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Ceiling effects for speech perception tests
in pediatric cochlear implant users
Emily R. Spitzer , David M. Landsberger, Alexandra J. Lichtl,
Susan B. Waltzman

Department of Otolaryngology—Head and Neck Surgery, New York University Grossman School of Medicine,
New York, NY, USA

Objectives: The purpose of this study was to determine the prevalence of ceiling effects for commonly used
speech perception tests in a large population of children who received a cochlear implant (CI) before the
age of four. A secondary goal was to determine the demographic factors that were relevant for predicting
which children were more likely to reach ceiling level performance. We hypothesize that ceiling effects
are highly prevalent for most tests.
Design: Retrospective chart review of children receiving a CI between 2002 and 2014.
Results: 165 children were included. Median scores were above ceiling levels (≥90% correct) for the
majority of speech perception tests and all distributions of scores were highly skewed. Children who were
implanted earlier, received two implants, and were oral communicators were more likely to reach ceiling-
level performance. Age and years of CI listening experience at time of test were negatively correlated
with performance, suggesting a non-random assignment of tests. Many children were re-tested on tests
for which they had already scored at ceiling.
Conclusions: Commonly used speech perception tests for children with CIs are prone to ceiling effects and
may not accurately reflect how a child performs in everyday listening situations.

Keywords: Cochlear implants, pediatric, speech perception, assessment

Introduction
Providing a cochlear implant (CI) has become the
standard of care for children with severe to profound
sensorineural hearing loss. Along with aided audio-
metric thresholds and parental reports, speech under-
standing is a key component of assessing benefit with
a CI. For children implanted in the early 1990s, the
standard tests used to measure speech perception,
such as the Phonetically Balanced Kindergarten test
(PBK; Haskins, 1949), were appropriate for most
patients because they yielded a normal distribution
of scores and did not generate floor (performance
near 0%) or ceiling (performance near 100%) effects
(e.g. Harrison et al., 2005; Moog & Gers, 1999;
Osberger et al., 1991). There have been major
advances in speech processor technology and sound
coding strategies over the last 30 years, which have
led to significant improvements in speech perception
outcomes for patients. Despite improvements in
average performance over time, the tests of word

and sentence recognition remain largely unchanged,
leading to a test battery that is too easy and often gen-
erates ceiling effects. Gifford et al. (2008) described
this effect in a large adult population. The authors
examined the performance of 156 CI users and 50
hearing aid users and found that 61% of the subjects
scored above 85% correct on a test of sentence recog-
nition in quiet (Hearing in Noise Test (HINT),
Nilsson et al., 1996), with 28% of subjects achieving
a perfect score (100% correct). Bruijnzeel et al.
(2017) demonstrated that children implanted before
18 months (n= 20) were more likely to reach ceiling
scores (>95% correct) on a Dutch monosyllabic
word recognition test than children implanted after
18 months (n= 34).
No studies have directly examined the prevalence of

ceiling effects across different English speech percep-
tion tests for children with CIs, though several
studies have shown high scores for early implanted
children. For example, Kocdor et al. (2016) and Na
et al. (2022) reported mean scores of 83.8% and
89.8% correct on the PBK. For a similar group of
117 children, Davidson et al. (2019) showed that
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children scored near ceiling on the Lexical
Neighborhood Test (LNT) (median: 86%). Median
scores over 80% correct have also been found for sen-
tence tests such as HINT-C sentences in quiet (Peters
et al., 2007), and Pediatric AzBio sentences (Spahr
et al., 2014) in quiet (Sheffield et al., 2020, Chweya
et al., 2021). .
A speech perception test that frequently demon-

strates ceiling effects is problematic in several ways.
First, it limits the ability to assess performance accu-
rately. If an implanted child achieves 100% correct on
a test, there is no way to know if they are performing
differently from another score of 100% on the same
test, be it from another child, or from the same child
at a different time point. Secondly, if a child continues
to score near ceiling over repeated assessments, the
test cannot be sensitive to any potential improvements
over time. If the child is thought to be achieving peak
performance because of speech perception test scores
at ceiling levels, they may not be offered high levels of
additional services such as speech therapy or assistive
listening devices, even if these additional services may
indeed be very beneficial. Finally, studies using speech
perception scores as a dependent variable are limited
in their ability to find differences between two
groups if a significant proportion of speech scores
are at ceiling. For example, Dunn et al. (2014)
posited that similarities in speech perception scores
between children implanted before and after age two
could be related to the younger implanted group
reaching ceiling levels and not due to actual simi-
larities in their abilities. Gifford et al. (2018) suggested
that a lack of significant correlation between a
measure of spectral resolution and sentence scores in
quiet could be due to half of the children scoring
over 80% correct on the speech test.
To minimize ceiling effects, clinical audiologists

typically follow a progressive test battery (Eisenberg
et al., 2006), where children are moved to a more dif-
ficult test after they reach ceiling level performance.
The Pediatric Minimum Speech Test Battery
(MSTB) (Uhler et al., 2017) provides recommen-
dations on testing parameters and when to use a
more difficult test. When children reach ceiling levels
(defined as ≥80% correct) on the most difficult pedi-
atric test (Pediatric AzBio sentences presented in noise
at a +5 dB signal-to-noise ratio (SNR)), it is rec-
ommended to move to the adult MSTB (2011).
Given that both the Pediatric and Adult MSTBs use
ceiling level performance to determine appropriate
test materials, it is important to characterize the
prevalence of ceiling effects for each test.
Furthermore, it is important to understand if demo-
graphic factors that predict good performance
overall (e.g. early age at implantation) are also predic-
tive of ceiling level performance or rate of progression

through the test battery. There are little to no data
describing performance for children who progress to
the adult MSTB, though data providing mean scores
suggest ceiling effects may be present (Dettman
et al., 2016). No studies have directly reported the
proportion of children reaching ceiling on speech
perception tests and examined the demographic
factors that may influence ceiling-level performance.
This information would provide normative data for
what age children typically progress to the next test,
as well as identify tests that are most prone to
ceiling effects. Therefore, the primary goal of the
present study is to determine the relative prevalence
of ceiling effects for ten commonly used pediatric
and adult speech perception tests in a large population
of children who received a cochlear implant before
the age of four. A secondary goal is to determine
the demographic factors that were relevant for
predicting which children were more likely to reach
ceiling level performance. Additionally, new speech
perception tests designed to reduce or eliminate
ceiling effects could be developed using data from
this study.

Methods
Subjects
This study was approved by the NYU Langone
Health Institutional Review Board (i21-00778). Data
were collected using a retrospective chart review of
children implanted before age four at a large academic
medical center between 2002 and 2014. Initially, this
search yielded 333 subjects. The following exclusion-
ary criteria were then applied to the data set: lack of
at least one speech perception data point, non-native
English speakers, significant cochlear malformations
or abnormal anatomies, significant developmental
delays, and non-use of the device. After removing chil-
dren who met these exclusionary criteria, 165
remained and were included in the present study.
Demographics, cochlear implant electrode and manu-
facturer, and speech perception data were extracted
from the child’s medical record. A summary of
patient demographics can be found in Table 1.

Speech perception tests
Children were tested on a variety of open-set speech
perception tests designed to measure word recognition
in quiet, sentence recognition in quiet, and sentence
recognition in noise. Word recognition tests included
the Glendonald Auditory Screening Procedure
(GASP) Words (Erber, 1982), Multisyllabic Lexical
Neighborhood Test (MLNT; Kirk et al., 1995),
Lexical Neighborhood Test (LNT; Kirk et al.,
1995), PBK (Haskins, 1949), and the Consonant-
Nucleus-Consonant Test (CNC; Peterson & Lehiste,
1962). The GASP Words is a test consisting of 12
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common words that can be repeated once. The
MLNT is a list of 12 multisyllabic words. The LNT
is a list of 25 words. Both the MLNT and LNT
have ‘easy’ and ‘hard’ versions; only presentations of
the ‘hard’ version were included in this dataset. The
PBK is a list of 50 phonetically-balanced words
intended to be appropriate for kindergarteners.
CNC is a list of 50 consonant-vowel-consonant
words typically used for adult speech perception
testing.
Tests of open-set sentence recognition included the

Common Phrases test (Robbins et al., 1995), Hearing
In Noise Test for Children (HINT-C; Nilsson et al.,
1996), Pediatric AzBio Sentences (Spahr et al.,
2014), the Hearing In Noise Test (HINT; Nilsson
et al., 1994), and AzBio Sentences (Spahr et al.,
2012). Although the HINT and AzBio sentences
were designed for adults, they are commonly used
for the pediatric population. The Common Phrases
test is a list of 10 statements or questions. The
HINT-C and HINTeach present a list of 10 sentences,
with the HINT-C sentences comprising a subset of
those from the HINT which were deemed to be

appropriate for children. The Pediatric AzBio test is
a list of 20 sentences intended for children and
spoken by one female talker. The AzBio Sentences is
a list of 20 sentences spoken by 4 talkers (2 male
and 2 female).

Speech perception testing protocols
Test selection was determined by the child’s audiolo-
gist based on their age, CI experience, and previous
test results. For word-recognition, test progression
was GASP, MLNT, LNT, PBK and CNC. Prior to
2016, test progression for sentence recognition was
Common Phrases Test, HINT-C, and HINT or
AzBio Sentences. After the introduction of Pediatric
AzBio sentences at our center, test progression
became Common Phrases Test, Pediatric AzBio
Sentences, and AzBio Sentences. All speech percep-
tion tests were administered in a sound-attenuated
booth, in the soundfield, via recorded materials cali-
brated to 60 dBA at one meter from the subject’s
head. GASP and Common Phrases tests were admi-
nistered via monitored live voice. All sentence tests
were presented in both quiet and co-located back-
ground noise (+10 dB SNR); only the results in
noise are included in the present study. For the
Common Phrases, HINT-C, and HINT tests, white
noise was used. For the Pediatric AzBio and AzBio
tests, 10-talker babble was used.

Data analyses
Scores on each test were reported as percent correct.
Ceiling performance was defined as ≥90% correct.
While there is no standard definition of ceiling per-
formance for adults, several studies used 100%
correct (Gifford et al, 2008; Lenarz et al., 2012),
while others used 95% correct (Helms et al., 2004)
or 90% correct as the cutoff (Ebrahimi-Madiseh
et al., 2016). Given that there are no published
studies on ceiling effects for children’s speech percep-
tion tests, we chose to use 90% correct. The 90%
correct criterion was selected as the 95% confidence
interval for 90% correct on a 25-item speech test
includes 100% correct (Thornton & Raffin, 1978)
and is more conservative than the 80% correct cri-
terion recommend in Uhler et al. (2007). Therefore,
scores of 90% correct or better cannot be statistically
discriminated from a score of 100% correct.
Children were evaluated at 3 and 12 months post-

implantation, then annually thereafter, resulting in
multiple administrations of each test for some chil-
dren. To create an equal number of data points per
child and allow for statistical analyses that assume
independence of values, two methods were used to
reduce the data. For the purposes of evaluating the
skewedness of the distribution, Method 1 was used.
For each test, the score from the median visit (in

Table 1 Patient demographics

Measure

Configuration Unilateral: 24.8%, Sequential
Bilateral: 38.8%; Simultaneous
Bilateral: 36.4%

Age at Implantation, Ear
#1

Range: 0.5–3.97 years
Mean: 1.99; SD: 0.92

Age at Implantation, Ear
#2 (sequential only)

Range: 1.01–11.75 years
Mean: 4.25; SD: 2.32

Implants: Ear #1 Cochlear (125), Advanced
Bionics (38), MED-EL (1)

Breakdown by implants
and electrodes:

CI24M:1
CI24R CA: 11
CI24R CS: 3
CI24R ST: 1
CI24RE CA: 78
CI512: 31
HR90k/HiFocus 1J: 21
HR90K Advantage/HiFocus 1J: 3
HR90K Advantage/MidScala: 14
Sonata Standard: 1

Communication Modality 89% oral, 5.5% total
communication, 5.5% unknown

Educational Setting 17.5% mainstream w/ no
services, 54.5% mainstream w/
services, 2% inclusion classroom,
6% HI program, 3% school for
the deaf, 16% unknown

Etiology of Hearing Loss 34 family history, 17 confirmed
genetic, 5 meningitis, 4 CMV, 4
EVA, 4 prematurity, 3 Ushers, 2
Waardenberg, 2 ANSD, 1 KID
syndrome, 1 Pendred syndrome,
87 unknown

Time of onset 76% congenital, 11% pre/
perilingual, 11% unknown

Note: HI: hearing impaired, CMV: cytomegalovirus, EVA:
enlarged vestibular aqueduct, ANSD: auditory neuropathy
spectrum disorder, KID: keratitis ichthyosis deafness.
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time) was calculated for each child. For purposes of
evaluating the rate of ceiling-level scores, a different
method for reducing the data was used. In Method
2, for each test, only the score from the first time the
child reached ceiling was included. For children who
did not reach ceiling, the score from their most
recent administration of the test was used. These
methods reduced the data to only one data point per
child, per test. The vast majority (n= 151) had more
than one instance of speech perception testing and
are thus included in the longitudinal data analyses.

Results
To characterize the distribution of scores, Method 1
was used: for a given test, only the score from the

median visit was included. This method was used to
reduce bias from high scores generated by older chil-
dren and only allow one data point per child.
Figure 1 shows histograms for the scores on each
test, with word tests in the left column and sentence
tests in the right column. The dotted vertical line indi-
cates the median score for each test.

Skewness was calculated using the following

equation:
n
∑n

i=1 (xi − �x)3

(n− 1)(n− 2)s3
where n was the number

of samples, �x was the sample mean, and s was the
standard deviation. The larger the absolute number,
the greater the skew. Negative skewness indicates
that the distributions have longer tails of lower
scores, and that the median score is always higher
than the mean score. All distributions were negatively
skewed, with skewness ranging from −0.491 (GASP)
to −3.47 (HINT-C), indicating they were not evenly
distributed. Kurtosis was calculated to describe the
width of the distribution. Values near zero indicate a
distribution width similar to that of a normal distri-
bution, whereas large values indicate a wider distri-
bution with longer tails. Kurtosis values ranged
from −0.919 (GASP) to 14.759 (HINT-C). The
Kolmogorov–Smirnov test was used to measure
whether the distribution of scores was significantly
different from a normal distribution. As shown in
Table 2, all tests were highly significant even after
Type I error correction using Rom’s method (Rom,
1990), suggesting that the data were not normally dis-
tributed for any speech perception test.

‘Ceiling-level scores’
Data were re-sampled using Method 2: for each test,
only the score from the first time the child reached
ceiling was included. For children who did not reach
ceiling, the score from their most recent adminis-
tration of the test was used. Figure 2 shows box
plots of scores for all word tests (panel A) and sen-
tence in noise tests (panel B). The 95th and 5th per-
centile of scores are shown with circles at either end

Figure 1 Histograms showing the score distribution for
word tests (left column) and sentence tests (right column).
Median scores for each test are shownwith a vertical dashed
line.

Table 2 Skewness and kurtosis for each speech perception
test

Test Name Skewness Kurtosis
K-S

D-value
K-S

P-value

GASP −0.491 −0.919 0.132 0.026
MLNT −0.981 0.24 0.15 <0.001
LNT −1.585 2.192 0.222 <0.001
PBK −2.162 6.445 0.186 <0.001
CNC −1.605 3.023 0.192 <0.001
Common Phrases −1.701 2.143 0.293 <0.001
HINT-C −3.471 14.759 0.243 <0.001
Pediatric AzBio −1.94 4.214 0.206 <0.001
HINT −1.659 1.901 0.249 <0.001
AzBio −1.284 0.698 0.183 <0.001
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of each box. The gray bar denotes scores that are
above ceiling (≥ 90% correct).
For all tests except GASP and MLNT, the median

score was above ceiling level. For word tests, the per-
centage of children scoring at or above ceiling was
26% for GASP, 34% for MLNT, 62% for LNT, 82%
for PBK, and 72% for CNC. For sentence tests in
noise, the percentage of children scoring at or above
ceiling was 82% for Common Phrases, 88% for
HINT-C, 93% for Pediatric AzBio, 78% for HINT,
and 73% for AzBio. For children scoring at or above
ceiling, Fig. 3 shows the median age at which they
first did so. These ages ranged from 2.84 (SD: 0.74)
for GASP to 11.84 (SD: 2.15) for AzBio. For tests
typically given to older children, there was a greater
standard deviation in the median first age for reaching
ceiling.
Pearson product correlations were performed to

determine if there was a relationship between the
test score and the child’s age at implantation,
amount of CI experience at the time of testing, or
the age of the child at the time of testing. Rom’s

method was used to correct for Type 1 error. Several
weak correlations were detected (R2 ranging from
0.052–0.284); details are shown in Table 3.
Comparing the age at implantation to the score, we

found negative correlations for the GASP, LNT,
Common Phrases, HINT-C, and AzBio tests,
suggesting that children who are implanted earlier
scored better on the test. The amount of implant
experience at the time of testing was significantly
negatively correlated with test score for the most diffi-
cult tests: PBK, CNC, and AzBio. Thus, children with
more CI experience tended to perform more poorly on
these tests. Finally, significant negative correlations
between the child’s age at the time of testing and the
test score were detected for most tests: LNT, PBK,
CNC, Common Phrases, HINT-C, and AzBio.
While these correlations were generally weak, they
suggest that older children scored worse on these
tests than younger children. These unexpected corre-
lations may be due to a selection bias: children who
perform well on a test are moved to the next most dif-
ficult test. Children who perform poorly are retested

Figure 2 Box plots showing the scores for word tests (A) and sentence tests (B). The shaded bar indicates scores that were at
ceiling (≥90% correct). Outlier data points represent the 5th and 95th percentile.

Figure 3 Box plots showing the median age for reaching ceiling on word tests (left) and sentence tests (right). Outlier data
points represent the 5th and 95th percentile.
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on the same test the following year when they are
older and have more CI experience. Therefore lower
scores generated by older children with more CI
experience may be driving the correlation.
To further explore the relation between age at

implantation and likelihood of scoring at or above
ceiling on a test, children were divided into two
groups: those implanted between the ages of 0–2
years, and those implanted between the ages of 2–4
years. Figure 4 compares the proportion of children
who reached ceiling scores on each test between

these groups. Children who were implanted before
the age of 2 were more likely to reach ceiling than chil-
dren who were implanted between the ages of 2 and 4
for 9 of 10 tests. A 95% confidence interval of percen-
tage of tests where children implanted before two were
more likely to reach ceiling was significantly different
from 50% (50–99%, p= 0.01).

Chi-squared tests were used to determine if demo-
graphic variables (bilateral vs unilateral implantation,
oral vs total communication (TC), congenital vs pro-
gressive hearing loss, school setting (mainstream

Table 3 Correlations between scores on each test with age at CI, years of CI experience, and age at testing

Test Name
Age at CI vs Score

(n,r,p)
CI experience vs Score

(n,r,p)
Age at Test vs Score

(n,r,p)

GASP 51, −0.439, 0.001* 51, 0.087, 0.544 51, −0.261, 0.060
MLNT 75, −0.267, 0.021 75, 0.099, 0.399 75, −0.177, 0.129
LNT 117, −0.295, 0.0001* 117, −0.197, 0.034 117, −0.414, <0.0001*
PBK 122, −0.129, 0.156 122, −0.265, 0.003* 122, −0.344, <0.0001*
CNC 88, −0.141, 0.189 88, −0.307, 0.004* 88, −0.374, 0.0003*

Common Phrases 98, −0.509, <0.0001* 98, 0.038, 0.710 98, −0.385, <0.0001*
HINT-C 115, −0.228, 0.001* 115,−0.098, 0.297 115, −0.241, 0.009*
Pediatric AzBio 72, 0.035, 0.771 72, 0.056, 0.642 72, 0.065, 0.590
HINT 31, −0.328, 0.072 31, −0.051, 0.786 31, −0.24, 0.196
AzBio 48, −0.517, <0.0001* 48, −0.392, 0.006* 48, −0.533, <0.0001*

Note: *=correlations that remained significant after Type I error correction.

Figure 4 Scatterplot showing the percentage of children reaching ceiling on each test depending on age at implantation
group: before age 2, or between the ages of 2 and 4. The diagonal line indicates an identical percentage across groups, thus
data points above the line indicate tests where children implanted between ages 2 and 4 are more likely to reach ceiling and
data points below the line indicate tests where children implanted before age 2 are more likely to reach ceiling.
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without services (ranked as ‘4’), mainstream with ser-
vices (3), inclusion/HI program (2) or school for the
deaf (1)), presence of minor malformations (e.g. slight
hypoplasia of the cochlea or enlarged vestibular aque-
ducts), or minor other disabilities (e.g. low vision, atten-
tion, mild developmental delays)) were related to the
proportion of children reaching ceiling on each test.
Fisher Exact tests were used when a cell of the contin-
gency table was less than 5. For the ranked variable
(school setting), a Mann–Whitney test was used to
detect differences between children who reached ceiling
and children who did not. Results are shown in Table 4.
After Type I error correction using Rom’s method,

there were four statistically significant findings.
Bilateral implantation and oral-only communication

(as opposed to TC) were associated with higher rates
of ceiling-level scores for the LNT and Common
Phrases tests. However, it should be noted that both
of these variables are highly related to age at implan-
tation: Mann–Whitney tests showed that children
with lower median age at implantation were more
likely to have bilateral implants (U= 1669.5, P=
0.0001) and more likely to be oral-only communica-
tors (U= 319.0, P= 0.01). As a follow-up test, rates
for reaching ceiling on LNT and Common Phrases
were compared between bilateral CI users who were
simultaneously and sequentially implanted; no stat-
istically significant difference was detected for either
test (LNT: χ2= 0.098, P= 0.754; Common Phrases:
Fisher Exact Test, P= 0.739).

Table 4 Chi-Squared, Fisher Exact, and Mann-Whitney tests between scores and demographic variables.

Test
Name

Number of
implants (1

vs 2)
Revisions
(yes vs no)

Communication
mode (oral vs TC)

Onset of HL
(congenital vs
progressive)

School
setting rank

Minor
malformations
(yes vs no)

Minor other
disabilities

GASP χ2= 1.58,
P= 0.209

P= 0.563 P= 1.0 P= 0.315 U= 189.5,
P= 0.610

P= 1.0 P= 1.0

MLNT χ2= 6.38,
P= 0.012

P= 0.141 P= 1.0 P= 0.279 U= 457.5,
P= 0.292

P= 0.224 P= 0.505

LNT χ2= 7.23,
P= .007*

P= 1.0 χ2= 9.14,
P= 0.002*

P= 0.947 U= 1231.5,
P= 0.634

P= 0.424 χ2= 2.53,
P= 0.112

PBK χ2= 0.04,
P= 0.840

χ2= 0.04,
P= 0.852

χ2= 3.32,
P= 0.069

χ2= 0.23,
P= 0.631

U= 723,
P= 0.244

χ2= 0.15,
P= 0.703

χ2= 1.43,
P= 0.232

CNC χ2= 0.04,
P= 0.830

P= 1.0 P= 1.0 P= 0.489 U= 572.5,
P= 0.591

P= 1.0 P= 0.353

Common
Phrases

χ2= 12.68,
P= 0.0004*

P= 0.645 P= 0.0009* P= 0.102 U= 476.5,
P= 0.280

P= 0.618 P= 0.465

HINT-C P= 0.1227 χ2= 6.40,
P= 0.011

χ2= 1.00,
P= 0.317

χ2= 0.61,
P= 0.433

U= 571.5,
P= 0.418

χ2= 0.15,
P= 0.702

χ2= 6.49,
P= 0.011

Pediatric
AzBio

P= 0.254 P= 0.314 P= 1.0 P= 1.0 U= 143.0,
P= 0.974

P= 1.0 0.266

HINT P= 0.019 P= 0.025 P= 1.0 n/a U= 53.5,
P= 0.495

P= 1.0 P= 1.0

AzBio χ2= 3.26,
P= 0.07

P= 0.376 P= 0.015 P= 0.337 U= 152.5,
P= 0.170

P= 1.0 P= 0.662

Note: *=correlations that remained significant after Type 1 error correction. TC: Total communication, HL: Hearing loss. See text for
description of school setting ranks.

Figure 5 Stacked bar chart showing the percentage of children who reached ceiling for each test divided into two groups
based on the action taken at the next testing session: those who were retested on the same test (red bars), or those who were
moved to the next most difficult test (black bars).
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Longitudinal
We examined test choice for children who reached
ceiling at the prior test session (typically one year
earlier). Some children were tested again on the
same test, while others were tested using a more diffi-
cult test. For each test, Fig. 5 shows the proportion of
children who fall into each scenario at their next test
session: tested again on the same test, or moved to a
harder test. For the most difficult tests (CNC for
words, AzBio for sentences), all children were
assumed to be tested again because there are no
more difficult tests for them to take instead. For
tests where it was possible to move to a more difficult
test, the most common word test for children to com-
plete again despite reaching ceiling was PBK (76.6%);
the most common sentence test was HINT-C (56.6%).

Discussion
The present study demonstrates that commonly used
speech perception tests for children who received a
cochlear implant before the age of four are prone to
ceiling effects. Using a large retrospective cohort of
children, we show negatively skewed distributions
for a variety of both word and sentence-in-noise
tests. Median scores ranged from 73% correct on the
GASP to 100% correct on the Common Phrases
test. Even for the tests typically given to adults
(CNC and AzBio), median scores were extremely
high (92% and 94.5%, respectively). Lower median
scores were seen for easier word tests. This reflects a
less-skewed distribution of scores, rather than worse
performance. Across the ten tests, the percentage of
children reaching ceiling ranged from 26% to 93%,
with higher rates seen for the sentence-in-noise tests.
While the presence of noise generally makes speech
perception tests more difficult, sentence tests are
often easier than word tests because the listener can
use context clues. Although there is a paucity of litera-
ture on the rate of ceiling-level performance for pedi-
atric speech perception tests in this population, our
findings are consistent with mean scores reported in
other recent studies on similar populations. For
example, Kocdor et al. (2016) and Na et al. (2022)
report mean scores of 83.8% and 89.8% correct on
the PBK, similar to the mean score of 90.3% found
in the present study. Na et al. also found that 21%
of their subjects reached a score of 100% correct on
the PBK, which is almost identical to the results in
our sample (20.9%). These scores demonstrate the
general trend towards improvement in open-set
speech recognition for children over the last thirty
years: a sampling of the literature shows a steady
increase in mean PBK scores, from 11% correct
(Osberger et al., 1991) to 37.6% correct (Moog &
Gers, 1999) to 53% correct (Harrison et al., 2005) to
72% correct (Uziel et al., 2007). Corroborating this,

Teagle et al. (2019) found a correlation between the
calendar year of implantation and CNC word scores.

Several factors may relate to the improvement in
scores over time, including improvements in sound
coding strategies (Lamping et al., 2020) and speech
processor technology (Wolfe et al., 2015). Some
demographic variables that have been shown to corre-
late with speech perception scores, such as younger
age at implantation (Connor et al., 2006; Kirk et al.,
2002; Zwolan et al., 2004), oral communication
mode (Dowell et al., 2002; Sarant et al., 2001), more
residual hearing (Cowan et al., 1997; Davidson
et al., 2019), or the provision of a second implant
(Zeitler et al., 2008) have also improved with time
(Cosetti & Waltzman, 2011; Osberger et al., 2002;
Sarant, 2012; Teagle et al., 2019). In the present
study, we found that a younger age at implantation
correlated with a better score for some tests. When
dividing the subjects into two groups based on
implantation before or after two years of age, the per-
centage of children who reached a ceiling level of per-
formance was greater for the earlier implanted group
on nine of the ten tests. For the one test where the pro-
portion was higher for the later implanted group
(Pediatric AzBio), the rates were very similar (95.2%
vs 92%). For the more difficult word tests (PBK,
CNC) and most difficult sentence test (AzBio), we
found a negative correlation between the amount of
CI experience and performance. We also found a
negative correlation between the child’s age at
testing and performance on the test for multiple
tests. This was surprising, as previous studies have
typically shown positive correlations between both
CI experience and age at testing with performance
on speech perception tests (Davidson et al., 2011;
Peters et al., 2007).

Our findings may be due to the approach that an
audiologist takes when selecting an appropriate test.
Children who score at or near ceiling are given more
difficult tests, while children who score below ceiling
are assessed using the same test from the prior
year’s assessment. This non-random assignment
leads to a group of older children who are taking
the same test as younger children, but are still per-
forming poorly. Similarly, non-random assignment
may also affect the rate of ceiling-level scores in the
first place. Only the subset of children who have
already reached ceiling on one test (for example,
LNT) are offered the next most difficult test (in this
example, PBK). Thus the population of children
who are given PBK are not all children of a certain
age or who have a certain amount of CI experience.
Rather, they are the children who have reached
ceiling previously on LNT. This increases the chance
of reaching ceiling again (since scores on tests are
highly related; Andresen et al., 2022). As the tests
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increase in difficulty, the sample of children offered a
test becomes smaller and smaller, leading to a higher
and higher proportion of children who reach ceiling.
This effect can be seen in our data for word tests –

while only 26% reach ceiling for the GASP, 72% do
so for CNC.
We examined other demographic variables that may

explain why some children do not reach ceiling level
performance, including the number of implants, pres-
ence of a revision surgery, communication mode, edu-
cational setting, progression of hearing loss, and the
presence of either minor cochlear malformations or
minor additional disabilities. For the LNT and
Common Phrases test, children with bilateral implan-
tations at the time of testing were more likely to reach
ceiling levels of performance. We also found that chil-
dren who were oral communicators (as opposed to
those who used TC) were more likely to reach
ceiling levels of performance for both of these tests.
While these findings are generally consistent with

literature suggesting bilateral implantation and oral
communication improve performance (Dowell et al.,
2002; Zeitler et al., 2008), it should be noted that in
our population, children with bilateral implantations
were also younger on average at the time of their
first implant than children with unilateral implants.
Similarly, children who were oral communicators
were younger at implantation than children using
TC. Given that we sampled across a large range of
time (2002–2013), it’s likely that our data reflect
several changes in clinical practice that have occurred
simultaneously: the lowering of the age at implan-
tation (Teagle et al., 2019), the increase in bilateral
implantation (Waltzman, 2006), and the increase in
oral-only communication (Osberger et al., 2002). It
is likely that all three factors are related to the pro-
portion of children reaching ceiling, at least for the
LNT and Common Phrases test, though it is difficult
to determine which change was most influential.
Additionally, it is unclear why we see this pattern of
results for the LNT and Common Phrases tests but
not the other eight tests.
We found that children were frequently adminis-

tered a speech perception test on which they had
already reached ceiling. As expected, the rate of re-
administering tests for which a child had already
reached ceiling was relatively low for the easier tests
(e.g. 6.7% for MLNT, 21.4% for Common Phrases)
but increased as the test difficulty increased and
there were fewer test options for the child to progress
to (e.g. 76.6% for PBK, 53.7% for Pediatric AzBio).
The most difficult tests offered (CNC for words,
AzBio for sentences) thus had, or will eventually
have, 100% of children re-tested on them. Retesting
after the child reaches ceiling likely occurs for
several reasons. Most likely, the child is not

developmentally ready for the next most difficult
test, either in terms of vocabulary or content. In the
present study, the most common example of this is
the delay of introducing the CNC test after ceiling is
reached on PBK. Although some studies advocate
the use of the CNC test for children as young as
four or five years of age (Teagle et al., 2019; Uhler
et al., 2017), it is likely that children this young may
miss some words due to their vocabulary (e.g.
‘Salve’, ‘Mirth’, ‘Thine’) and not their speech recep-
tion (Paatsch et al., 2004). One argument in favor of
using the CNC test earlier is that children do not
need to understand a word to repeat it. However,
several studies have shown the opposite: that children
do not accurately repeat non-words (or words they
deem as non-words) as well as adults, and that the
ability to do so develops with age (Munson et al.,
2005). Non-word repetition ability is likely influenced
by a child’s vocabulary size and restricted by their
knowledge of phonologic probabilities (Edwards
et al., 2004). Given that children who are hard of
hearing have delays in vocabulary compared to chil-
dren with normal hearing (Wauters et al., 2006),
let alone adults, it seems likely that a child’s ability
to repeat CNC words outside of their vocabulary set
would be diminished. Indeed, previous studies have
shown a significant relationship between speech per-
ception tests and measures of vocabulary in children
with cochlear implants (Bergeson et al., 2003;
Blamey et al., 2001; Dillon et al., 2012) or hearing
aids (Klein et al., 2017; McCreery et al., 2015).
The other major reason for retesting after a child

reaches ceiling is the inappropriateness of more diffi-
cult material from a content standpoint. For
example, although the Pediatric MSTB suggests that
adult AzBio sentences be presented after a child
reaches ceiling on Pediatric AzBio sentences (Uhler
et al., 2017), there are several sentences that are inap-
propriate for children to repeat (e.g. ‘He drank to
excess after the hamster’s death’). Given that children
in our study reached ceiling levels on Pediatric AzBio
at a median of 10.5 years old, retesting, perhaps at a
more difficult signal to noise ratio, seems more appro-
priate than promotion to adult AzBio sentences.
While no studies have examined ceiling effects for

pediatric CI speech perception tests, two previous
studies have directly examined ceiling effects for
adult CI speech perception tests (Ebrahimi-Madiseh
et al., 2016; Gifford et al., 2008). Ebrahimi-Madiseh
et al. (2016) showed a high rate of ceiling-level per-
formance for the City University of New York
(CUNY) test when presented in quiet (39% scored
95% correct or better). Gifford et al. (2008) reported
significant ceiling effects for HINT sentences pre-
sented in quiet, noting that 71% of adult CI users
scored at or above ceiling (defined as 85% correct).
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In the present study, we showed a similar rate of
ceiling-level performance for children for HINT sen-
tences in background noise at a +10 dB SNR (78%
reached ceiling). For the AzBio (presented in quiet
in Gifford et al., 2008), and CNC tests, children in
our study achieved much higher rates of ceiling-level
performance: 73% reached ceiling for AzBio (com-
pared to 34% of adults in Gifford et al.) and 72%
reached ceiling for CNC (compared to 8% of adults
in Gifford et al.). Given the more stringent ceiling
definition (90% vs 85%), the presence of background
noise for sentence tests, and the lack of a contralateral
device (either CI or hearing aid), it is reasonable to
conclude that ceiling performance rates were higher
in our population than the adults in Gifford et al.
Our findings have relevance for clinical practice. In

addition to aided thresholds and parental reports,
speech perception scores represent an important
piece of the clinical assessment. The purpose of a
speech perception test is to provide the clinician
with a measure of how well a child understands
speech with their implant. If scores are lower than
expected, the clinician can take action in a number
of ways: adjusting the programming of the speech pro-
cessor (e.g. mapping, adding noise reduction features
or directional microphones), recommending speech
therapy or additional services at school (e.g. FM
systems, preferential seating), or suspect a soft
failure of the device and order an integrity test. If
speech perception tests fail to offer meaningful infor-
mation, the audiologist has no way to improve out-
comes for the patient. Instead, the test functions as
a ‘screener’: if performance is at or near ceiling, every-
thing is normal, assuming other metrics of perform-
ance such as parent-teacher reports, therapy reports,
questionnaires, and language measures are also
highly scored. If performance is significantly below
ceiling, the clinician may have cause for concern and
want to examine these other metrics of performance.
While management decisions are typically made by
considering a child’s entire clinical picture, there is
often an emphasis on speech perception scores.
The conclusions of our study are limited to the

experiences of a single center. It is possible that
other centers may not report similar levels of perform-
ance. However, as the study population encompasses
over 150 children in a diverse metropolitan area, we
expect it to be representative of the overall experience
in the United States. We specifically excluded children
who may have been less likely to demonstrate ceiling-
level performance, such as children implanted after
age 4 or with significant differences in anatomy or
developmental delays. Future research should
compare this population to the current one to deter-
mine whether there are significant differences in
ceiling-level performance rates. Future research

might also examine other predictive factors of per-
formance, such as the amount of auditory-verbal
therapy or device usage time, both of which have
been shown to influence speech perception scores
(Easwar et al., 2018).

Audiologists need a more appropriate test of speech
understanding for children with cochlear implants.
This test should be appropriate for a wide range of
ages, such that children can be compared over time
and to one another, and not prone to ceiling (or
floor) effects. Ideally, this test would also serve as a
more realistic proxy of speech understanding in the
real world, and be usable by children with other dis-
abilities. Although there have been laboratory-based
attempts at designing these types of tests (e.g.
CRISP (Litovsky, 2005)), none have been sufficiently
practical to administer in a clinical setting (see
Schafer, 2010 for a review). Other tests that probe
different aspects of speech understanding besides per-
ception, such as reading, vocabulary, or language tests
may be more appropriate (Archbold et al., 2008;
Baldassari et al., 2009; Johnson & Goswami, 2010).

Conclusions
The present study has demonstrated pervasive and
significant ceiling effects for pediatric speech percep-
tion tests commonly given to children with cochlear
implants. To our knowledge, the present study is the
first to directly examine ceiling effects in pediatric
speech perception testing. Among our group of early
implanted children (implanted before age 4), we
found that children implanted before the age of 2,
those who were bilaterally implanted at the time of
testing, or those who used oral-only communication,
were significantly more likely to reach ceiling level
performance. We also demonstrated a bias in test
selection, such that older children performed worse
than younger children because they had not ‘gradu-
ated’ to a more difficult test. Current clinical rec-
ommendations for assessing speech perception
(Uhler et al., 2017) are likely to result in ceiling
effects for a large proportion of children, which
poses a problem for assessing a child’s true speech per-
ception skills. The evolution of cochlear implant and
speech processor technology will likely only continue
to increase performance, making the need for better
measures of rehabilitation success ever more pressing.
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