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Objective: Cochlear implant (CI) candidacy and postoperative
outcomes are assessed using sets of speech perception tests that
vary from center to center, limiting comparisons across institutions
and time periods. The objective of this study was to determine if
scores on one speech perception test could be reliably predicted
from scores on another test.
Study Design: Arizona Biomedical (AzBio) Sentence Test,
Consonant-Nucleus-Consonant word (CNCw), and Hearing in
Noise Test (HINT) scores in quiet for the implanted ear were col-
lected for individuals who received a CI between 1985 and 2019.
Scores collected during the same testing session were analyzed
using Bland-Altman plots to assess agreement between testing
methods. Simple linear regression with logit transformation was
used to generate predictive functions and 95% confidence inter-
vals for expected mean and individual scores.
Setting: Single academic medical center.
Patients:A total of 1,437 individualswith amedian age of 59.9 years
(range, 18–95 yr) and 46% (654 of 1,437) male.
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Interventions: N.A.
Main OutcomeMeasures:Agreement as a function of test score,
mean, variance, and correlation coefficients.
Results: A total of 2,052 AzBio/CNCw, 525 AzBio/HINT, and
7,187 CNCw/HINT same-session score pairings were identified.
Pairwise test comparisons demonstrated limited agreement between
different tests performed in the same session, and a score correlation
between different speech tests revealed large variances.
Conclusion: Transformation functions between test batteries were
predictive of mean scores but performed poorly for prediction
of individual scores. Point-wise comparisons of scores across
CI test batteries should be used with caution in clinical and re-
search settings.
Key Words: Arizona Biomedical—Cochlear implantation—
Consonant-Nucleus-Consonant—Hearing in Noise Test—Speech
discrimination—Word recognition score.
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INTRODUCTION

Cochlear implantation (CI) can restore hearing in indi-
viduals with moderate-to-profound sensorineural hearing
loss who do not benefit from traditional amplification (1).
Approximately 1.2 million adults in the United States and
50 million worldwide meet the candidacy criteria for CI
(2–4). CI candidacy and postimplantation performance
can be determined through a number of audiological tests
designed to measure speech comprehension (5). However,
speech perception testing has been performed with many
(>20) different tests, each used with varying frequency across
time and institutions (5). In the United States, the use of
speech tests for the evaluation of CI candidacy has evolved
fromHearing in Noise Test (HINT) to Consonant-Nucleus-
Consonant word list (CNCw) and Arizona Biomedical
sentences (AzBio) tests in the more recent era (6–8). This
shift has occurred as Food and Drug Administration candi-
dacy criteria have expanded and CI outcomes have improved,
necessitating more difficult speech perception tests that avoid
the ceiling effect that may occur with HINT (9–12).

The extent to which scores yielded from one test (e.g.,
HINT) are correlated or demonstrate agreement to those from
a different test (e.g., AzBio or CNCw), on an individual pa-
tient basis, has not been well studied. Understanding the re-
lationship between audiological outcomes on different test
modalities is critical for effectively evaluating CI perfor-
mance and pooling of data across time periods and institu-
tions, with important implications for both the clinical care
of CI patients and research related to CI outcomes. Although
several previous studies have investigatedmethods of speech
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perception score conversion, those studies analyzed pre-
dicted group mean speech perception scores rather than
the predictability of individual scores across test batteries
(13,14). The expected variability or variance of individual
test scores can have significant implications on the extent
towhich scores from one test protocol (e.g., AzBio, CNCw,
HINT) can converted to expected scores on another test.
Using a large single-institution cohort with more than

1,400 patients and same-session pairs of speech performance
tests, we sought to analyze the extent towhich AzBio, CNCw,
and HINT speech performance scores can be interconverted
on a per-patient basis.
TABLE 1. Demographics of patient cohort

Variable n (%) or Median (Range)

No. subjects 1,437
Male 654 (46%)
Age at implant, yr 59.9 (18–95)
Race
White 1,238 (86%)
Black 114 (8%)
Asian 30 (2%)
Other 55 (4%)

No. tests per patient 15 (2–30)
Interval between surgery and test for

postoperative tests, yr
2.3 (0.1–27)

Year of implant
1985–1990 2 (0.1%)
1991–1995 38 (3%)
1996–2000 150 (10%)
2001–2005 307 (21%)
2006–2010 408 (28%)
2011–2015 356 (25%)
2016–2019 176 (12%)
METHODS

Institutional review board approval (IRB00188251) was ob-
tained for this study. A retrospective analysis was performed for
all patients whowere 18 years or older and received a CI at a single
academic medical center (Johns Hopkins) between the years 1985
and 2019. Demographic and clinical characteristics, and speech
testing scores during CI candidacy evaluation and postimplant
testing were extracted and compiled in a database. Consistent with
the evolution of CI testing practices, HINT and CNCw were the
primary modalities used for preimplant and postimplant testing
between 1985 and 2012, and AzBio from 2012 to present. Only
testing sessions where at least two testing modalities were used
(e.g., AzBio/CNCw, AzBio/HINT, or CNCw/HINT) during the
same visit were included for study. Both preimplant testing in the
best-aided condition for evaluation of CI candidacy and postimplant
testing for evaluation of CI performance were included for study.
In cases of bilateral implantation, only audiologic data for the
first-implanted ear were analyzed. Patients who underwent revision
CI were not excluded. All audiologic testing was performed by a CI
audiologist as part of routine CI care, and the specific speech perfor-
mance tests were selected/used at the discretion of the testing audi-
ologist. Different tests within each testing session were performed
by the same audiologist. Testing stimuli were presented at a sound
pressure level of 60 to 70 dB in quiet to the implant ear. Scores ob-
tained under binaural conditions were excluded.

Stata statistical software version 17 (College Station, TX) was
used for data analysis. Bland-Altman plots (15,16) were used to
investigate agreement between test modalities. To investigate
whether specific variables impacted the observed variance be-
tween scores, subgroup analyses were performed based on age at
implantation (<60 versus ≥60 yr), acoustic (preoperative) versus
CI hearing (postoperative) at the time of testing, and time since im-
plantation (<1 versus ≥1 yr).

Simple linear regression was used to generate predictive func-
tions between scores for each set of test modalities (AzBio versus
CNCw, AzBio versus HINT, and CNCw versus HINT). The de-
pendent variable of the regression model was first converted from
percent correct score into proportion and logit transformed before
modeling. Because 0 (or 0%) and 1 (or 100%) are undefined for a
logit transformation, they were recoded as 0.0001 (or 0.01%) and
0.9999 (99.99%), respectively, for the dependent variable. Inverse
logit transformation of the predicted mean from the regression
model formed the predicted score in the scale of proportion, which
was then converted back to the scale of percent correct. The 95%
confidence intervals for both the predicted mean and overall range
of scores (±2 standard deviations) were derived according to the
regression analysis results and similarly converted back to the per-
cent correct scale.
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RESULTS

A total of 1,437 individuals were identified who received
a CI between 1985 and 2019 and had eligible audiologic
data. Demographic and clinical characteristics of this pa-
tient cohort are shown in Table 1. Over the course of their
care, the median number of speech performance tests per
patient was 15 (range, 2–30), and the median interval be-
tween surgery and postoperative testing was 2.3 years
(range, 0.1–27 yr). Two individuals (0.01%) received a CI be-
tween the years 1985 and 1990, 38 (3%) between 1991 and
1995, 150 (10%) between 1996 and 2000, 307 (21%) be-
tween 2001 and 2005, 408 (28%) between 2006 and 2010,
356 (25%) between 2011 and 2015, and 176 (12%) between
2016 and 2019. Same-session AzBio/CNCw scores were
available for 2,052 visits, AzBio/HINT for 525 visits, and
CNCw/HINT for 7,187 visits.

To examine whether there were systematic differences be-
tween the pairs of scores across different audiometric perfor-
mance ranges, we assessed test pairs using Bland-Altman
plots (Fig. 1). Bland-Altman plots are a visual tool to analyze
the agreement between two measurements by using the
mean and standard deviations between the measurements
(15). The Bland-Altman plot is constructed as an xy scatter
plot, where the x axis represents the average of the two
measures ((A + B)/2) and the y axis shows the difference
between the two measures (A − B). Horizontal lines are also
plotted ±2 standard deviations from the mean difference
betweenmeasurements, which indicates the limits of agree-
ment as suggested by Bland and Altman (15) and also rep-
resents the 95% confidence interval. Using Bland-Altman
plot analysis, systematic bias was found between scores on
each test pair. CNCw was the most difficult test, and AzBio
scores were, on average, 13% higher than CNCw scores
(Fig. 1A). HINT scores were 14% higher than AzBio
(Fig. 1B) and 24% higher than CNCw scores (Fig. 1C).
Limits of agreement between test pairs, indicated by ±2
standard deviations from the mean of the difference be-
tween scores, were found to be scores of 33, 34, and 37%
Otology & Neurotology, Vol. 43, No. 7, 2022
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FIG. 1. Bland-Altman plots for each pair of speech recognition scores (A, AzBio versus CNCw; B, AzBio versus HINT;C, CNCw versus HINT).
Mean values are represented by the blue lines, and limits of agreement for each test pair are represented by red dashed lines (95% confidence
interval or ±2 SD). Dots are “jittered” to make all observations visible. AzBio indicates Arizona Biomedical; CNCw, Consonant-Nucleus-
Consonant word; HINT, Hearing in Noise Test; SD, standard deviation.
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for AzBio/CNCw, AzBio/HINT, and CNCw/HINT, respec-
tively. That is, for a patient score of 50% onCNCw, the pre-
dicted “equivalent” AzBio score is likely to range from 17
to 83% (50 ± 33%). For each pair of tests, agreement was
best at either ends of the performance range and most var-
iable at the midrange.
Given the lack of score agreement between test modal-

ities, we performed subgroup analysis to explore if any
patient-specific variables impacted testing score correla-
tion or agreement. Patient age at implantation (>60 versus
≥60 yr; Fig. 2), acoustic (preoperative) versus CI hearing
(postoperative) at the time of testing (Fig. 3), and time since
implantation (<1 versus ≥1 yr; Fig. 4) did not substantially
impact mean bias or the limits of agreement in each test
pair. Because these subgroup variables did not influence
score agreement, they were not used when analyzing score
correlation and generating predictive functions.
Figure 5 shows correlations between same-session scores

obtained on different test modalities, yielding predictive
functions as listed in Table 2, which describe the correlation
FIG. 2. Bland-Altman plots of AzBio/CNCw (A), AzBio/HINT (B), and CN
≥60 yr). Mean values are represented by the solid lines, and limits of agre
fidence interval or ±2 SD). AzBio indicates Arizona Biomedical; CNCw, Con
standard deviation.
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between test pairs and allows the scores obtained on one
test to be transformed to an expected score on another. To
evaluate the uncertainty associated with these predictive
functions, we quantified both the 95% confidence interval
of the expected group mean (blue) and the individual ex-
pected scores (red) from conversion based upon the regres-
sion model. For an individual with CNCw scores of 10, 50,
or 90%, the expected AzBio scores (95% confidence inter-
val of expected scores) are 15% (0–88%), 72% (7–99%), or
97% (47–100%), respectively (Fig. 5A). For HINT scores
of 10, 50, or 90%, the expected AzBio scores are 5%
(0–72%), 31% (1–94%), or 81% (8–100%; Fig. 5B), and
the expected CNCw scores are 4% (0–40%), 22% (2–78%),
or 65% (11–96%; Fig. 5C), respectively.

DISCUSSION

Testing methodologies used to evaluate CI candidacy
and performance have evolved over time, and institutional
practices are not homogenous, so we sought to investigate
Cw/HINT (C) scores stratified by age at implantation (<60 versus
ement for each test pair are represented by dashed lines (95% con-
sonant-Nucleus-Consonant word; HINT, Hearing in Noise Test; SD,
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FIG. 3. Bland-Altman plots of AzBio/CNCw (A), AzBio/HINT (B), and CNCw/HINT (C) scores stratified by acoustic (preoperative) versus CI
hearing (postoperative). Mean values are represented by the solid lines, and limits of agreement for each test pair are represented by dashed
lines (95% confidence interval or ±2 SD). AzBio indicates Arizona Biomedical; CNCw, Consonant-Nucleus-Consonant word; HINT, Hearing in
Noise Test; SD, standard deviation.
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whether individual test scores obtained on one CI speech
perception test protocol may be predictably and accurately
converted to expected scores on an alternative test. Direct
comparability of scores between test modalities would fa-
cilitate both clinical care of CI patients and research related
to CI outcomes by overcoming heterogeneity in test methods
developed over time and across institutions. Using a large
data set that allowed direct comparison of speech scores gen-
erated using different test methods administered on the same
day by the same audiologist, we derived intertest predictive
functions (Table 2) and found that, although the tests corre-
lated with each other, there was high variance in individual
test scores and poor agreement across tests (Fig. 1).
Relationships between different speech performance scores

have been investigated by several previous authors. Vickers
et al. (14) used arcsine transformation to convert Bamford,
Kowal, and Bench sentence test and Arthur Boothroyd word
scores among a cohort of 71 patients. The authors found that
Bamford, Kowal, and Bench and Arthur Boothroyd scores
correlated (R2 = 0.51), and the score variability between
FIG. 4. Bland-Altman plots of postoperative AzBio/CNCw (A), AzBio/HINT
(<1 versus ≥1 yr). Mean values are represented by the solid lines, and lim
(95% confidence interval or ±2 SD). AzBio indicates Arizona Biomedical; C
Test; SD, standard deviation.
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different testing methodologies was similar to our study.
Amore recent study by Sharma et al. (13) used linear regres-
sion to convert AzBio and CNCw scores among a cohort of
383 patients and found that linear regression offered good re-
liability for score conversion because the average absolute
difference between observed and imputed individual scores
was 10.5% (95% confidence interval, 9.8–11.2%). However,
our analysis suggests that this range is likely to be variable
across the spectrum of audiologic performance.

The tendencies to rely onmean scores in intertest conver-
sion and to use correlation to indicate intertest agreement
likely underlie the divergent conclusions between previous
studies and the present one. Although positive correlations
and narrow confidence intervals of the predicted groupmeans
were also found in the present study, the utility of these pre-
dictions is reduced by the wide confidence intervals for in-
dividual test scores. That is, although predictive functions
may be effective at predicting mean population-level scores
between test methods, they do not reliably make accurate
predictions of scores on an individual patient basis because
(B), and CNCw/HINT (C) scores stratified by time since implantation
its of agreement for each test pair are represented by dashed lines
NCw, Consonant-Nucleus-Consonant word; HINT, Hearing in Noise
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FIG. 5. Pairwise comparison of individual speech perception scores obtained on same-day testing between differential modalities of speech
perception tests (A, AzBio versus CNCw; B, AzBio versus HINT;C, CNCw versus HINT). The blue shaded area represents the 95% confidence
interval for the correlation of best fit for the groupmean. The red dashed lines represent the expected ranges (95% confidence interval or ±2 SD)
for the individual expected scores. AzBio indicates Arizona Biomedical; CNCw, Consonant-Nucleus-Consonant word; HINT, Hearing in Noise
Test; SD, standard deviation.

TABLE 2. Predictive functions and coefficients of
determination (R2) for score conversion between the Arizona

Biomedical, Consonant-Nucleus-Consonant word, and Hearing
in Noise Test

Predictive Function Coefficient of Determination, R2

dAzBio ¼ e 0:07CNCw−2:4ð Þ
1þe0:07CNCw−2:4ð Þ � 100 0.4

dAzBio ¼ e 0:06HINT−3:6ð Þ
1þe0:06HINT−3:6ð Þ � 100 0.4

dCNCw ¼ e 0:05HINT−3:7ð Þ
1þe0:05HINT−3:7ð Þ � 100 0.5

AzBio indicates Arizona Biomedical; CNCw, Consonant-Nucleus-
Consonant word; HINT, Hearing in Noise Test.
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of large variances in individual patient scores when com-
pared across different tests, even during the same testing
session. Consistent with the large observed variance in
score pairs, when the agreement between different testing
protocols is specifically examined, the limits of agreements
between each test pair are so large (Fig. 1) that score con-
version could not be performed with an acceptable degree
of precision for clinical or research purposes.
The analyses performed here also illustrate interesting

features of various CI speech perception testing modalities.
The narrower width of the confidence intervals near scores
of 0 or 100 (Fig. 5) demonstrates that intertest score conver-
sion is nonlinear, reflecting ceiling and floor effects of each
test. Bland-Altman plots (Fig. 1) demonstrate that the lack of
agreement between test pairs, evidenced by large limits of
agreement for each test pair, is due to both test-dependent
biases and large variances in individual scores. Consistent
with test-dependent biases that are well recognized in CI
speech perception testing (10,17,18), our analyses show
that patients systematically score the lowest on CNCw, then
AzBio, and the highest on HINT.
Research on speech perception testing has also demon-

strated that thresholds of clinical significance—the differ-
ence in speech perception scores that represents a differ-
ence considered clinically important—vary across the score
scale, with the largest thresholds for clinical significance in
the middle of the scale (19,20). This phenomenon concords
with the larger variances similarly observed in the middle
ranges of each scale and may suggest that significant differ-
ence levels underlie at least part of the observed variances
in individual scores.
Parallel to the large body of existent literature on factors

that may underlie large variance in speech perception and
CI outcomes (21–26), we also sought to identify whether
specific demographic or clinical variables may underlie the
large variance in intertest score differences.We hypothesized
that patient age, testing in acoustic versus CI ears, and dura-
tion of implant use could affect score differences between
Otology & Neurotology, Vol. 43, No. 7, 2022
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test pairs (Figs. 2–4). However, we found that stratifying
by each of those variables did not significantly impact the
observed variance in score difference between each test pair.

Because of limitations of the retrospective database used
in this study, other variables that may impact score differ-
ences on speech perception testing, such as duration of
deafness, prelingual versus postlingual onset of deafness,
and etiology of deafness, could not be reliably examined
and therefore were not included in the analysis. Device spe-
cifics were also excluded from study. Furthermore, although
subgroup analyses did not demonstrate that stratification
reduced observed variance, it is possible that a multivariable
regression that accounts for further demographic variables
may reduce this variability. Because this study encompassed
a large population of CI candidates and recipients over al-
most three decades, heterogeneity due to evolution of hard-
ware, software, programming strategies, and surgical tech-
nique all may impact the observed variance in intertest score
differences (1,27). However, such heterogeneity is also re-
flective of real-world CI care and research where speech per-
ception data may be pooled across time and location. Finally,
this study investigated point-wise comparisons in scores be-
tween test pairs. It is possible that patient-level score trajec-
tories between test pairs may demonstrate less variance and
zed reproduction of this article is prohibited.
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serve as a more precise basis for score mapping between
speech perception tests.
Despite these limitations, this study adds to the current

literature by describing relationships between three com-
monly used speech perception instruments in a large patient
cohort and analyzing the variability in score difference be-
tween these tests. It extends previous studies by demon-
strating that despite positive correlations between different
testing methods, large variances exist in test scores when
comparing across test protocols and that they pose serious
challenges for directly converting scores obtained on one
speech perception test to an expected score on another. Al-
though consistent differences in scores across different test-
ing methods may be accounted for when converting scores,
the large amount of variance in scores for same-session test
pairs renders the application of any derived correlation for
predictive purposes problematic and difficult. Therefore,
caution should be exercised when attempting to convert
single-session speech perception scores in both preopera-
tive CI candidacy evaluations and postoperative speech per-
ception testing.
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