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 Introduction 

 Over the past 3 decades, cochlear implantation has 
become the treatment of choice for individuals with se-
vere to profound hearing loss who derive minimal benefi t 
from conventional amplifi cation. The cochlear implant 
(CI) is a surgically implanted sensory device that converts 
incoming sounds to electrical impulses, which are then 
bandpass fi ltered and delivered to select electrodes situ-
ated along the scala tympani of the cochlea. Implanted 
electrodes deliver electrical impulses to discrete tonotop-
ic regions of the cochlea, bypassing impaired hair cell 
transducers and directly stimulating residual auditory 
neural elements. A transmitter, signal processor and mi-
crophone are worn externally to transmit encoded signals 
to the CI. One of the most direct ways to determine ben-
efi t with a CI is by demonstrating improvements in speech 
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  Abstract 
 The Childhood Development after Cochlear Implantation 
(CDaCI) study is a longitudinal multicenter investigation 
designed to identify factors infl uencing spoken language 
in young deaf children with cochlear implants. Normal-
hearing peers serve as controls. As part of a comprehen-
sive evaluation battery, a speech recognition hierarchy 
was designed to assess how well these children recog-
nize speech stimuli across developmental stages. Data 
were analyzed for the earliest measures in 42 pairs of 
children reaching 1 year of follow-up. A number of chil-
dren in the cochlear implant group who met criteria for 
testing approached levels of performance similar to the 
normal-hearing controls, and some could identify sen-
tences in competition. These results demonstrate the re-
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recognition. Present results indicate that postlingually 
deafened adults achieve moderate to high levels of speech 
recognition with multichannel implant systems [Kirk, 
2000], which is substantially better than performance lev-
els attained with well-fi tted hearing aids. 

 Cochlear implantation of children was initiated in the 
United States in 1980 when a 10-year-old, congenitally 
deaf child was implanted with a single-channel device 
[Eisenberg et al., 1983]. The average age at time of surgery 
in the fi rst pediatric clinical trials was approximately 8 
years, and more than half of those children communi-
cated by sign language [Berliner et al., 1985]. With per-
formance levels steadily improving as a result of more 
technologically advanced multichannel implant systems 
[e.g., Franz, 2002; Osberger and Koch, 1991; Osberger et 
al., 2002; Staller, 1991; Staller et al., 2002], coupled with 
earlier identifi cation of hearing loss, prelingually deaf-
ened children today have greater opportunities than they 
did in earlier years to acquire spoken language and be 
mainstreamed into regular educational settings. In fact, 
children are now being implanted as young as 1 year of 
age (in accordance with FDA guidelines) and, in some 
cases, even younger [Colletti et al., 2005; James and Pap-
sin, 2004; Waltzman and Roland, 2005]. As a point of 
reference, children with CIs have recently been compared 
to hearing aid users with moderate to severe hearing loss 
[Boothroyd and Boothroyd-Turner, 2002; Eisenberg et 
al., 2004]. 

 Although CI effi cacy is still weighted heavily against 
performance with conventional amplifi cation, the fi eld 
has evolved such that communication outcomes and rate 
of improvement by children with CIs are now referenced 
to normal-hearing (NH) peers. A multicenter longitudinal 
cohort study titled Childhood Development after Cochle-
ar Implantation (CDaCI) was designed to make this com-
parison by incorporating a NH control group. Using a 
global view of childhood outcomes, the national CDaCI 
study aims to identify factors that impact spoken lan-
guage, speech recognition, cognitive, behavioral, and psy-
chosocial performance in young children with CIs com-
pared to young children with normal hearing. The cohort 
includes 188 children with implants (CI group) and 97 
NH children (NH group) enrolled between 2002 and 
2004. Children are assessed at baseline (prior to implant 
surgery for the CI group) and at 6-month follow-up inter-
vals for 3 years. 

 Evaluation of speech recognition remains essential in 
defi ning outcomes in the CDaCI investigation. The abil-
ity to recognize speech represents an integration of sen-
sory, linguistic, and cognitive processes that involve 

acoustic-phonetic identifi cation and lexical access from 
long-term memory. When the sensory input is degraded, 
as in sensorineural hearing loss, the ability to make the 
fi ne acoustic-phonetic distinctions is compromised. 
Speech recognition is age-dependent and constrained by 
vocabulary knowledge, phonemic categorization, lan-
guage competency and decision-making abilities 
[Boothroyd, 1970; Kirk et al., 1997]. 

 Assessment of speech recognition in children with CIs 
poses methodological challenges that are common to 
studies of developmental learning. Formal assessments 
often mandate a structured clinical setting that is not nec-
essarily conducive to eliciting a child’s best cooperative 
effort [Kirk, 2000]. Investigators therefore must rely on 
a battery of engaging, age-appropriate measures most 
likely to yield data that are free of ceiling and fl oor effects 
in longitudinal assessment. A major challenge in the 
CDaCI study has been to identify developmentally ap-
propriate measures of speech recognition for CI and NH 
cohorts that refl ect an extremely wide range of percep-
tual capabilities throughout development in early child-
hood. This is particularly relevant for the age group of 
interest in the present study ( ! 5 years), as it coincides 
with a phase of rapid acquisition of auditory milestones. 
In response to this challenge, a hierarchical approach has 
been formulated that combines measures of auditory per-
ceptual ability to assess communicative behaviors for 
children from toddler to kindergarten stages. 

 We contend that rate of development between and 
within measures, along with other predictive factors, is 
important and may help to explain variation in speech 
recognition outcomes following cochlear implantation. 
The hierarchical approach is designed to address the 
question of whether cochlear implantation facilitates de-
velopment of speech perception in ways that parallel this 
development in normally hearing children. The purpose 
of this report is to describe the speech recognition hierar-
chy and to analyze results on the fi rst group of children 
completing the 1st year of follow-up in the CDaCI inves-
tigation. 

 Methods 

 Participants 
 Eligibility criteria included age younger than 5 years, achieve-

ment of age-specifi c developmental criteria (Bayley  1 70 for chil-
dren less than 2 years; Leiter-R  1 66 for children 2 years or older) 
and a commitment that the child would be educated in the English 
language. Participants were 42 children with multichannel CIs 
(mean age = 2.3 years) and 42 NH controls (mean age = 2.7 years) 
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who had all reached 1-year follow-up. Data were obtained from six 
collaborating sites: House Ear Institute, Johns Hopkins University, 
University of Miami, University of Michigan, University of North 
Carolina, and University of Texas at Dallas. Demographic infor-
mation is detailed in  table 1 , including gender, age at identifi cation 
of hearing loss, age at baseline, hearing level, communication mode, 
and parent’s education. The Institutional Review Boards of each 
participating center approved the study protocol. Written informed 
consent was obtained from each participating family. 

 Speech Recognition Hierarchy 
 We developed a speech recognition hierarchy structured ac-

cording to the child’s age and functional hearing ability. Preschool 
and school-age batteries that comprise the speech recognition hi-
erarchy incorporate measures that assess pattern perception as well 
as word and sentence recognition presented in open and closed sets 
( table 2 ). Closed-set tasks are those in which a limited number of 
potential choices are available to the listener. In contrast, open-set 
tasks use no predefi ned response alternatives; the number of choic-
es is unlimited. Parent questionnaires and criteria-referenced rat-
ing scales assess the child’s meaningful use of sound with sensory 
devices in their home environments and everyday listening situa-
tions. 

 The speech recognition hierarchy evolved from earlier pediatric 
investigations conducted by the Central Institute for the Deaf 
(CID) [Geers, 1994] and Indiana University School of Medicine 
(IU) [Kirk, 2000]. The CID test battery was hierarchical, commenc-
ing with detection and progressing to auditory-visual then auditory-
only, open-set word recognition measures. In contrast, the IU in-
vestigative team assembled separate batteries for preschool- and 
school-age children; all tests within the specifi ed battery were at-
tempted. In developing the CDaCI assessment batteries, the hier-
archical approach was adopted from the CID protocol and the age-
based approach was implemented from the IU protocol. 

 For each measure of the CDaCI hierarchy, a criterion level of 
performance is required before proceeding to the next level of dif-
fi culty, as outlined in  table 2 . Testing is discontinued on a specifi c 
measure once ceiling is reached on two consecutive test intervals. 
A consequence of this progression is that fewer numbers of children 
are assessed on the more diffi cult tests, particularly at this stage of 
the investigation. Due to the fact that only a small number of chil-
dren have reached school age at this stage of the investigation, the 
data reported herein are for the earliest tests within the Preschool 
Battery, which consist of the Infant-Toddler Meaningful Auditory 
Integration Scale (IT-MAIS) [Zimmerman-Phillips et al., 2000], 
Meaningful Auditory Integration Scale (MAIS) [Robbins et al., 
1991], Early Speech Perception Test (ESP) [Moog and Geers, 
1990], and the Pediatric Speech Intelligibility Test (PSI) [Jerger and 
Jerger, 1984]. 

 The MAIS probes ten questions in a structured parent inter-
view, assessing the child’s bonding with the sensory device, audi-
tory awareness, and ability to derive meaning from sound in every-
day situations. For each probe, the parent responds using a scale 
(0–4) to indicate how often the child engages in the auditory behav-
ior being explored. The IT-MAIS shares the majority of the ten 
probes with the MAIS, but differs on questions that specifi cally ex-
plore the vocal behavior of infants with their sensory device. For 
the NH controls, the two items relating to device bonding (MAIS) 
and the one item relating to vocal behavior with the device (IT-
MAIS) have been eliminated. These changes result in maximum 

scores of 32 for the MAIS and 36 for the IT-MAIS in contrast to 
the maximum score of 40 for the CI group. Thus, for comparison 
purposes, total scores are converted to percentages, representing 
the quotient of the achieved score as observed by the parent di-
vided by the maximum that is achievable. The IT-MAIS and MAIS 
are administered to parents of children below and equal to or above 
the age of 4 years, respectively. 

 The ESP is generally introduced when the child is 2 years of age 
or when he or she is able to choose between two alternatives. The 
ESP is designed to assess pattern perception (differentiation of syl-
lable number and stress pattern), spondaic word identifi cation (two 
syllable words with equal stress on each syllable), and monosyl-
labic word identifi cation in a closed set. Attainment of a criterion 
level is required to pass each subtest. Performance is classifi ed into 
one of four categories, representing increasing levels of auditory 
skill: detection (category 1), pattern perception (category 2), some 
word identifi cation (category 3), and consistent word identifi cation 
(category 4). For effi ciency, testing is initiated at the most diffi cult 
subtest for the NH controls, regressing to easier levels as needed. 
Two versions of the ESP are used to accommodate the range of ages 
and linguistic abilities of children in the sample. The standard ver-
sion of this test uses picture plates of 12 items, each to depict syl-
labic patterns and word targets known by most hearing-impaired 
children by the age of 6 years. The low-verbal version uses objects 

Table 1. Demographic summary of CDaCI participants

NH controls
(n = 42)

CI group
(n = 42)

Gender
Male 22 (52%) 18 (43%)
Female 20 (48%) 24 (57%)

Age at identifi cation of hearing
loss, mean years (SD) N/A 1.0 (1.0)

Age at baseline, mean years (SD) 2.7 (1.1) 2.3 (1.3)

Average hearing level (0.5, 1, 2, 4 kHz)
Right ear mean dB HL (SD) 12.3 (5.1) 111.7 (15.9)
Left ear mean dB HL (SD) 11.7 (5.8) 115.7 (17.1)

Communication mode at baseline
Oral1 42 (100%) 13 (31%)
Total communication2 0 (0%) 25 (59.5%)
Undecided3 4 (9.5%)

Parent’s education
<High school 0 (0%) 3 (7%)
High school graduate 2 (5%) 6 (14%)
Some college 2 (5%) 8 (19%)
College graduate 38 (90%) 24 (57%)
No response 0 (0%) 1 (2%)

1  Auditory verbal, aural/oral, cued speech, or any combination 
of these methods. 

2 Sign (manual) language and/or fi ngerspelling with or without 
an accompanying oral (spoken) component.

3 Undetermined, children <1 year of age.
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and a smaller response set than the standard version, and is appro-
priate for children in the 2- to 3-year age range or those with lim-
ited vocabularies. Stimuli for both versions are typically presented 
with live voice. 

 The PSI   is introduced when the child is 3 years of age and/or 
when category 3 or 4 on the ESP is achieved. The PSI assesses the 
child’s ability to identify words and sentences depicted on a picture 
plate from a closed set of fi ve alternatives. The digitally recorded 
PSI stimuli [Eisenberg and Dirks, 1995] are delivered via loud-
speaker situated directly in front of the child (0° azimuth). The same 
talker is used both for target and competing stimuli in this record-
ed version of the PSI. Those children achieving 80% correct sen-
tence identifi cation or better in the quiet condition are further as-
sessed in the presence of single-talker competition over a range of 
message-to-competition ratios (MCR), including +10 dB MCR (the 
competition is 10 dB less intense than the message), 0 dB MCR (the 
competition and message are at the same presentation level) and 
–10 dB MCR (the competition is 10 dB more intense than the mes-
sage). Competing sentences are delivered via loudspeaker located 
90° to the nonimplanted side of the child. The child is required to 
achieve a minimum score of 20% at one MCR before proceeding 
to the next, more diffi cult condition. 

 The PSI protocol differs for the NH controls. To ensure that the 
NH children are able to complete a sentence identifi cation task, it 
is fi rst required that they correctly identify fi ve out of fi ve sentenc-
es in quiet before the more diffi cult competing conditions are initi-
ated. In competition, children are assessed fi rst at the most diffi cult 
listening condition (–10 dB MCR), regressing to less diffi cult tests 

only when scores of 100% are not achieved. This deviation from 
protocol is instituted for increased effi ciency, with scores of 100% 
imputed for the untested easier conditions so as not to underesti-
mate performance by the NH group. The decision to impute is sup-
ported by data obtained from a subset of NH children who were 
administered the entire protocol and demonstrated little to no de-
viation from ceiling performance under the less rigorous listening 
conditions. 

 Procedure 
 With the exception of the IT-MAIS and MAIS, all tests were 

administered in a sound-attenuating booth, with the stimuli (live 
voice or recorded) presented in the sound fi eld. Recorded stimuli 
were routed via compact disc to an audiometer for amplifi cation 
and delivered to a loudspeaker. Presentation levels were delivered 
at 70 dBA. Baseline testing for the CI group (before implant surgery) 
was conducted with hearing aid(s) activated. The volume and sen-
sitivity settings for the sensory devices were adjusted to typical use 
setting. 

 Results 

 For each of the three measures, the mean scores for the 
NH and CI groups are presented at each test interval 
(baseline, 6 months, and 1 year) in  fi gures 1–4 . The num-

Table 2. CDaCI speech recognition hierarchy: preschool and school-age batteries

Test Stimulus Age and performance criteria Response format

Preschool battery
IT-MAIS [Zimmerman-Phillips et al., 2000] 10 probes1 1–3 years parent report

MAIS [Robbins et al., 1997] 10 probes1 4 years + parent report

ESP – low verbal [Moog and Geers, 1990] spondaic and monosyllabic
words

2 years +; able to select 
between two alternatives

closed set

ESP – standard version [Moog and Geers, 1990] spondaic and monosyllabic 
words

3 years +; able to select 
between two alternatives

closed set

PSI [Jerger and Jerger, 1984] words and sentences in 
quiet and competition

3 years +; category 3 or 4 
on ESP

closed set

Multisyllabic Lexical Neighborhood Test 
[Kirk et al., 1995]

multisyllabic words 3 years +; PSI > 20% open set

Lexical Neighborhood Test [Kirk et al., 1997] monosyllabic words 3 years +; PSI > 20% open set

School-age battery2

Phonetically Balanced Word Lists – Kindergarten  
[Haskins, 1949]

monosyllabic words 5 years +;
scores > 0% on LNT

open set

Hearing in Noise Test – Children [Gelnett et al., 
1995]

sentences in quiet and noise 5 years +;
scores > 0% on LNT

open set

1 Nine probes for the NH controls.
2 Tests from preschool battery overlap with school-age battery.
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ber of participants is indicated in each data bar. These 
numbers vary across test measures, subject groups, and 
test intervals as a consequence of the hierarchical ap-
proach and differences in children’s ages and functional 
hearing abilities. 

 Meaningful Auditory Integration Scale (IT-MAIS and 
MAIS) 
 A greater number of children were assessed on the IT-

MAIS compared to the MAIS, refl ecting the young age 

of this sample. For the NH group, responses to the IT-
MAIS were obtained from 30 children at baseline (mean 
score = 98%), 30 children at 6 months (mean score = 
97%), and 22 children at 1 year (mean score = 97%). 
MAIS data were obtained from 10 NH children at base-
line (mean score = 99%), 12 children at 6 months (mean 
score = 99%), and 11 children at 1 year (mean score = 
100%). 

 For the CI group, responses to the IT-MAIS were ob-
tained from 38 children at baseline (mean score = 20%), 

  Fig. 2.  Mean ESP categories achieved by 
NH and CI children at three test intervals 
(baseline, 6 months, and 1-year follow-up). 
The number of children assessed at each 
test interval is indicated in each data bar. 
The error lines represent 1 standard devia-
tion of the mean. 

  Fig. 1.  Mean scores, in percent, for the com-
bined IT-MAIS and MAIS obtained by par-
ent interview for NH and CI children at 
three test intervals (baseline, 6 months, and 
1-year follow-up). The number of children 
assessed at each test interval is indicated in 
each data bar. The error lines represent 1 
standard deviation of the mean. 

  Fig. 3.  Mean PSI word and sentence iden-
tifi cation scores in the quiet condition for 
NH and CI children at three test intervals 
(baseline, 6 months, and 1-year follow-up). 
The number of children assessed at each 
test interval is indicated in each data bar. 
The error lines represent 1 standard devia-
tion of the mean. 
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33 children at 6 months (mean score = 74%), and 28 chil-
dren at 1 year (mean score = 85%). MAIS responses were 
obtained from 4 children at baseline (mean score = 59%), 
8 children at 6 months (mean score = 79%), and 14 chil-
dren at 1 year (mean score = 84%). 

 In view of the fact that the two scales tap into the same 
abilities, results from the two versions of the test were 
combined for ease of display and analysis. As shown in 
 fi gure 1 , the NH controls were essentially at ceiling, with 
a mean score of 98% across the three test intervals. The 
reduced number of data points at 1-year follow-up was 
attributed to ceiling scores of 100% attained at the two 
previous test intervals. 

 The CI group achieved a mean score of 24% at base-
line, which improved to 75% at 6 months and 85% at 1 
year. Paired t tests conducted on arcsine-transformed 
data confi rmed that 6-month scores were signifi cantly 
higher than those at baseline for the CI group (t 40  = 14.0, 
p  !  0.001), as were scores at 1 year relative to 6 months 
(t 40  = 5.1, p  !  0.001). Inspection of individual data indi-
cated that 20 (48%) of the 42 children in the CI group 
attained 90–100% by 6 months or 1 year. 

 Early Speech Perception Test (ESP) 
 For the NH group, data from the low verbal version of 

the ESP were obtained from 18 children at baseline (mean 
category score = 3.94), 17 children at 6 months (mean 
category score = 4.0), and 5 children at 1 year (mean cat-
egory score = 4.0). Data from the standard version of the 
ESP were obtained from 17 NH children at baseline 
(mean category score = 3.88), 21 children at 6 months 

(mean category score = 4.0), and 27 children at 1 year 
(mean category score = 4.0). 

 For the CI group, category scores from the low verbal 
ESP were obtained from 10 children at baseline (mean 
category score = 1.7), 12 children at 6 months (mean cat-
egory score = 2.58), and 20 children at 1 year (mean cat-
egory score = 2.75). Category scores from the standard 
ESP were obtained from 1 CI child at baseline (category 
score = 3.0), 6 children at 6 months (mean category 
score = 3.83), and 12 children at 1 year (mean category 
score = 3.92). 

 The category scores from the two versions of the test 
were combined and the mean data are shown in  fi gure 2 . 
With the exception of 3 children with normal hearing who 
achieved a minimum score of category 3 (some word 
identifi cation) at baseline, all other NH controls attained 
category 4 (consistent word identifi cation) across the 
three test intervals. The 3 children who were assigned a 
category score of 3 could not be tested on the more dif-
fi cult monosyllabic subtest (category 4) due to attention 
and cooperation issues. 

 The mean category score for the 11 CI children tested 
at baseline was 1.8 (approaching pattern perception). The 
18 CI children tested at 6 months attained a mean score 
of 3.0 (some word identifi cation). Thirty-two CI children 
assessed at 1 year achieved a mean score of 3.2 (some 
word identifi cation). The improvement in category scores 
at 6 months was statistically signifi cant when compared 
to baseline scores (z = –2.07, p = 0.038), as was the im-
provement at 1 year relative to 6 months (z = –2.058, 
p = 0.04). Notably, 20 (48%) of the 42 children in the CI 

  Fig. 4.  Mean PSI sentence identifi cation scores across three MCRs for NH and CI children. The number of chil-
dren assessed at a given MCR (+10, 0, and –10 dB) and at each test interval (baseline, 6 months, and 1-year fol-
low-up) is indicated in each data bar. The error lines represent 1 standard deviation of the mean. 
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group achieved category 4 (consistent word identifi ca-
tion) by 6 months or 1 year. 

 Pediatric Speech Intelligibility Test (PSI) 
 Percent-correct scores on the PSI are presented for 

words and sentences in quiet ( fi g. 3 ) and sentences in 
competition ( fi g. 4 ). Recall that children were eligible for 
this test if they were 3 years of age and had achieved cat-
egory 3 or 4 on the ESP. However, 2 NH children and 2 
CI children younger than 3 years were assessed on the PSI 
because they had successfully attained category 4 on the 
ESP. 

 PSI in Quiet  
 In the quiet listening condition, the NH group attained 

mean word identifi cation scores of 98% both at baseline 
and 6 months, and 100% at 1 year. For sentences in qui-
et, performance by children in the NH group was at or 
near ceiling, with mean scores of 98% at baseline and 99% 
at 6 months and 1 year. 

 Mean word identifi cation in quiet for the CI group was 
43% (n = 5) at baseline, improving to 94% (n = 5) at 6 
months and 85% (n = 13) at 1 year. Mean sentence iden-
tifi cation was 63% (n = 3) at baseline, 86% (n = 5) at 6 
months, and 80% (n = 12) at 1 year. Ten (24%) of the 42 
children in the CI group achieved scores of 90% or better 
on word and/or sentence identifi cation by either 6 months 
or 1 year. 

 PSI in Competition 
 In speech competition, sentence identifi cation scores 

for children in the NH group approached ceiling across 
the three test intervals at +10 dB and 0 dB MCR, with 
mean scores ranging between 87 and 99%. At –10 dB 
MCR, mean scores ranged from 55 to 61% across inter-
vals, with 8 (19%) children attaining scores of 100%. 

 No child in the CI group could be assessed at baseline 
on sentence identifi cation in competition. By 6 months, 
mean scores of 97% at +10 dB, 80% at 0 dB, and 37% at 
–10 dB MCR were attained by 3 CI children. It should be 
noted that sentence scores at +10 dB and 0 dB MCR were 
higher than sentence scores in quiet ( fi g. 3 ). This fi nding 
is due to the fact that only those children achieving scores 
of 80% or higher in quiet (n = 3) progressed to testing in 
competition. At 1-year follow-up, mean scores for the CI 
group were 92% at +10 dB (n = 9), 61% at 0 dB (n = 9), 
and 32% at –10 dB MCR (n = 6). The CI group performed 
similarly to the NH group at +10 dB MCR, and began to 
approach performance levels of the NH group at 0 dB 
MCR. The between-group scores were most discrepant at 

–10 dB MCR (most diffi cult listening condition), al-
though this difference did not reach statistical signifi -
cance on nonparametric analysis (Mann-Whitney U). Re-
markably, 3 (7%) of the 42 CI children achieved scores of 
50–60% at –10 dB MCR by 6 months or 1 year, similar 
to those achieved by the NH subjects as a group. 

 Discussion 

 Three major fi ndings emerged from this 1-year analy-
sis of speech recognition in a sample of CI and NH chil-
dren from the national CDaCI study. The fi rst fi nding 
relates to the utility of the speech recognition hierarchy 
in describing the auditory abilities of these children. Con-
sidering the range of developmental abilities represented 
by children in this study, it was not possible or desirable 
to assess every child on each measure. Rather, the goal 
was to assess a given child’s level without focusing efforts 
on measures that were either too easy or too diffi cult. An 
increasing number of children in the CI group progressed 
to more diffi cult tasks of closed-set speech identifi cation 
in the preschool battery at successive intervals, indicating 
that the hierarchical approach was a practical strategy for 
children of this age and with this degree of hearing loss. 
Although it was yet not possible to determine whether 
children became testable on a specifi c measure because 
of maturation, hearing ability, language skills or a com-
bination of these factors, a cursory inspection of individ-
ual data suggested that these children were more capable 
of performing the auditory tasks following implant inter-
vention than they were at baseline regardless of age at 
time of testing. The fact that the NH group achieved 
scores near ceiling provided further verifi cation that the 
measures selected in the preschool battery were develop-
mentally appropriate. In future reports, growth-curve 
analyses will be valuable in providing more conclusive 
evidence to support or refute these early observations. 

 The second key result was that a number of children 
in the CI group who met criteria for testing approached 
levels of performance comparable to those of the NH con-
trols for most of the early measures in the hierarchy. This 
outcome is particularly relevant considering that this is 
the fi rst large-scale multicenter pediatric implant investi-
gation to incorporate an NH control group. In earlier lon-
gitudinal investigations, control groups consisted of chil-
dren with profound hearing loss [Geers and Moog, 1991; 
Osberger et al., 1991] and, more recently, children with 
moderate to severe hearing loss [Eisenberg et al., 2004]. 
Therefore, it is signifi cant that an NH control group now 
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serves as the gold standard for comparison, representing 
a major shift in expectations for deaf children with CIs. 

 At the same time, we recognize that comparisons in 
mean scores between NH and testable CI children may 
represent artifact of testing methods. Within any one stra-
tum of our testing hierarchy, true differences in speech 
recognition capacity may be concealed by ceiling effects 
that constrain scores for the better performing group. For 
this reason it is important to have a cohort study design 
that assesses CI children’s performance on speech recog-
nition tests of increasing stringency over time. Use of this 
cohort study should determine (a) whether initial patterns 
of performance will be maintained as a greater number 
of children progress to more diffi cult tasks that require 
open-set speech recognition, and (b) whether there is cor-
respondence between the age at which a test can fi rst be 
administered and the ultimate level of performance with-
in strata and within the overall hierarchy. At such a point 
in data collection, performance within strata can be com-
pared with greater refi nement. 

 Speech recognition ability after cochlear implantation 
has always been characterized by a high degree of vari-
ability, and the present study is no exception. It is ex-
pected that both suspected and unsuspected factors will 
emerge in future analyses to explain why some children 
in the CI group perform as well as the NH controls. It 
further remains to be seen whether these initial patterns 
of performance will be maintained as a greater number 
of children progress to more diffi cult tasks that require 
open-set speech recognition. 

 The third major fi nding of this study was that some 
children in the CI group were able to identify sentences 
in speech competition within the 1st year of implant use; 
several of these children attained scores similar to the NH 
average for the most adverse listening condition (–10 dB 
MCR). To our knowledge, this is one of the fi rst reports 
of preschool-age children with CIs being assessed on tasks 
involving semantic distraction. This assessment is impor-
tant because children rarely listen in quiet environments 
and the inclusion of speech competition provides face 
validity. Moreover, the addition of a semantic distractor 
increases the perceptual demand as the child must attend 
selectively to the target while inhibiting linguistic inter-
ference from the competing talker [Carhart et al., 1969; 
Hall et al., 2002]. The ability to understand speech in 
competition is developmental and approaches asymptote 
in adolescence [Elliott, 1979; Johnson, 2000; Mills, 1975]. 
Continued assessment of speech in competition will like-
ly provide some of the most compelling evidence toward 
addressing the overall hypothesis that young deaf chil-

dren with CIs process spoken words using the same lin-
guistic constraints as those used by children with normal 
hearing. 

 Conclusion 

 A hierarchical approach for evaluating speech recog-
nition has been developed for the CDaCI study to ad-
dress the challenge of assessing CI and NH cohorts 
 demonstrating an extremely wide range of perceptual ca-
pabilities in early childhood. At this stage of the investi-
gation, data have been analyzed for the earliest measures 
of the speech recognition hierarchy in 42 pairs of chil-
dren that have reached 1 year of follow-up. An increasing 
number of preschool-age children met age and perfor-
mance criteria for assessment of more complex speech 
stimuli over time. Within 1 year, a number of children 
in the CI group attained levels of performance approach-
ing those of the NH controls and could identify sentenc-
es in speech competition under increasingly diffi cult lis-
tening conditions. 

 The speech recognition hierarchy is proving to be a 
practical strategy for tracking emergent skills in young 
children with CIs. As both groups mature and are assessed 
on more challenging measures of the hierarchy, adaptive 
testing of speech in background competition is anticipat-
ed and should be more conducive to direct comparison 
between groups. Adaptive testing enables measurement 
in the slope portion of the performance-intensity function 
and, therefore, is not susceptible to fl oor and ceiling ef-
fects. Continued follow-up with greater numbers of chil-
dren using more complex stimuli should determine 
whether these early performance trends are predictive of 
future growth. 
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(surgeon); Carlton Zdanski, MD (surgeon); Hannah Eskridge, MSP 
(data collection); Harold C. Pillsbury, MD (surgeon). 
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search Center, Dallas:  Emily A. Tobey, PhD, CCC-SLP (PI); Betty 
Loy, AuD, CCC-A (coordinator); Paul Bauer, MD (surgeon); An-
gela Boyd, BA (data collection); Laura Cantu, BS (data collection); 
Carol Cokely, PhD, CCC-A (data collection); Sarah Florence, MS, 
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tion); Shannon Raby, MA, CCC-SLP (data collection); Jamie Ras-
mus, BS (data collection); Peter Roland, MD (surgeon); Heather 
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MS, CCC-SLP (data collection); Linsey Wagner, BA (data collec-
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MA, CCC-SLP (data collection). 
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