data for the first and second ears are separated by “/.” For the cells with one entry, the data were the same for the first and second
implanted ears. The em dash (—) indicates that the ear was not implanted with a cochlear implant. F = female; UniCI = unilateral cochlear
implantation; R = right ear; AB = Advanced Bionics; TC = total communication (a combination of spoken language and American Sign Lan-
guage); M = male; SEQ BiCIs = sequential bilateral cochlear implantation; L = left ear; OC = oral communication (exclusively spoken); SIM
BiCIs = simultaneous bilateral cochlear implantation; EVA = enlarged vestibular aqueduct.
aSpeech recognition scores for the second ear of these three children with bilateral cochlear implants were not available.
scores, data were collected regarding age at CI activation,
degree of hearing loss at diagnosis, etiology, revision status,
listening mode (UniCI or BiCIs [SEQ or SIM]), communi-
cation mode (oral or total communication), and device
manufacturer. Duration of deafness was defined as the
length of time between hearing loss diagnosis and CI acti-
vation. Twenty-two patients were implanted with Advanced
Bionic devices (~71%), seven with Cochlear (~22%), and
two with MED-EL devices (~7%). More than 90 % of chil-
dren had used oral communication. We did not specify the
speech processing strategies because they changed for most
children over time due to advances in CI technology. Age
at HA fitting and duration of HA use are in Supplemental
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Material S1. Duration of HA is the time from age at HA fit
to age at first CI. This study was approved by the institutional
review board of the Partners Human Research Committee,
Boston, Massachusetts (Protocol Number 2019P001158).

Analyses

The data were grouped into those from the first
implanted ears of all children and those from the second
implanted ears of children with SEQ BiCIs. Because there
was no time lag and no statistically significant differences
between the outcomes of ears of children with SIM BiCIs
(the slope: β = 1.5, p = .28; the time between the activation
2022



and the plateau onset: β = −0.37, p = .3; score at the pla-
teau: β = 0.04, p = .86), all ears of those six children were
considered as first implanted ears. Note that patient ID
was maintained as a random effect in all statistical analy-
ses to account for the lack of independence between ears
for these six children. Thirty-six ears were analyzed as the
first implanted ears, including 12 implanted ears from chil-
dren with UniCI, 13 first-implanted ears of children with
SEQ BiCIs, and 11 ears from six children with SIM BiCIs.
Data for the analysis of the second implanted ears were
from 11 ears of 13 children with SEQ BiCIs. Speech rec-
ognition scores for the second ear of one child with SIM
BiCIs (Child 21 in Table 2) and two children with SEQ
BiCI (Children 8 and 19 in Table 2) were not available.
The data extracted from the medical records were ana-
lyzed in MATLAB R2020a (The MathWorks).

Linear mixed-effects analyses were conducted using
the fitlme function in MATLAB to examine the effects of
the age at CI activation, the listening mode, and the inter-
implant interval on the three outcome measures described
above. These analyses were performed for the first
implanted ears, with children’s IDs and the implanted ear
(first or second) included as random intercepts to account
for quality and/or information differences that might exist
due to children- and ear-specific variations. We further
used linear mixed-effects models to analyze whether these
three outcome measures differed between the first and the
second implanted ears of children with SEQ BiCIs. To
account for the issue of small sample size, we conducted a
preliminary correlational analysis to test for multicollin-
earity (Dormann et al., 2013). The results showed that three
variables of duration of deafness, duration of HA use, and
age at activation were highly correlated (|Pearson r| ≥ .9,
p < .05); therefore, we used only age at CI activation and
did not include the other two parameters to improve the
Figure 2. The trajectory of speech recognition over time for the first imp
tions as vertical lines. Panel B shows the same trajectories shifted such t
age growth curve shown in thickened, orange line with a shaded area ar
the average values. Data for individual ears are shown in different colors.
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reliability of the estimated coefficients in our linear mixed-
effects analyses. We controlled for the factors of degree of
hearing loss, etiology, communication mode, and device
manufacturer in our statistical models. These factors were
defined as categorical variables (dummy coded) and were
inserted as covariates in the models.
Results

Individual Differences in Speech Recognition
Development

Figure 2 shows the estimated speech recognition
growth curves for the first implanted ears of 31 children
(i.e., 36 ears). Panel A shows the age at CI activation as
the vertical lines and the wide age range among children
in receiving their first implant, from 11 months to 9 years
(Mdn = 20 months). Panel B shows the same curves
shifted such that the x-axis is now age postactivation
(age on x-axis) to demonstrate the variability in the time
course of speech recognition after implantation. The average
growth curve is shown as a thick, orange line with a shaded
area around the average scores, representing ±1 SD. The
overall pattern shows that children’s PROSPER scores
improved over time following their first implantation.
However, as shown by the standard deviation in Figure 2B,
there was a large variability among children in the trajec-
tory of their speech recognition scores, both in terms of
the growth rate and the performance at the plateau.

Figure 3 shows the distribution of the measures of
slope (Panel A), the time from CI activation to the
plateau (Panel B), and the score at the plateau (Panel C)
for the first implanted ears. The descriptive statistics for
these outcome measures are summarized in Table 3.
lanted ears. Panel A shows the trajectories with the age at activa-
hat the x-axis represents age postimplantation, as well as the aver-
ound the average scores (light orange), representing ±1 SD around
PROSPER = Pediatric Ranked Order Speech Perception.
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Figure 3. Distribution of three outcome measures of (A) slope (PROSPER/Year), (B) time from activation to the plateau onset, and (C) score
at the plateau calculated from the estimated speech recognition growth curves of the 31 first-implanted ears. In each panel of A, B, and C,
a scatter plot shows the individual ears, while the boxplot summarizes the distribution of each outcome measure. The data points are laid
over a ±1.96 standard error of the mean (95% confidence interval) in light orange and ±1 SD shown by solid vertical lines in dark orange
color. The solid dark horizontal orange lines in the boxes show the mean as a measure of central tendency. Panel D shows the three out-
come measures of the slope, the time from activation to the plateau onset, and the score at the plateau in a two-dimension scatter plot
where the color of each data point represents the score at the plateau. PROSPER = Pediatric Ranked Order Speech Perception; CI =
cochlear implant.
Children varied widely in the rate of speech recognition
growth for their first implanted ears with slopes ranging
from around 0.5 to 23 PROSPER points per year (SD =
±4.11 PROSPER points per year).

On average, the speech recognition score for the first
implanted ears plateaued at around 6 years after activa-
tion, while there was a wide intersubject variability rang-
ing from 1.5 to 16 years (SD = 2.96 years). Although
most children (~66%) reached a plateau by 6 years, reach-
ing plateau performance was much longer (> 10 years) for
a small group of poorer performing children (~13%; see
Figure 3B). In terms of the score at the plateau, Figure 3C
suggests three clusters of children, including those with rel-
atively poorer performance (PROSPER score between 17
and 18), those with average performance (PROSPER score
between 18 and 19), and good performance (PROSPER
score between 19 and 20), ranging from raw scores lower
than 25% to scores greater than 75% in the open-set word
category of “W22/NU6/CNC” in Table 2). On average,
most children developed high levels of speech recognition
performance at the plateau. In fact, the scores at the
Table 3. Descriptive statistics of the speech recognition growth curves of

Measures from speech
recognition growth curve

Measur

Min Max Ra

First implanted ears
Slope (PROSPER/year) 0.51 23.28 2
Time (years) 1.52 16.14 1
Score at plateau (PROSPER) 17.5 20

Score map for relating prosper scores to raw scores: PROSPER score <
score < 50%; 19 ≤ PROSPER score < 20 ➞ 50% ≤ raw score < 75%; PR
are from the last category of “Speech Perception Test” presented in the s
range; PROSPER = Pediatric Ranked Order Speech Perception.
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plateau were higher than or equal 19 for 86% of children,
however, there remains an important group of children;
(~14%) whose scores at the plateau were lower than 19,
corresponding to a raw score lower than 50%.

Figure 3 shows these three outcome measures in a
two-dimension scatter plot (Panel D), where the color rep-
resents the score at the plateau. This figure shows that the
rate of speech recognition growth (i.e., slope and/or time
to plateau onset) does not predict the score at plateau.
For example, the two children in the upper left corner and
lower right corner of this plot were good-performing chil-
dren in terms of score at the plateau (PROSPER score of
20). However, these two children had largely different
rates of speech recognition development such that one
developed relatively fast (slope > 20 PROSPER/year with
a short time to plateau of less than 5 years) and the other
had relatively slow growth (slope of less than 2 PROSPER/
year with a long time to plateau of more than 15 years). There
was a difference of ~12 years in the time from activation to
reaching a PROSPER score of 20 for these two children,
highlighting that the relationship between the slope or the
the first implanted ears.

es of central tendency and variability

nge M SD Mdn IQR

2.78 4.44 4.1 4.0 3.33
4.62 5.94 2.96 5.0 3.17
2.5 19.52 0.70 20 1

18 ➞ raw score < 25%; 18 ≤ PROSPER score < 19 ➞ 25% ≤ raw
OSPER score = 20 ➞ raw score < 75%. Note that these raw scores
econd column of Table 2 (i.e., “W22/NU6/CNC”). IQR = interquartile
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Table 4. Results of linear mixed-effects analyses in testing
whether the age at cochlear implane (CI) activation relates to three
outcome measures of the slope, the time from CI activation to the
plateau onset, and the score at the plateau.

Parameter

First implanted ears

Estimate (β) SE t p

Slope
Intercept 5.48 1.14 4.60 .00
Age at CI activation −0.42 0.38 −1.10 .28
Degree of hearing loss −0.03 0.45 −0.32 .34
Etiology −0.54 1.95 −0.28 .78
Communication mode −1.97 1.57 −1.25 .22
Manufacturer −1.05 1.60 0.66 .52

Time from CI activation
to the plateau onset
Intercept 6.35 0.83 7.62 .00
Age at CI activation −0.11 0.26 −0.42 .68
Degree of hearing loss −1.48 2.85 −0.52 .61
Etiology −0.33 1.18 −0.28 .78
Communication mode 1.15 1.07 1.57 .29
Manufacturer 0.96 2.08 0.20 .84

Score at the plateau
Intercept 19.93 0.20 92.94 .00
Age at CI activation −0.15 0.06 −2.53 .01*
Degree of hearing loss −0.8 0.68 1.2 .23
Etiology −0.14 0.32 −0.25 .65
Communication mode 0.23 0.26 −0.87 .39
Manufacturer −0.15 0.26 −0.6 .55

Note. Statistically significant p values are in bold font.

*Significant differences are represented with p < .05.
time to plateau and plateau performance is not predictable
from one another.

Age at CI Activation, Listening Mode, and
Speech Recognition Development

Table 4 shows the results of mixed-effects analyses
examining the role of age at CI activation on the three
Figure 4. (A) Scatter plot showing the score at the plateau against the ag
responding fitted regression lines are shown for children with UniCI, SEQ
data. (B) The average speech recognition growth curves estimated for thr
data for UniCI, SEQ BiCIs, and SIM BiCIs are shown in mustard color,
Ranked Order Speech Perception; CI = cochlear implant; UniCI = unilate
tion; SIM BiCIs = simultaneous bilateral implantation.
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outcome measures (slope, time to plateau onset, and score
at the plateau). The results showed that age at CI activa-
tion significantly affects speech recognition at the plateau
(β = −0.15, p = .01, 95% confidence interval [−0.27,
−0.03]). The results did not, however, show any effect of
age at CI activation on the measures of rate of speech rec-
ognition development (i.e., slope and time to plateau
onset). We further examined whether there was an interac-
tion between age at CI activation and listening mode (uni-
lateral CI, SEQ BiCIs, or simultaneous BiCIs) on the
score at the plateau. The results of the mixed-effects anal-
ysis showed a significant interaction between age at CI
activation and listening mode (F = 9.98, p < .001, 95%
confidence interval [0.2, 2.18]). Figure 4A plots the score
at the plateau as a function of the age at CI activation for
children with unilateral CI, SEQ BiCIs, and SIM BiCIs.
The slopes of the regression lines were steeper for the SIM
BiCIs group, r(34) = .76, p = 0.002, than UniCI, r(34) =
.74, p = .005, and SEQ BiCI groups, r(34) = .046, p =
.88. Children who received their first implant before
1.25 years performed well with scores at the plateau of 19
PROSPER or higher. For children activated later than
1.25 years, the score at the plateau for children with
UniCI and SIM BiCI was negatively influenced by their
age at CI activation (see Figure 4A). The average speech
recognition growth curves for the children grouped by lis-
tening mode and shifted for age at postimplantation are
shown in Figure 4B. Note the differences in the slope, the
time from the activation to plateau, and final score at the
plateau among the three groups.

Figure 5 shows the distribution of the three outcome
measures for these groups of children. The results of linear
mixed-effects analyses demonstrated that the three groups
did not significantly differ in the age at CI activation of
the first implanted ears (F = 2.4, p = .1; mean age at CI
e at CI activation for the first implanted ears. The data and the cor-
BiCIs, and SIM BiCIs. The gray line shows the best-fit lines on all

ee groups of listening mode; UniCI, SEQ BiCIs, and SIM BiCIs. The
aqua color, and maroon color, respectively. PROSPER = Pediatric
ral cochlear implantation; SEQ BiCI = sequential bilateral implanta-
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Figure 5. Distribution of three outcome measures of (A) slope (PROSPER/year), (B) time from activation to the plateau onset, and (C) score
at the plateau, calculated from the estimated speech recognition growth curves of the 36 first implanted ears for three groups of listening
mode (UniCI, SEQ BiCIs, and SIM BiCIs). In each panel, a scatter plot shows the individual first implanted ears, while the boxplot summa-
rizes the distribution of each outcome measure. The data points are laid over a ±1.96 standard error of the mean (95% confidence interval)
shown as boxes and ±1 SD shown by vertical lines. The solid horizontal lines on the boxes show the mean for each group of data as a
measure of central tendency. PROSPER = Pediatric Ranked Order Speech Perception; CI = cochlear implant; UniCI = unilateral cochlear
implantation; SEQ BiCI = sequential bilateral implantation; SIM BiCIs = simultaneous bilateral implantation.
activation with ±1 SD was 2.98 ± 2 for UniCI group, 2.57
± 2.17 for SEQ BiCIs group, and 1.17 ± 0.31 for SIM BiCIs
group), duration of hearing loss (F = 1.93, p = .16; mean
duration of hearing loss with ±1 SD was 2.82 ± 2.02 for
UniCI group, 2.49 ± 2.23 for SEQ BiCIs group, and 1.17
± 0.31 for SIM BiCIs group), duration of HA use (F =
0.88, p = .43; mean duration of HA use with ±1 SD was
2.27 ± 1.46 for UniCI group, 2.23 ± 2.35 for SEQ BiCIs
group, and 0.46 ± 0.32 for SIM BiCIs group), and etiology
(F = 2.7, p = .31). The linear mixed-effects analyses dem-
onstrated that the score at the plateau was significantly
higher for children with BiCIs (both SEQ and SIM BiCIs)
than those with UniCIs (β = 0.59, p = .02, 95% confidence
interval [0.1, 1.07]). Post hoc analyses showed that this dif-
ference was driven by the difference between UniCIs and
either group of bilaterally implanted children (SEQ BiCIs
and UniCI [β = 0.34, p = .03]; and SIM BiCIs and UniCI
[β = 0.15, p = .046]), suggesting that children with BiCIs
achieved better speech recognition scores at the plateau.
The speech recognition growth rates, however, did not
significantly differ between children with BiCIs and those
with UniCI (i.e., the slope and the time to the plateau
onset). Only the interaction between age at CI activation
and listening mode influenced the score at the plateau (F =
9.98, p < .001, 95% confidence interval [0.2, 2.18]). No sig-
nificant effect of the other variables were observed between
groups of listening mode for the measures of growth and
the score at the plateau.

Interimplant Interval and Speech Recognition
Development in Children With SEQ BiCIs

Within the sequential bilateral implant group, we
examined whether the time between first and second
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implantation (i.e., interimplant interval) affected the devel-
opment of speech recognition for each ear. The results of
the mixed-effects analyses showed that speech recognition
scores of the first ears develop faster when the second
implant is received sooner after the first (the slope: β =
−1.27, p = .01, 95% confidence interval [−2.17, −0.37]; the
time to the plateau: β = 0.74, p = .02, 95% confidence
interval [0.1, 1.38]), but there was no effect on perfor-
mance at the plateau (β = −0.005, p = .85). Speech recog-
nition development was also highly variable for the second
implanted ears (see Supplemental Material S2). Results
from our statistical analyses did not show any effect of
the interimplant interval on the speech recognition devel-
opment of the second implanted ears (the slope: β =
−0.28, p = .5; the time to the plateau: β = 0.29, p = .11;
the score at plateau: β = −0.15, p =.1). A summary of the
data from children with SEQ BiCIs and how they differed
for the first and second implanted ears are shown in
Figure 6. Figure 6A shows the growth curves, while
Figure 6B–6D shows the distribution of the three outcome
measures of children with SEQ BiCIs. Table 5 represents
the results of the mixed-effects analyses for statistically
testing these differences. These differences were statisti-
cally significant for the time to the plateau onset (β =
−3.66, p = .01, 95% confidence interval [−6.55, −0.78])
and the scores at the plateau (β = −0.9, p = .004, 95%
confidence interval [−1.5, −0.31]), suggesting that the sec-
ond implanted ears reached a plateau faster than the first
implanted ears, but the scores at the plateau were poorer
for the second implanted ears. Age at CI activation was
significantly associated with the difference between the
first and second implanted ears for the time from the acti-
vation to the plateau (β = −0.57, p < .001, 95% confi-
dence interval [−0.87, −0.26]) and the score at the plateau
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Figure 6. (A) The average speech recognition growth curves estimated for the first implanted (orange line) and the second implanted (blue
line) ears of children with SEQ BiCIs. The ±1 SD across the average curves are shown in light orange and light blue for the first and the sec-
ond implanted ears, respectively. Distribution of three outcome measures of (B) the slope (in PROSPER/year), (C) the time from activation to
the plateau onset (in years), and (D) the score at the plateau (in PROSPER) calculated from the estimated speech recognition growth curves
of the first (orange color) and the second (blue colors) implanted ears of children with SEQ BiCIs. In each panel, a scatter plot shows the
data for individual ears, while the boxplots summarize the distributions of each outcome measure for the first and second implanted ears.
The data points are laid over a ±1.96 standard error of the mean (95% confidence interval) shown as boxes and ±1 SD shown by solid verti-
cal lines. The solid horizontal, dark orange/blue lines show the mean or each group of data, respectively. PROSPER = Pediatric Ranked
Order Speech Perception; CI = cochlear implant; SEQ BiCI = sequential bilateral implantation.
(β = −0.13, p < .001, 95% confidence interval [−0.2,
−0.06]).
Discussion

The present work studied speech recognition devel-
opment in pediatric CI listeners cared for at the MEE
Audiology clinic, while addressing a major challenge in
longitudinal studies that is the variety of speech perception
tests used for speech recognition assessment (Eisenberg,
Fink, & Niparko, 2006; Eisenberg, Johnson, et al., 2006;
Trimble et al., 2008). The change in test type and
Table 5. Results of the mixed-effects analyses testing whether the
three outcomes of speech recognition development vary between
the first and second implanted ears of children with sequential
bilateral implantations.

Parameter Estimate (β) SE t p

Slope
Intercept 5.75 1.65 3.84 .002
Ear implanted −0.66 2.31 −0.28 .78

Time between activation
and plateau onset
Intercept 6.58 0.98 6.74 .0000
Ear implanted −3.66 1.38 −2.65 .01*

Score at plateau
Intercept 19.90 0.22 89.62 .000
Ear implanted −0.90 0.29 −3.15 .004**

Note. Statistically significant p values are in bold font.

*Significant differences are represented with p values < .05. **Sig-
nificant differences are represented with p values < .01.
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materials due to testing children of different ages and
developmental status has made it challenging to longitudi-
nally quantify performance in a consistent and integrated
way. Accordingly, prior studies have either focused on
long-term speech recognition scores, speech recognition
scores at certain time intervals, or between groups of chil-
dren with different ages at implantation (e.g., Davidson
et al., 2011; Dowell, 2002; Dunn et al., 2014; Manrique
et al., 2004; Ruffin et al., 2013). Building on studies that
used a hierarchy of speech recognition measures to prospec-
tively track children with CIs’ speech perception develop-
ment over time (e.g., Eisenberg, Fink, & Niparko, 2006;
Fink et al., 2007; Wang et al., 2008), in our retrospective
study, we modified the PROSPER score chart to match the
clinical data obtained at MEE, enabling the characteriza-
tion of longitudinal speech recognition scores in our cohort.
Using this MEE PROSPER score, this study aimed to
understand how the growth rate and longer term speech
recognition scores vary among children with prelingual,
severe-to-profound hearing loss with CIs and to examine
the role of various factors such as age at CI activation, lis-
tening mode (unilateral or bilateral), and interimplant inter-
val on speech recognition development. We also investi-
gated how the speech recognition development may differ
between the first and the second implanted ears of children
with SEQ BiCIs.

Individual Differences in Speech Recognition
Development

The speech recognition growth curves for the first
and second implanted ears demonstrated that children’s
i et al.: Speech Recognition Growth in Pediatric CI Listeners 625



speech perception abilities progressed over time after implan-
tation, corroborating prior findings (e.g., Davidson et al.,
2011; Dunn et al., 2014; Eisenberg, Johnson, et al., 2006;
O’Donoghue et al., 2000; Svirsky et al., 2000). However,
children’s speech recognition development was largely vari-
able both in terms of the rate of growth (as measured by the
slope and the time from activation to the plateau onset) and
the longer term outcome (as measured by the score at the
plateau). To our knowledge, this is the first study that dem-
onstrates these findings by longitudinally tracking speech
recognition outcomes after integrating all post-implantation
speech recognition scores using a tool like the PROSPER
score. Although many children (~86%) achieved high scores
at the plateau (PROSPER score ≥ 19), an important group
of poorer performing children (~14%) were not able to reach
scores higher than 19 on the PROSPER. The scores of at
least 19 on the PROSPER correspond with more than 50%
correct on open-set word recognition using tests designed for
children 8 years or older. This group of poorer performing
children then was scoring less than 50% correct on these
same tests.

Another important finding was that children who
had faster speech recognition development did not neces-
sarily have better speech recognition scores at the plateau.
This highlights an important consideration that speech
recognition development in children with CIs could exhibit
independent and different trends for the growth rate as
compared to their longer term outcomes. Although the
speech recognition score at the plateau is a primary out-
come measure in CI recipients, slow growth of speech rec-
ognition scores could reflect delayed language develop-
ment and may negatively impact other developmental
domains such as social, emotional, and cognitive abilities
(McLaughlin, 2011; Silva et al., 1983, 1987; (Eisenberg,
Fink, & Niparko, 2006; Uhler et al., 2017), as well as
overall health-related quality of life (e.g., Lin et al., 2012).
Therefore, children whose speech perception abilities grow
faster are more likely to perform better in other aspects of
development such as psychosocial and scholastic skills,
which may lead to meaningful differences among children
in their quality of life, as indirectly assessed by their par-
ents’ perception of quality of life (Eisenberg, Fink, &
Niparko, 2006; Fink et al., 2007; Lin et al., 2012; Warner-
Czyz et al., 2011). The analysis of the trajectory of the
PROSPER scores could help clinicians to identify when a
child has a slow growth phase and if further interventions
or support are needed that could compensate for the delay.

Effects of Age at CI Activation, Listening
Mode, and Interimplant Interval on Speech
Recognition Development

Earlier implantation resulted in higher scores at the
plateau as a measure of longer term speech recognition
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outcomes, consistent with previous studies (e.g., Davidson
et al., 2011; Geers et al., 2003; Holt & Svirsky, 2008; Lu
& Qin, 2018; O’Donoghue et al., 2000). Our results sug-
gest that there is a decline of 0.15 PROSPER score for
every 1-year delay in implantation, which could lead to a
considerable difference of approximately 1 PROSPER
score for a 6-year delay in implantation. This means the
score at the plateaus correspond to a raw score of less
than 50% versus a higher than 50% for PROSPER scores
of 18 versus 19 for a 6-year delay in implantation. Such
delay in implantation, if for the poorer ear, could also
have negative consequences for the symmetric develop-
ment of cortical auditory processing, leading to unde-
sirable preference and reliance on the better hearing ear
(Polonenko et al., 2018). Our results did not suggest an
effect of age at implantation on the growth rate of speech
recognition development, consistent with prior findings
(Holt & Svirsky, 2008; Niparko et al., 2010; Tomblin
et al., 2005). It is possible that the effect of age at implan-
tation on speech recognition growth might become evi-
dent in studies with larger sample sizes such as the
CDaCI studies and studies from the PMSTB working
group (e.g., Eisenberg, Fink, & Niparko, 2006; Eisenberg,
Johnson, et al., 2006; Fink et al., 2007; Uhler et al., 2017;
Wang et al., 2008). It is also important to note that this
study focused on the effects of age at CI activation on
the overall trend in the developmental trajectories rather
than its effects on speech recognition across groups of
children implanted at different ages (e.g., implanting
before 1 year vs. implanting between 1 and 2 years) or
scores measured at a single age. Our results confirm that
the age at CI activation affects speech recognition scores
to the extent that older implanted children may not be
able to compensate. There was an interaction between
age at implantation and listening mode such that the age
at implantation had a stronger effect on the score at the pla-
teau for children with SIM BiCIs than those with UniCI
and SEQ BiCIs and was also greater for children with
UniCI than those with SEQ BiCIs. In fact, the score at the
plateau was lower for all three groups of UniCI, SEQ BiCIs,
and SIM BiCIs as the age at activation was higher with the
steepest trend for listeners with SIM BiCIs. Of note, children
with SEQ BiCI reached high levels of longer term speech
recognition scores, regardless of the age at the first
implanted ears, which might be due to experiencing a
period of bimodal listening or additional factors such as
residual acoustic hearing during interimplant period
(Davidson et al., 2019), although the children in our
cohort had a severe-to-profound degree of hearing loss,
which is different from those who benefited from acous-
tic hearing in the Davidson et al. (2019) study.

The supportive role of bilateral implantation on
speech perception and language development has been
well documented (Boons et al., 2012; De Raeve et al.,
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2015; Galvin et al., 2007; Gordon, Wong, & Papsin, 2013;
Grieco-Calub & Litovsky, 2011; Jacobs et al., 2016;
Lammers et al., 2014; Leigh et al., 2013; Litovsky et al.,
2006; Sarant et al., 2014, 2016; Zheng et al., 2015). Yet,
there is limited information about how the growth rate
and longer term speech recognition outcomes vary with
different listening modes. Our results showed that chil-
dren with BiCIs achieve greater longer term speech rec-
ognition scores than those with UniCI, suggesting a ben-
efit of around 0.6 PROSPER score (β = 0.59, p = .02).
Our further investigation revealed that the score at the
plateau for the first implanted ears did not differ between
children with SEQ BiCIs and those with SIM BiCIs, but
children with both SEQ and SIM BiCIs had higher scores
at the plateau than those with UniCI. Although there was
no difference between groups in the rate of speech recog-
nition development, this null effect of listening mode on
the growth rate might be due to either the small sample
size in our cohort or the fact that the outcome measure of
speech recognition might not sufficiently capture variation
in language skills or both. Therefore, it is possible that
such an effect would become evident in future studies with
additional outcome measures such as receptive and
expressive language scores and a larger number of chil-
dren. Nonetheless, the present findings reveal an advan-
tage in bilateral implantation over unilateral implantation
for longer term speech recognition of children with prelin-
gual, severe-to-profound hearing with CIs.

Speech Recognition Development in Children
With SEQ BiCIs

Our findings confirm that performance with the first
implanted ears of children with SEQ BiCIs benefit from a
shorter time interval between the first and second implan-
tation. Children with prolonged interimplant interval
exhibited a longer time from activation to achieving pla-
teau performance, which could have negative conse-
quences on the development of other skills. These results
confirm prior findings on the supportive role of the
shorter interval between two implantations on the devel-
opment of the first implanted ears of children with SEQ
BiCIs (Boons et al., 2012; Illg et al., 2019), suggesting that
receiving a second implant sooner after the first implanta-
tion facilitates faster rates of the growth for the first
implanted ear. In cases with asymmetric hearing loss, a
shorter inter-implant interval could also promote symmet-
ric organization of auditory cortical pathways, which
could prevent preferring the implanted ear over the non-
implanted ear for hearing and facilitate balanced bilateral
hearing (Polonenko et al., 2018, 2019), although potential
loss of residual hearing should be considered.

The comparison of speech recognition development
between the first and second implanted ears of children
Arjmand
with SEQ BiCIs showed higher scores at the plateau for
the first implanted ears. Our results show that the score at
the plateau was approximately 1 PROSPER score greater
for the first than second implanted ears of children with
SEQ BiCIs (β = −0.9, p = .004). This difference was asso-
ciated with the age at activation, underscoring the long-
term effect of earlier implantation on better performance
of the first implanted ear in speech recognition. However,
there was a faster growth rate for the second implanted
ears, which is likely due to using more advanced test
materials for testing word recognition in the second
implanted ears because the children were older. In fact,
because of the relatively older age at the time of the sec-
ond CI, speech recognition is more likely to be tested with
more advanced test materials, leading to starting at higher
values in the PROSPER score chart, which could con-
found the comparisons.

Clinical Implications

The findings have important clinical implications for
better serving children with prelingual, severe-to-profound
hearing loss. We demonstrated a modified scoring chart
that integrates all available speech recognition scores from
different test types into one score and allows for tracking
speech recognition outcomes longitudinally. This scoring
chart can be readily adjusted for different clinical centers
and used to develop individualized rehabilitation programs
tailored to the abilities of children with CIs. This tool
could provide evidence for clinicians and researchers about
the factors that predict speech recognition development fol-
lowing cochlear implantation. These findings could also
assist clinicians in refining their decision-making process
and setting evidence-based recommendations for optimizing
the rehabilitation of prelingually deaf children who receive
CIs, such as the timing of a second CI. Clinicians can use
the trajectory of PROSPER scores for any child to com-
pare them to children with normal hearing or other inter-
ventions to evaluate if the child is on track for speech per-
ception development. To achieve this goal, this method will
need to be used to develop normative data for children
with normal hearing and those with hearing loss, HA
devices, and CIs, allowing for the comparison of perfor-
mance across groups. Our proposed system could serve as
a standardized assessment protocol to allow clinicians a
means to readily summarize patient’s speech recognition
scores over time, to facilitate continuity of care, evaluate
the current rehabilitative strategies, and provide evidence-
based counseling to families regarding realistic expectations
for improvement of speech recognition abilities over time.
After establishing this tool, future work could study speech
perception development in children with progressive hear-
ing loss and/or those with HAs. Future work can also
examine how the PROSPER may also be useful in tracking
i et al.: Speech Recognition Growth in Pediatric CI Listeners 627



performance of pediatric HA users. Overall, our results pro-
vide evidence on the trajectory of speech recognition devel-
opment in prelingually deaf children with CIs, benefits of
earlier implantation, bilateral implantation, and a shorter
interimplant interval on the speech recognition development.

Limitations

As shared by most retrospective studies, it was not
possible to control for many variables. The small number
of samples in some groups, such as listening mode, limits
the strength of our analyses and necessitates some caution
in the interpretation and the generalization of the results.
Compared to larger multicenter studies such as the
CDaCI study (e.g., Eisenberg, Johnson, et al., 2006), our
small sample also restricted our ability to construct bench-
marks for speech recognition development of this popula-
tion of pediatric CI users. Our study was also limited by
challenges related to analyzing sparse longitudinal data
(e.g., McKeague et al., 2011), which complicates obtain-
ing a detailed understanding of growth patterns in speech
recognition growth curves, although we employed two
measures of the slope and the time from the activation
to the plateau onset to enhance our characterization of
the growth phase. In addition, children may vary in
other aspects unrepresented in this study, such as their
parents’ socioeconomic status (e.g., Nittrouer et al., 2020;
O’Donoghue et al., 2000), the quality of electrode–neuron
interfaces (e.g., Arenberg Bierer, 2010; DiNino et al.,
2019), and the properties of early linguistic environments
(Arjmandi et al., 2021, 2022; Arora et al., 2020; Dilley
et al., 2020) that could explain some variability in speech
perception scores. For this cohort of children, this addi-
tional information was not available. Furthermore, clinical
speech perception tests themselves do not completely cap-
ture the hearing abilities of children with CIs. Four of
thirty-one children underwent revision cochlear implanta-
tion. The time between the removal of the initial CI and
the activation of the revision CI was less than 1 month.
Further prospective studies with more controlled variables,
larger sample sizes, and employing the MEE PROSPER
score are warranted to establish normative data for chil-
dren with normal hearing and those with CIs and to
explain the variance in performance and track the prog-
ress of our patients in reference to that of NH children.
Furthermore, the findings of our study were based on
speech recognition scores in quiet, which do not reflect
performance of children with CIs in complex listening
conditions such as in the presence of background noise or
competing speech (Eisenberg, Johnson, et al., 2006).
Future studies could use the same methodology to assess
development of speech perception in noise and examine
how different factors may contribute to the development
of those skills.
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Conclusions

This study used a modified PROSPER score to ana-
lyze the trajectory of speech recognition development over
time in an integrated manner. Using this method, we
quantified speech recognition development in children
with CIs. Our study showed that age at CI activation is
an important factor for longer term speech recognition in
children with CIs, and that the first implanted ears of chil-
dren improve more when children receive a second CI.
For children with SEQ BiCIs, our results suggest that
patients who receive their second implant sooner after
their first to have a faster rate of growth in speech recog-
nition, which could conceivably benefit the development
of cognitive, social, and scholastic skills. The results fur-
ther revealed that although speech recognition growth is
faster for the second implanted ears of children with
sequential bilateral CIs than their first implanted ears, the
longer term speech recognition scores are better for the
first implanted ears. Overall, the findings provide evidence
for the clinical management of children with congenital
hearing loss, in terms of the average trend and the extent
of individual variability in the growth of speech recogni-
tion scores and longer term speech recognition abilities,
the timing of CI activation, and listening mode.
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