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Abstract
Objective—To develop a speech recognition index that summarizes data collected through an array
of age-appropriate hierarchical speech recognition tests in a longitudinal study.

Study Design—Prospective cohort.

Setting—Six tertiary referral centers in the Childhood Development after Cochlear Implantation
(CDaCI) Study.

Patients—One hundred eighty-eight children implanted at age 5 years or younger and 97 age-
comparable normal-hearing controls.

Intervention—Cochlear implantation.

Main Outcome Measures—Outcome measures were the following: Infant-Toddler Meaningful
Auditory Integration Scale, Meaningful Auditory Integration Scale, Early Speech Perception Test,
Pediatric Speech Intelligibility Test, Multisyllabic Lexical Neighborhood Test, Lexical
Neighborhood Test, and Hearing in Noise Test, obtained before implantation and at 6, 12, 18, and
24 months postimplant.

Results—A speech recognition cumulative index, speech recognition index in quiet (SRI-Q), was
created to combine information from tests administered in quiet. This index allows simultaneous
display of data from all tests in the speech recognition hierarchy and is sensitive to improvements in
performance over time as a function of age. SRI-Q also provides a composite of performance on
multiple tests, allowing both the tracking of “growth curve” in speech recognition across a wide age
range over an extended follow-up period and the comparison of normal-hearing and implanted
children on multiple measures. The data range for individual tests is also preserved for ease of
interpretation.

Conclusion—SRI-Q allows tracking of global development of speech recognition over time as
children progress through a hierarchy of speech perception measures and complements the more
detailed assessments obtained from individual tests within the hierarchy.
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Tracking development of auditory perception in early childhood is highly challenging because
children are in a phase of rapid acquisition of auditory milestones and demonstrate a wide range
of perceptual capabilities. Strategies used by previous investigators to overcome these
challenges tend to fall into 2 categories: those that used instruments valid over a broad
developmental range but provided only gross assessment (e.g., Beadle et al. [1]) and those that
used age-specific instruments for more detailed assessment but required subgroup analyses
within each instrument (e.g., Eisenberg et al. [2]). Instruments valid over a broad developmental
range typically use a scale that classifies auditory abilities into a limited number of categories
that may not be very sensitive to auditory outcomes. In contrast, instruments that target
narrower developmental ranges are better suited to study the acquisition of speech perception
skills with greater detail but are subject to floor and/or ceiling observations when study
participants are outside the developmental range of a given instrument.

A longitudinal study that tracks development of speech recognition over time in early childhood
should use an array of developmentally appropriate measures. The study protocol should entail
cross-sectional assessment at each follow-up interval using instruments specifically designed
for the range of ages and abilities represented within the study population and address the need
to switch to other age- or ability-appropriate instruments as children develop throughout the
course of follow-up. Furthermore, longitudinal tracking of postimplant development among
children who are deaf and hard of hearing is frequently complicated by potential delays in
speech perception and language abilities, rendering the suitability of test instruments based on
age less appropriate for children with a cochlear implant (CI).

To meet these challenges, a hierarchical approach to speech recognition assessment has been
formulated in the “Childhood Development after Cochlear Implantation” (CDaCI) study. This
approach combines a battery of developmentally appropriate measures of auditory perceptual
capabilities to assess children from toddler through kindergarten ages. In this article, we
propose a strategy for tracking children's speech perception development longitudinally over
a wide range of ages at enrollment and postimplant follow-up. This strategy uses a summary
index that combines the outcomes acquired with an array of speech recognition instruments
targeting different stages of auditory skill acquisition and developmental abilities.

Methods
Participants

The CDaCI cohort includes 188 children with sensorineural hearing loss who received CIs at
a mean age of 2.2 years (standard deviation [SD], 1.2 yr) and 97 age-comparable normal-
hearing (NH) children (mean age at enrollment, 2.3 yr; SD, 1.1 yr). Children were enrolled
through 6 tertiary referral centers: House Ear Institute, Johns Hopkins University, University
of Miami, University of Michigan, University of North Carolina, and University of Texas at
Dallas, between November 2002 and December 31, 2004. Fifty-five percent of the CDaCI
cohort participants are female subjects, and 26% are minorities. The sex and race composition
are similar between the CI and NH groups.

Children were assessed at baseline (before implant surgery for the CI group) and at 6-month
follow-up intervals for 3 years. A detailed description of the research design, eligibility criteria,
study protocol, and baseline characteristics of the cohort has been reported (3). The institutional
review boards of each participating center approved the study protocol. Written informed
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consent was obtained from each participating family. This report used data collected from
baseline through the 24-month follow-up.

Speech Recognition Hierarchy
The CDaCI speech recognition hierarchy was developed and structured according to the child's
age and functional hearing ability. The details of this hierarchy have been described previously
(2). Briefly, the Preschool Battery that targets the emerging abilities of toddlers through
approximately 4 years consists of the Infant-Toddler Meaningful Auditory Integration Scale
(IT-MAIS) (4), Meaningful Auditory Integration Scale (MAIS) (5), Early Speech Perception
Test (ESP) (6), Pediatric Speech Intelligibility Test (PSI) (7), Multisyllabic Lexical
Neighborhood Test (MLNT) (8), and the Lexical Neighborhood Test (LNT) (9). This battery
incorporates measures that assess pattern perception and word and sentence recognition
presented in closed and open sets. The IT-MAIS and MAIS are parent questionnaires and
criteria-referenced rating scales assessing the child's meaningful use of sound with sensory
devices in their home environments and everyday listening situations. The ESP and PSI are
closed-set tasks, in which a limited number of potential choices are available to the listener.
The MLNT and LNT are open-set tasks that use no predefined response alternatives so that
the number of choices is unlimited. The School-Age Battery extends the upper age range over
which children can be assessed, incorporating the Phonetically Balanced Word Lists–
Kindergarten (PBK) (10) and the Hearing in Noise Test for Children (HINT-C) (11). Both are
open-set tasks suitable for assessing word and sentence recognition in children aged 5 years
and older.

For each measure in the hierarchy, a criterion level of performance is required before
proceeding to the next level of difficulty. Testing is discontinued on a specific measure once
ceiling is reached on 2 consecutive test intervals. A consequence of this progression is that
fewer numbers of children are assessed on the more difficult tests.

Analysis
Speech recognition data obtained for all measures from baseline to the 24-month postimplant
follow-up were explored graphically to display the range and growth pattern of scores over the
ranges of ages assessed using each test instrument and to identify the age at which mean
outcome approached the ceiling for that instrument. Data were analyzed separately for the CI
and NH groups. Outcome data for the PSI, MLNT, LNT, PBK, and HINT-C were in the form
of percent correct scores (0–100%). For this analysis, only PSI and HINT-C scores obtained
in quiet were used. Total scores (ratings) for the IT-MAIS and MAIS questionnaires were
converted to percentages for ease of comparison with the other speech recognition measures.
Because the IT-MAIS and MAIS largely tap the same abilities in younger (IT-MAIS) and older
(MAIS) children, these measures were combined to form a single MAIS score. It was also
observed that the fitted linear regression between MLNT and LNT scores across all children
(intercept = 4.18, slope = 0.91) was very close to the diagonal line. Thus, when both were
available, the scores for each child from these 2 instruments were averaged and labeled as M/
LNT. Finally, results for the ESP, which classifies performance into 1 of 4 speech perception
categories, were reassigned values of 25 (Category 1), 50 (Category 2), 75 (Category 3), and
100 (Category 4), for visual integration with other speech perception data. Scatter plots and
nonparametric smoothing curves tracking growth of individual speech observations over
chronological age were produced to guide the creation of a speech recognition index under
quiet testing conditions (SRI-Q).

The trajectories of SRI-Q by age from baseline and each of the 4 follow-up visits were examined
for stability over time among NH children. The developmental trajectories of speech
recognition among CI children for each of the 4 post-CI study visits were also estimated and
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compared with the estimated growth in speech recognition in the NH children to explore
postimplant growth in speech recognition among CI children.

Results
Speech Recognition Test Results at Baseline

At baseline, the IT-MAIS/MAIS score for NH children approached ceiling, with an overall
mean score of 97.1% (Table 1). Approximately two thirds of NH children were evaluated with
ESP, and almost all had consistent word identification (Table 2). Approximately one third of
NH children were evaluated with PSI and, on average, had 94% correct sentence identification
under quiet testing conditions. In contrast, CI children at baseline had an average IT-MAIS/
MAIS score of 23%. Approximately one quarter of CI children were evaluated with ESP at
baseline, and among them, 58% were in the detection stage of speech recognition.

Speech Recognition Development in NH Children
Figure 1A shows the scatter plot of all available speech outcome observations as a function of
age at testing among 97 NH children between baseline and the 24-month follow-up visit. To
reflect their position in the hierarchy, range of the speech measures were rescaled to 100 to
200 for ESP, 200 to 300 for PSI in quiet, 300 to 400 for M/LNT, 400 to 500 for PBK, and 500
to 600 for HINT-C in quiet, resulting in a range of scores from 0 to 600.

For NH children, the average IT-MAIS/MAIS and ESP scores approached ceiling around age
of 2 years, indicating that speech recognition growth as reflected by these instruments was
mostly truncated after that age. The average PSI scores in quiet approached ceiling at
approximately 3.5 years. As described earlier, the growth in MLNT and LNT results was quite
similar in NH children, with both measures showing average scores of 60 to 70% correct at
the age of 2.5 years and approaching ceiling (100% correct) around age 6.5 years. Therefore,
the combined M/LNT scores are presented.

The nonzero score from the most stringent test in the hierarchy at each visit was converted into
a summary score, the speech recognition index in quiet (SRI-Q), for that visit. The SRI-Q has
a possible value of between 0 and 600 points (Fig. 1B). This index allows us to visually extract
information regarding which was the most stringent test with which each child could be
assessed at the visit and how the child fared in that test. Comparing Figure 1, A and B, we can
see that, in general, NH children who reached the ceiling on the IT-MAIS/MAIS, ESP, or PSI
test were able to take on more stringent tests during the same visit. Similarly, many of those
NH children who scored well on MLNT, LNT, or PBK were able to move on to the HINT-C
in quiet.

Speech Recognition Development in CI Children
Figure 2A shows the scatter plot of all available speech outcome observations as a function of
age at testing among 188 CI children between baseline and the 24-month follow-up visit. At
baseline, most CI children were only able to be evaluated using the IT-MAIS/MAIS. During
the postimplant follow-up visits, however, many CI children achieved ceiling on the IT-MAIS/
MAIS, ESP, and PSI, although some children who were older than 5 years still did not reach
ceiling on the IT-MAIS/MAIS. Compared with the NH children, speech recognition outcomes
for CI children were more variable. This contrast can be seen more clearly when the SRI-Q
score for CI children (Fig. 2B) was compared with the SRI-Q score for NH children (Fig. 1B).
For example, among those aged 5 years or older at the time of testing, some CI children were
still able to be evaluated only with IT-MAIS/MAIS or ESP, whereas many others could be
evaluated with HINT-C in quiet, similar to most of their NH peers. In general, most CI children
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were able to be evaluated with MLNT/LNT or more difficult tests by their 24-month follow-
up visit.

Growth Trajectories in Speech Recognition Over 24 Months of Follow-Up
By connecting up to 5 SRI-Q scores, a speech recognition developmental trajectory can be
tracked for each CI child from baseline up to the 24-month post-CI evaluation (Fig. 3). The
growth in speech recognition development over the first 24 months post-CI was spread widely
among CI children. A substantial number of CI children implanted at younger ages
demonstrated growth patterns very similar in range or well into the trajectories of the NH
children. A few children implanted at older ages showed slower trajectories of development
after implantation. In contrast, the trajectories of speech recognition development among NH
children showed much less variability, forming a much tighter band of normal development.
This range provides a reference for evaluating postimplant speech recognition in CI children.

Discussion
We explored the potential use of a simple index, the SRI-Q, in tracking the longitudinal growth
in development of speech recognition skills for young CI and NH children. This index, which
summarizes the results from an array of age- or ability-appropriate speech recognition tests,
allows simultaneous display of data from multiple instruments over time. It has face validity
and provides a global indicator that complements test results from individual instruments.

The SRI-Q index score identifies both the most stringent measure in the speech recognition
hierarchy with which a child was able to be evaluated in a given follow-up visit and the actual
test score obtained on that test. This approach preserves the ranking of most difficult test
achieved while allowing the interpretation of results within the original range of 0 to 100% for
the corresponding test.

Using the SRI-Q, we identified a region of normal growth trajectory in speech recognition
development over a 2-year period in 97 CDaCI NH children aged 5 years or younger at baseline.
This provides a reference for comparing longitudinal postimplant speech recognition
development in CI children.

One limitation of our method is the need to incorporate test results obtained in the presence of
noise (HINT-C) or competing speech (PSI), or to create a separate index for such test results.
This will be done when more data obtained under noise/competition testing conditions become
available. Another limitation is that the SRI-Q index did not completely distinguish children
who achieved a ceiling score on 1 measure but who were not able to be tested with the next
more stringent measure in the hierarchy from those children who achieved a lower score on
the first test but who were able to move up to a more difficult test (e.g., a child with M/LNT
score of 90% who was not tested with PBK versus a second child with M/LNT of 30% and
PBK of 5%). In the former case, a given child's SRI-Q would be based on incomplete data that
could underestimate or not necessarily reflect his/her speech perception ability. Conversely,
SRI-Qs for children who were able to move through the hierarchy as designed reflect only their
performance on the most stringent measure tested but not on individual measures at lower
levels that could contain useful information. A more comprehensive approach to address
incomplete progression through the hierarchy and use as much of the data as possible will
require sophisticated statistical modeling. Nevertheless, in our data set, those children with
scores close to ceiling on a given test usually had better SRI-Q scores than those with lower
scores on the same test when both were evaluated with a more stringent measure. Furthermore,
the current approach provides a simple way for clinicians to summarize useful information
without the need to transform test scores through a series of regression coefficients and
equations.
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The ability to position a child's speech recognition at given points in time relative to the normal
developmental trajectory may prove helpful in screening children for abnormal development
and in evaluating the progress of rehabilitation for children with developmental delays or
disabilities. The SRI-Q index provides a simple way to track and compare growth trajectories
in speech recognition development in both CI and NH children based on a hierarchy of age-
appropriate instruments, thus overcoming some of the limitations associated with using a single
broad-ranged test instrument. This SRI-Q index also provides a single summary value that can
be used to study the relationships between speech recognition development and developmental
indices in language or other important childhood developmental domains.
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Fig. 1.
All available data (A) from the CDaCI speech recognition hierarchy from baseline to 24-month
follow-up in 97 NH children. SRI-Q index (B), the result from the most stringent test of the
CdaCI speech recognition hierarchy with which a child was evaluated at a given visit, from
baseline to 24-month follow-up among 97 NH children.
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Fig. 2.
All available data (A) from the CdaCI speech recognition hierarchy from baseline to 24-month
follow-up in 188 CI children. SRI-Q index (B), the result from the most stringent test of the
CdaCI speech recognition hierarchy with which a child was evaluated at a given visit, from
baseline to 24-month follow-up among 188 CI children. Black indicates measures assessed at
baseline; blue, measures assessed at 6-, 12-, or 18-month follow-up; red, measures assessed at
24-month follow-up.

Wang et al. Page 10

Otol Neurotol. Author manuscript; available in PMC 2009 August 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
Growth trajectories between baseline and 24-month follow-up visit using SRI-Q index for
(A) 97 NH children in black solid lines and (B) 188 CI children in red solid lines. The black
solid curve (B) indicates the nonparametric mean trajectory of SRI-Q index by age for all 97
NH children. The black dashed line indicates the estimated lower boundary of SRI-Q score,
by age, achieved by the NH children.
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Table 1
Speech recognition test results at baseline for 188 children who later received cochlear implantation and 97
normal-hearing children in the Childhood Development After Cochlear Implantation Study

CI children NH children

n Mean (SD) n Mean (SD)

IT-MAIS/MAIS 186 23.0 (25.3) 93 97.1 (7.7)

ESP score 50 47.5 (30.8) 63 99.0 (3.9)

PSI (quiet) 12 65.4 (33.7) 31 94.2 (12.3)

MLNT/LNT 9 11.1 (12.7) 21 82.1 (14.9)

PBK 0 — (—) 2 86.5 (9.2)

HINT-C (quiet) 0 — (—) 1 96 (—)

CI indicates cochlear implant;NH, normal hearing;SD, standard deviation; IT-MAIS, Infant-Toddler Meaningful Auditory Integration Scale; MAIS,
Meaningful Auditory Integration Scale; ESP, Early Speech Perception Test; PSI, Pediatric Speech Intelligibility Test; MLNT, Multisyllabic Lexical
Neighborhood Test; LNT, Lexical Neighborhood Test; PBK, Phonetically Balanced Word Lists–Kindergarten; HINT-C; Hearing in Noise Test for
Children.
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Table 2
Results for Early Speech Perception Test

CI children NH children

Early Speech Perception Test
category

n % n %

1 29 58 0 0

2 8 16 0 0

3 2 4 1 1.6

4 11 22 62 98.4
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