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Abstract
A new sentence recognition test in Mandarin Chinese was developed and validated following the principles and procedures of

development of the English AzBio sentence materials. The study was conducted in two stages. In the first stage, 1,020 sen-

tences spoken by 4 talkers (2 males and 2 females) were processed through a 5-channel noise vocoder and presented to 17

normal-hearing Mandarin-speaking adults for recognition. A total of 600 sentences (150 from each talker) in the range of

approximately 62 to 92% correct (mean= 78.0% correct) were subsequently selected to compile 30, 20-sentence lists. In

the second stage, 30 adult CI users were recruited to verify the list equivalency. A repeated-measures analysis of variance

followed by the post hoc Tukey’s test revealed that 26 of the 30 lists were equivalent. Finally, a binomial distribution

model was adopted to account for the inherent variability in the lists. It was found that the inter-list variability could be

best accounted for with a 65-item binomial distribution model. The lower and upper limits of the 95% critical differences

for one- and two-list recognition scores were then generated to provide guidance for detection of a significant difference

in recognition scores in clinical settings. The final set of 26 equivalent lists contains sentence materials more difficult than

those found in other speech audiometry materials in Mandarin Chinese. This test should help minimize the ceiling effects

when testing sentence recognition in Mandarin-speaking CI users.
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Introduction
Speech audiometry refers to testing of one’s auditory func-
tion using speech stimuli. It is widely used for hearing assess-
ment and rehabilitative outcome measurement. As speech
stimuli are most comparable to daily communication,
speech recognition performance is regarded as a critical
measure in providing evidence-based best practice for
cochlear implant (CI) recipients (Messersmith et al., 2019).
In CI clinical practice, speech perception testing is required
for the determination of candidacy, assessment of perfor-
mance outcomes, and evaluation of intervention efficacy.
Commonly used speech materials include both word [e.g.,
the Consonant-Nucleus-Consonant (CNC) test (Peterson &
Lehiste, 1962), the Central Institute for the Deaf (CID)
Auditory Test W-22 (Hirsh et al., 1952), and the
Northwestern University Auditory Test No. 6 (NU-6)
(Tillman & Carhart, 1966)] and sentence recognition
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materials [e.g., the Hearing in Noise Test (HINT) sentences
(Nilsson et al., 1994), the City University of New York
(CUNY) sentences (Boothroyd et al., 1985), and the AzBio
sentences (Spahr et al., 2012)].

As CI technology has improved and individuals with more
residual hearing have been identified as CI candidates, CI
recipients have demonstrated remarkable improvement in
speech perception. Consequently, ceiling effects have been
observed on certain sentence materials when administered
in quiet (Bassim et al., 2005; Gifford et al., 2008). Gifford
et al. (2008) found that as many as 71% of the adult CI sub-
jects scored 85% correct or higher for the HINT sentences in
quiet, and that 28% of the subjects scored maximum perfor-
mance of 100% correct. Bassim et al. (2005) reported that the
average sentence recognition scores of postlingually-
deafened CI recipients reached 96% and 87% correct with
the CUNY sentences and the HINT sentences, respectively,
one year after implantation.

The need for more difficult sentence materials for clinical
testing was met with the development of the AzBio sentences
(Spahr et al., 2012). To achieve a higher level of difficulty,
the English AzBio sentences were recorded by multiple
talkers (two males and two females) using a conversational
speaking style with longer sentence lengths and limited con-
textual cues. The English AzBio sentences contained 33 lists
of 20 sentences, and 29 of the 33 lists had been verified to be
of equivalent intelligibility based on the recognition scores of
15 adult CI listeners. In a separate study, Gifford et al. (2008)
found that only one out of the 156 postlingually-deafened CI
recipients scored 100% correct with the English AzBio sen-
tences. Given the advantage of avoiding the ceiling effects in
quiet over other sentence materials, the AzBio sentence test
was included in the 2011 Minimum Speech Test Battery
that serves as the recommendation for evaluation of pre-
and post-implantation speech recognition in adults in the
United States (MSTB, 2011). Fifteen of the 29 lists that pro-
duced the most similar performance were selected to form the
commercially available AzBio Sentence Test, and the next
eight lists with the most similar performance scores were
included in the Minimum Speech Test Battery for adult CI
users (MSTB, 2011). Since the advent of the English
AzBio sentences, similar sentences were developed and val-
idated in several other languages including French (Bergeron
et al., 2019), Spanish (Rivas et al., 2021), and Hebrew
(Taitelbaum-Swead et al., 2022).

Mandarin Chinese is the most spoken first language in the
world, followed by Spanish and English (Figure 1). While
both Spanish and English are spoken in geographically dis-
persed countries, Mandarin Chinese is, for the most part, con-
centrated in China. It is also a major tonal language (Xu &
Zhou, 2011). According to a population-based survey, the
standardized prevalence rate of hearing loss was estimated
at 15.84% in China (Hu et al., 2016) and China has
become one of the most fast-growing markets for CIs.
Since the first multichannel CI devices were implanted in

China in 1995, the number of CI recipients has increased
exponentially. At present, there are more than 100,000 CI
recipients in China—approximately 15% of whom are
adults. Given the increasing number of Mandarin-speaking
CI patients, there is a need for standardized and validated
speech recognition tests in Mandarin Chinese. Responding
to the need, researchers and clinicians have developed a
variety of materials. Validated speech recognition tests in
Mandarin Chinese available for adult listeners vary in
speech stimulus type from words (e.g., Han et al., 2009; Ji
et al., 2011a, 2011b; Wang et al., 2007; Xi et al., 2010) to
sentences (e.g., Fu et al., 2011; Hu et al., 2018; Wong
et al., 2007).

Compared to word recognition tests, sentence materials
tend to be more “natural” due to their resemblance to daily
conversations, involving coarticulation and prosody. Thus,
they are more likely to reflect listeners’ speech comprehen-
sion in daily life. The first attempt toward standardized sen-
tence test materials for Mandarin-speaking listeners was
made by Wong et al. (2007). Following the same rationale
as the English HINT (Nilsson et al., 1994), they developed
the Mandarin Hearing in Noise Test (MHINT), which con-
sists of 12, 20-sentence lists with low intra-list performance
variability and high inter-list reliability. Normative data
were available for measuring the reception threshold for sen-
tences in quiet and in noise (Wong et al., 2007). In the mean-
time, Fu et al. (2011) applied acoustic simulations of CI
processing when designing their Mandarin test materials
for CI users, namely the Mandarin Speech Perception
(MSP) sentence test. They constructed 10 phonetically
balanced sentence lists, each containing 10, 7-word sen-
tences. Xi et al. (2012) established a corpus of Mandarin
BKB-like sentences with four-talker babble as competing
noise, with the homogeneity optimized via psychometric
evaluation (HOPE). The sentences can be used in testing
both children and adult CI users. More recently, Hu
et al. (2018) developed a matrix type of sentence test,
the Mandarin Chinese matrix (CMNmatrix) sentence
test, for speech recognition measurements in noise with
a set of semantically unpredictable and syntactically
fixed sentences.

Wang et al. (2015) tested speech recognition in 32
postlingually-deafened CI recipients using the MHINT and
Mandarin BKB sentences. The results showed that 4 and
14 out of 32 participants scored 100% correct in quiet with
the MHINT and Mandarin BKB sentences, respectively.
More than 40% of the participants scored above 85%
correct in both tests (Wang et al., 2015). Using the MSP sen-
tences (Fu et al., 2011), Li et al. (2017) also reported that the
mean performance for the top one-third of their 35 adult CI
users reached >90% correct in quiet. Thus, the ceiling
effect in sentence recognition tests is a widespread
problem. Such a problem has led to the development of
new sentence recognition materials with a higher level of
difficulties.
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In the present study, we followed the methodology of
English AzBio sentence test development and developed a
set of Mandarin Chinese sentence lists with a higher level
of difficulties. The Mandarin Chinese version of AzBio sen-
tence test we developed here is named CMnBio to follow the
similar style of the French (FrBio) and Hebrew (HeBio) ver-
sions. Thirty equivalent sentence lists were constructed based
on the vocoder-processed sentence recognition tests in the
normal-hearing adult listeners. We further validated the use
of the CMnBio test in a group of adult CI users. After remov-
ing 4 lists that were either too difficult or too easy, we deter-
mined that the final version of the CMnBio sentences
included 26 highly equivalent lists of 20 sentences.

Stage I: CMnBio Sentence Construction
and List Selection

Methods
Sentence construction. A total of 1,850 Mandarin Chinese
sentences were constructed. All sentences were selected
from present-day television programs and social media on
up-to-date topics, and evaluated to have similar amount of
semantic information compared to the original English
AzBio sentences by Mandarin-speaking linguists with high
proficiency in English. Sentence length was 7 to 15
Chinese characters with 4 to 9 keywords (mean= 6.5, SD=
1). Sentences containing proper nouns and idioms were

excluded. No other restrictions on phonemic composition
of the words, vocabulary, or sentence structure were
applied to this stage of sentence selection.

Sentence recordings. Following the recording procedures of
the English AzBio sentence development (Spahr et al.,
2012), we recorded all 1,850 sentences for possible inclusion
in the CMnBio corpus. Four adult native-Mandarin speakers,
two males and two females (aged 20–23 years old), were
recruited to read the sentences. One male speaker read 350
sentences and the other three read 500 sentences each. All
speakers were undergraduate students professionally trained
for public broadcasting in Beijing, China.

The recording took place in a sound-proof booth (noise
floor ≤20 dBA) using a sound level meter (Brüel & Kjær
2250) equipped with a condenser microphone connected to
a Creative Audigy™ soundcard. All recordings were made
at a sampling frequency of 44.1 kHz with a 16-bit resolution
and live-monitored by an examiner using Adobe Audition
3.0. The microphone was positioned approximately 30 cm
from the speaker’s mouth. All speakers were instructed to
read at a normal conversational pace and volume with
natural intonation and accentuation, and to avoid excessive
enunciation. In the case of mispronunciations, misread
words, or any unintended interruption, the speaker was
asked to repeat the sentence.

Four audiologists with clinical experience in speech audi-
ometry checked the recorded sentences and excluded

Figure 1. The top 10 most-spoken languages (upper bars) and most-spoken first languages in the world (The World Factbook, 2022). The

symbols indicate the languages in which AzBio sentence materials have been developed. Hebrew is not shown in the upper bars and French

and Hebrew are not shown in the lower bars because they are not in the top 10 categories.

Xi et al. 3



sentences with poor sound quality or low naturalness.
Finally, 1,020 out of the 1,850 sentences (i.e., 255 sentences
from each speaker) were included in the CMnBio corpus. An
additional 80 sentences were included to construct the prac-
tice lists. The mean speaking rate across talkers ranged from
4.7 to 5.7 syllables per second, similar to that of the original
English AzBio sentences. All 1,020 recorded sentences were
normalized using Adobe Audition 3.0 to reach an equal
root-mean-square (RMS) level. A calibration signal of the
same RMS level was also generated.

Sentence recognition. We created 51 sentence lists out of the
1,020 sentences, with each list containing 20 sentences (5
sentences from each talker). In addition, four practice lists
of 20 sentences were also constructed. All sentences were
processed through a five-channel, noise-excited, vocoder CI
simulation in AngelSim™ (Fu, 2010). The overall bandwidth
of the noise vocoder was 200 to 7,000 Hz. The spacing of the
five bands were determined based on the Greenwood formula
(Greenwood, 1990). The lowpass cutoff frequency of the
envelope extractor was set at 160 Hz. Our pilot study demon-
strated that the 5-channel noise vocoder processing could
effectively avoid ceiling and floor effects for the sentence
recognition test in adult Mandarin-speaking listeners with
normal hearing.

Seventeen native Mandarin-speaking adult listeners (9
males and 8 females; aged 25.6± 1.4 years old) were
recruited for a listening experiment. Each participant went
through an otoscopy exam and puretone audiometry with
normal hearing results (i.e., thresholds ≤10 dB HL between
250 and 4,000 Hz). The vocoder-processed sentences were
presented via a laptop connected to a GSI 61 audiometer at
70 dB SPL through the ER-3A insert earphones.
Participants were seated in a sound-treated booth and
instructed to repeat each sentence they heard. The presenta-
tion order of the lists for each subject was designed using
Latin squares. The test for each participant was carried out
in three sessions on three consecutive days, with 17 lists
per session to minimize fatigue effects and practice effects.
Each session lasted approximately 45 to 60 min. Prior to
each formal testing session, four practice lists were presented
to participants to familiarize them with the vocoder-
processed signals. The use of human subjects in the present
study was reviewed and approved by the Institutional
Review Board of the Chinese PLA General Hospital,
Beijing, China.

Results
The mean percent correct score of the 17 normal-hearing par-
ticipants for all 1,020 sentences was 77.0% correct (SD=
15.1%) with a range from 9.2 to 100% correct (Figure 2).
One hundred and fifty sentences, the mean score of which
fell within the mean± 1 SD of the distribution (i.e., 61.9–
92.2% correct), were selected from each talker. The selected

600 sentences had a mean recognition score of 78.0% correct.
The mean score for the four talkers (M1, F1, M2, and F2)
were 78.9, 78.4, 78.3, and 76.5% correct, respectively.
These 600 sentences were used for further validation.

Consistent with the original English version of AzBio sen-
tence test, the list length was set at 20 sentences. Each of the
four talkers contributed five sentences to a list. To assign the
150 sentences from each talker to the 30 lists, the 150 sen-
tences were ranked by mean percent correct scores and
then sequentially assigned to 30 lists first in descending
order (i.e., 30, 29, 28, …, 1), and then in ascending order
(i.e., 1, 2, 3, …, 30), repeatedly until five sentences of the
talker were assigned to each list. This assignment resulted
in 30, 20-sentence lists. The mean percent correct scores of
the 30 lists ranged from 77.3 to 78.8% correct (Figure 3)
with an overall mean of 78.0% correct. A one-way repeated
measures analysis of variance (ANOVA) indicated no statis-
tically significant differences in the mean scores among the
30 lists (F29, 464= 0.306, p > .05). The final 30 lists had an
average of 130.4 keywords (SD= 4, range= 122–143).

Stage II: CMnBio Sentence List Equivalency
Validation with Adult CI Listeners

Methods
Participants. Thirty native Mandarin-speaking adult CI users
(10 males and 20 females; aged 32.1± 12.7 years old) were
recruited for validation of the equivalency and evaluation
of the inherent variability in the 30 sentence lists. All partic-
ipants were diagnosed with bilateral severe to profound sen-
sorineural hearing loss and received cochlear implantation at
least 12 months prior to the experiment. Participants were
prescreened with a Mandarin monosyllabic word recognition
test (Xi et al., 2010) and those who scored≥40% correct were
included in the study. The 30 CI subjects had monosyllabic
word scores of 44 to 96% correct (mean= 65.5% correct,
SD= 13.9%).

Procedures. A pilot study in which recordings were presented
in quiet and in +10 dB SNR revealed that few of the CI recip-
ients were able to complete the speech recognition tests in
noise. Therefore, the following experiment was conducted
only in quiet. Sentences were presented at 65 dB SPL from
a loudspeaker located at 0° azimuth on the horizontal plane
and 1 meter from the participant in a sound-treated booth.
The sentence stimuli were calibrated using a sound level
meter (Brüel & Kjær 2250). The participants were instructed
to repeat every word of the sentences. Each participant com-
pleted three practice lists of 20 sentences that were not
included in the 30 test lists prior to formal testing. A break
period of 15 min or longer was provided after the completion
of every 10 test lists. The test order was counterbalanced
across participants in order to eliminate potential learning
effects and fatigue effects (see Supplemental Digital
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Content 1 for test order for each participant). Each sentence
was scored as the number of keywords repeated correctly,
and a percent correct score was calculated for each list. The
entire test session lasted approximately 3 h with break
periods included.

Results
Validation. All 30 CI participants were able to complete the
test. The mean scores for the 30 lists achieved by individual
CI users ranged from 43.8 to 89.3% correct (mean= 65.0%
correct, SD= 13.0%). The distribution of list scores for all
30 CI participants is shown in Figure 4. Only 2 out of the
30 CI participants (6.67%) had a mean score >85% correct.
The range of the recognition performance across the 30
lists was between 9.3 and 36.9 percentage points. The stan-
dard deviation of the recognition performance across the 30
lists (i.e., the length of the vertical line above or below the
mean in Figure 4) was 2.7 to 8.8 percentage points.

List variability. For the 30 lists, the mean recognition perfor-
mance across all 30 CI participants ranged from 61.7% to
69.0% correct (with an overall mean of 65.0% correct, SD
= 1.7%). In order to evaluate variability of recognition
scores across the 30 lists without being influenced by the var-
iable performance levels among the CI participants, the list
scores of each CI listener were normalized against the
mean scores across all 30 lists for that particular CI listener,
that is, the normalized score= list score ˗ mean score. This
normalization, in essence, removed the effects of various per-
formance levels of the CI participants. Before the

normalization described above was carried out, a rationalized
arcsine unit (RAU) transform (Sherbecoe & Studebaker,
2004; Studebaker, 1985) was performed to all percent
correct scores. This operation was necessary because our
CI participants performed at various levels in sentence rec-
ognition and the subsequent statistical analysis would
benefit from a more homogenous distribution of variance
in the data.

The distribution of the normalized RAU scores for the 30
lists is shown in Figure 5. A one-way repeated measures
ANOVA was performed on the normalized RAU scores to
examine the equivalency of the 30 lists. A significant
main effect of list number (F29, 841= 3.08, p < .0001)
revealed variability in level of difficulties across the 30
lists. A post hoc Tukey’s test showed that 4 of the 30 lists
were significantly different from at least one other list.
Although the differences were small, Lists 4 and 29 were
identified as significantly more difficult and Lists 5 and 10
were identified as easier than the other lists. Excluding
those four lists and running the one-way repeated-measures
ANOVA for the remaining 26 lists, we found significant
differences among them (F25, 725= 1.68, p= .02).
However, the post hoc Tukey’s test found that no lists
were significantly different from any of other lists. The
mean recognition scores for the 26 lists were from 62.6 to
67.0% correct (SD= 1.2%). Therefore, we determined that
the final CMnBio sentence corpus should include these 26
lists (see Supplemental Digital Content 2 for a complete
list of all 520 test sentences and 80 practice sentences).
The number of Chinese characters in a sentence was 11.9
on average, ranging from 9 to 16.

Figure 2. Violin plots of the mean sentence recognition scores for 17 normal-hearing listeners. The leftmost violin plot shows the data for

the original 1,020 sentences. All sentences were processed through a 5-channel noise vocoder. The next violin plot shows the data for the

selected 600 sentences. The next four violin plots are for the four talkers, 150 sentences each. Each violin plot shows the probability density of

the data. Each gray dot represents the mean recognition score of one sentence. The squares and the thick vertical lines are the mean± 1 SD.
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Modeling with the binomial distribution. According to the
binomial distribution model of Thornton and Raffin
(1978), the variability of speech recognition performance
(indicated by SD) is a function of both the starting level
of performance and the number of items in the task. The
variability is the largest for the mid-range performance
and the smallest at the extreme performance. The larger
the number of test items in the speech recognition test,
the smaller the variability in performance. Spahr et al.
(2012) constructed reference ranges (i.e., mean± 1.96
SD) that predicted 95% of the distribution of the SD data
of the sentence recognition performance. Results based

on visual inspections showed that the reference range con-
structed with an item number of 40 covered the SD data
obtained from the majority of their 15 CI participants.
The authors contended that there were 40 independent lin-
guistic units per list for the English AzBio sentences
(Spahr et al., 2012). Similar results were reported for the
Spanish AzBio sentences (Rivas et al., 2021). We took
the same approach as in Spahr et al. (2012) and Rivas
et al. (2021) and plotted the SD obtained from the 30 CI
participants over the reference range constructed with an
item number of 40 based on binomial distribution. The
results are shown in Figure 6 (left panel). In the figure,

Figure 3. Sentence recognition scores for the 30 sentence lists. Each gray dot represents the mean percent correct score of each

vocoder-processed sentence averaged across the 17 normal-hearing listeners. The square and the thick vertical lines indicate the mean± 1

SD for each list.

Figure 4. Sentence recognition scores for 30 cMnBio sentence lists in 30 adult CI participants. The participants were sorted from low to

high based on their mean recognition scores. Each violin plot shows the probability density of the data. Each gray dot represents the percent

correct score of one sentence list. The square and the thick vertical lines indicate the mean± 1 SD for each CI participant.
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the dashed line was the mean and the solid lines were
±1.96 SD of the SD data obtained using the bootstrap
method. This provided the reference range of 95% of the
SD data. Each symbol represents one CI participant’s
mean and SD of the recognition score across the final 26
lists of the CMnBio sentences. This result indicates that
the variability across the CMnBio sentence lists were
small. Approximate 2/3 of the data from our 30 CI partic-
ipants were below the reference range predicted by bino-
mial distribution with an item number of 40. Therefore,
the item number of 40 did not fit the CMnBio sentence
data. We further increased the number of items in the bino-
mial model. Our visual inspections indicated that when the
number of items was between 65 and 80, the binomial pre-
diction fit the data reasonably well with only a few data
point outside of the reference range. Figure 6 (right
panel) plots the 95% reference range of the binomial
model with an item number of 65 along with the recogni-
tion data from the 30 CI participants. Next, we chose a dif-
ferent approach to identify the effective number of items in
CMnBio sentence lists.

Based on the sentence recognition scores of the final 26
lists by our 30 CI participants, we first created the scatter
plot of the scores of any pairs of lists (Figure 7, left panel).
For the 26 lists, we have 325 possible pairs. Thus, the
scatter plot has 9,750 data points (i.e., 325× 30 CI partici-
pants). The orders of the lists in the pairs were randomized.
If we tested two sentence lists at a time (i.e., one test condi-
tion), for each participant with 26 lists, there would be 14,950
possible pairs of 2 lists. To be consistent with the 1-list con-
dition, we randomly chose 325 pairs of scores of 2 lists.
Figure 7 (middle panel) shows the scatter plot of the 9,750
data points (i.e., 325× 30 CI participants) in the 2-list condi-
tion. Next, we calculated the lower and upper limits of the

95% critical difference for percent-correct scores based on
Thornton and Raffin (1978) binomial model. The critical dif-
ferences were dependent on the number of items (n) in a test.
For the CMnBio sentence corpus, we had 20 sentences per
list and an average 130 keywords per lists. Thus, we
plotted the lower and upper limits of the critical differences
using n of 20 to 130 in steps of 5 onto the scatter plot of
the 1-list condition (Figure 7, left panel, n= 65 is shown)
and those using n of 40 to 260 in steps of 10 onto the
scatter plot of the 2-list condition (Figure 7, middle panel,
n= 130 is shown). Finally, we computed the percentage of
data points that fell outside the critical differences for each
n. The results are plotted in Figure 7 (right panel). In this
panel, the data for the 2-list condition are shifted to align
with those for the 1-list condition. We then looked for the
number of items that produced approximate 5% of data
points beyond the critical difference limits. This analysis
indicated that the binomial model (Thornton & Raffin,
1978) with n of 65 for the 1-list condition and 130 for the
2-list condition best described the variability of the
CMnBio sentences.

Table 1 lists the lower and upper limits of the 95% critical
differences based on Thornton and Raffin (1978) binomial
model. The step size of the scores in this table is 5 percentage
points. Supplemental Digital Content 3 provides the critical
differences for finer step sizes of the scores. This table is
helpful to clinicians who use the CMnBio sentences to test
sentence recognition performance in clinical populations.
For example, if the test score with one list is 50% correct,
then a test score with a different list that falls between 33
and 67% correct (i.e., <17 percentage-point differences) is
not statistically significant. However, if the clinician uses
two lists for a sentence recognition test and the patient
scores 50% correct, a 12 percentage-point difference (i.e.,

Figure 5. Normalized RAU scores for all 30 CMnBio sentence lists. The lists were sorted from low to high based on their mean

normalized RAU scores of the 30 CI participants. Each violin plot shows the probability density of the data. Each gray dot represents the

percent correct score of one CI participant. The square and the thick vertical lines indicate the mean± 1 SD for each sentence list.
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<38% or >62% correct) will be considered significantly
different.

Discussion
The purpose of this study was to develop and validate a
Mandarin Chinese version of the AzBio sentence test. The

new sentence materials should possess a greater level of dif-
ficulties to avoid the ceiling effects shown in many high-
performing CI recipients when using the traditional sentence
materials in quiet. To achieve a relatively high level of diffi-
culties, the speech stimuli were recorded by four different
speakers (two males and two females) in a natural conversa-
tional manner rather than in an overly enunciated style as

Figure 6. Variability (SD) as a function of the mean percent correct scores. The predicted SD (dashed line) and 95% reference range (solid

lines) were obtain using a bootstrap method based on binomial distribution. The number of items is 40 (left panel) or 65 (right panel).

In both panels, each symbol represents one CI participant’s mean and SD of the recognition score across the final 26 lists of the CMnBio

sentences.

Figure 7. List variability and binomial distribution modeling. Left: Scatter plot of recognition scores of any possible pairs of lists from the

final 26 CMnBio sentence lists in the 30 CI participants (i.e., 325× 30 CI participants). The line represents the lower and upper limits of 95%

critical differences based on Thornton and Raffin (1978) binomial model with an item number n= 65. Middle: Scatter plot of recognition

scores of 9,750 randomly chosen pairs of 2 lists from the final 26 CMnBio sentence lists in the 30 CI participants (i.e., 325× 30 CI

participants). The line represents the lower and upper limits of 95% critical differences based on Thornton and Raffin (1978) binomial model

with an item number n= 130. Right: Percentage of data points that fell outside the critical differences as a function of number of items. The

data for the 2-list condition is shifted to the left to align with those of the 1-list condition, using the upper x axis. Note that n of 65 in the

1-list condition and 130 in the 2-list condition produced approximately 5% of data points that were beyond the critical difference limits

(dashed lines).
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most other materials. In the development of the CMnBio sen-
tences, we strived to achieve a similar level of semantic infor-
mation to the original English AzBio sentence. Also, the
complexity of the sentence structure and demand on vocabu-
lary were kept higher than the Mandarin BKB sentences (Xi
et al., 2012). Compared to the MHINT sentences (Wong
et al., 2007), we do not have a detailed linguistic analysis.
However, there is an apparent difference in the length of
the sentences. The MHINT sentences are all 10-character
long whereas the lengths of the CMnBio sentences are typi-
cally longer than 10 characters. The elevated level of difficul-
ties in the CMnBio sentences was evident in the recognition
scores by the normal-hearing adult listeners under the
5-channel noise vocoder conditions. The overall mean recog-
nition score of the 30 lists was 78.0% correct (Figure 3). Our
previous research has shown that under similar noise vocoder
conditions, normal-hearing adult listeners could easily
achieve >90% correct with the Mandarin BKB sentence
materials (Xi et al., 2019). In a recent study, we compared
sentence recognition of the MHINT and the CMnBio sen-
tences under various channel conditions of vocoder process-
ing (Xu et al., 2021). The recognition scores were 93.4% and
73.9% correct, respectively, for the two types of sentence
materials under 5-channel noise vocoder conditions. In the
present study, only 2 out of the 30 CI participants scored
between 85 to 90% correct (Figure 4). Note that all the CI
participants had at least moderately good speech recognition

(i.e., >40% correct word recognition) when enrolled in the
study. Clearly, a higher level of difficulties in the CMnBio
sentences has been achieved and the ceiling effects in
speech recognition tests can be minimized with the new
CMnBio sentence test.

The level of difficulties of the CMnBio sentences devel-
oped in this study appeared to be slightly higher than that
of other languages developed earlier. Our 17 normal-hearing
listeners scored 78.0% correct using the 5-channel noise
vocoder CI simulation. Using a similar 5-channel vocoder
CI simulations, the normal-hearing listeners scored 85.2%
correct with the English AzBio sentences (Spahr et al.,
2012), 85.0% correct with the Spanish AzBio sentences
(Rivas et al., 2021), and 82.0% correct with the Hebrew
AzBio sentences (Taitelbaum-Swead et al., 2022), respec-
tively. In a previous study, we compared recognition of the
English AzBio and CMnBio sentences under various
vocoder conditions. We found that the CMnBio sentences
produced recognition scores that were approximately 9 to
12 percentage points lower than the English AzBio sentences
(Xu et al., 2021). The French version of AzBio sentences
seemed to have the lowest level of difficulties among all lan-
guages in which AzBio sentences have been developed.
Bergeron et al. (2019) stated that all their French-speaking
normal-hearing participants performed at 100% correct
with the 5-channel CI simulations. They chose to use
4-channel CI simulations instead and found that the
mean recognition score was approximately 85% correct
with the 4-channel CI simulations. Therefore, while the
English, Spanish, and Hebrew versions of AzBio sentences
showed a very similar level of difficulties, the Mandarin
Chinese and French versions appeared to diverge from
them. We should keep in mind such a divergence in the
level of difficulties when carrying out cross-language com-
parison of CI performance. It is worth noting that it might
be unrealistic to create sentence materials with identical
level of difficulties among different languages for a
variety of linguistic reasons. Various versions of AzBio
sentences created so far have achieved the desired goals
with elevated level of difficulties compared to other sen-
tence materials.

Another feature of the CMnBio sentence corpus is that it
contains a larger number of lists. Our final corpus has 26 test
lists and 4 practice lists (see Supplemental Digital Content 2).
This number is slightly smaller than those in English (33 lists,
Spahr et al., 2012), French (30 lists, Bergeron et al., 2019),
Spanish (42 lists, Rivas et al., 2021), and Hebrew (33 lists,
Taitelbaum-Swead et al., 2022) but is much greater than
that of the Mandarin HINT sentences (12 lists) (Wong
et al., 2007). This feature makes it possible to conduct
large-scale studies involving multiple experimental condi-
tions without repeated use of materials. It also provides clini-
cians with an opportunity to track changes in patients’
performance over time or across conditions. For these
reasons, we anticipate that the CMnBio sentences would be

Table 1. Lower and Upper Limits of the 95% Critical Differences

Predicted by the Binomial Distribution Model.

One list per

condition (n= 65)

Two lists per

condition (n= 130)

Score (%) Lower Upper Lower Upper

0 0 5 0 2

5 0 15 1 12

10 2 22 4 18

15 6 29 8 24

20 9 35 12 30

25 13 40 16 36

30 16 45 20 42

35 20 52 24 47

40 25 57 28 52

45 30 62 33 57

50 33 67 38 62

55 38 70 43 67

60 43 75 48 72

65 48 80 53 76

70 54 84 58 80

75 59 87 64 84

80 65 91 70 88

85 71 94 76 92

90 78 98 82 96

95 85 99 88 99

100 95 100 98 100
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used to assess speech perception of adult CI users in the
clinics as well as in the research laboratories.

The validation process showed that the CMnBio sentences
possessed satisfactory inter-list reliability. For the 30 original
lists, the mean recognition performance across all 30 CI par-
ticipants ranged from 62 to 69% correct (range= 7 percent-
age points, SD= 1.7). In comparison, Spahr et al. (2012)
showed that the average scores for the 33 English AzBio sen-
tence lists in their 15 CI listeners ranged from 62 to 79%
correct (range= 17 percentage points, SD= 3.8). The small
inter-list variability of the CMnBio sentences is desirable
because in clinical practice, it is often necessary to
compare speech recognition performance among different
conditions or at different time points using different sentence
lists.

The small inter-list variability was also reflected in the rel-
atively small standard deviation of sentence recognition
scores across the final 26 lists in the 30 CI participants
(Figure 6). Using the binomial distribution modeling
(Thornton & Raffin, 1978), a number of items of 40 that
fitted the English and Spanish AzBio sentence materials
(Rivas et al., 2021; Spahr et al., 2012) or 50 that fitted the
FrBio sentences (Bergeron et al., 2019) did not fit our
CMnBio sentence materials. As we increased the number
of items to a range of 65 to 80, the binomial distribution
model fitted our data reasonably well by visual inspection.
We then used a more quantitative approach to assess the
number of items in a sentence list and found an item
number of 65 in a sentence list best fitted our sentence mate-
rials (Figure 7). With an approximately 130 keywords in a
sentence list in the CMnBio sentence materials, it appears
that the number of independent items was one half of the
number of keywords. Keidser et al. (2002) also suggested
that for a BKB English sentence list containing 50 keywords,
an item number of 25 would be an appropriate estimate. Our
estimated number of items (65) is greater than those in either
English or Spanish AzBio sentence materials (40). Note that
the average number of words in English or Spanish is 142
and the scoring is based on words not keywords. Another
important difference was the methods used to derive the
lower and upper limits between the present study and
Spahr et al. (2012) or Rivas et al. (2021). In the present
study, we derived the lower and upper limits of the 95% crit-
ical differences using exactly the methods and terminology of
Thornton and Raffin (1978). However, Spahr et al. (2012)
and Rivas et al. (2021) apparently used the normal approxi-
mation method of the binomial confident interval to derive
the lower and upper limits of the 95% confidence interval.
In essence, the lower and upper limits that we derived with
numbers of items of 65 and 130 (Table 1) were quite
similar to their derived limits with numbers of items of 40
and 80, respectively [Table 1 of Spahr et al. (2012) and
Rivas et al. (2021)]. Thus, the number of items might not
be different among the studies after all and might not imply
that the contexture information among words in the AzBio

sentences are different among languages. Clinically, the
exact number of items may not be important as long as the
derived lower and upper limits are accurate. For the present
study, such limits were calculated based on the data from
30 adult CI participants with reasonably good speech recog-
nition performance. A large scale of empirical data with a
diverse CI population would be required to establish the
most reliable limits of the critical differences for future clin-
ical uses.

Conclusions
The CMnBio sentence test has been developed for speakers
of Mandarin Chinese. The test was created using a methodol-
ogy similar to that used in the development of the English
AzBio sentence test and the reliability and validity were con-
firmed in adult CI recipients. The new test has 26 lists of 20
sentences each. The lists have equal intelligibility. Compared
to similar sentence tests in English, Spanish, French, and
Hebrew, the Mandarin Chinese material appears to be
slightly more difficult. This elevated level of difficulties
should serve the purpose of avoiding ceiling effects when
testing sentence recognition in Mandarin-speaking CI
users. Finally, the lower and upper limits of the 95% critical
differences were derived from the modeling with binomial
distribution and they should provide guidance for clinical
detection of a significant difference in recognition scores.
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