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Abstract
Background—Current measures used to determine sentence recognition abilities in cochlear
implant recipients often include tests with one talker and one rate of speech. Performance with
these measures may not accurately represent the speech recognition abilities of the listeners.
Evaluation of cochlear implant performance should include measures that reflect realistic listening
conditions. For example, the use of multiple talkers who vary in gender, rate of speech and
regional dialects represent varied communication interactions that people encounter daily. The
TIMIT sentences, which use multiple talkers and incorporate these variations, provide additional
test material for evaluating speech recognition. Dorman and colleagues created thirty-four lists of
TIMIT sentences that were normalized for equal intelligibility using simulations of cochlear
implant processing with normal-hearing listeners. Adults with sensorineural hearing loss who
listen with cochlear implants represent a different population. Further study is needed to determine
if these lists are equivalent for adult cochlear implant recipients, and if not, to identify a subset of
lists that may be used with this population.

Purpose—To evaluate the speech recognition equivalence of 34 TIMIT sentence lists with adult
cochlear implant recipients.

Research Design—A prospective study comparing test-retest results within the same group of
listeners.

Study Sample—Twenty-two adult cochlear implant recipients who met the inclusion criteria of
at least three months device use and a monosyllabic word score of 30% or greater participated in
the study.

Data Collection and Analysis—Participants were administered 34 TIMIT sentence lists (20
sentences per list) at each of two test sessions several months apart. List order was randomized
and results scored as percent of words correct. Test-retest correlations and 95% confidence
intervals for the means were used to identify equivalent lists with high test-retest reliability.

Results—Mean list scores across participants ranged from 66% to 81% with an overall mean of
73%. Twenty-nine lists had high test-retest reliability. Using the overall mean as a benchmark, the
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95% confidence intervals indicated that 25 of the remaining 29 lists were equivalent (e.g. the
benchmark of 73% fell within the 95% confidence interval for both test and re-test).

Conclusions—Twenty-five of the TIMIT lists evaluated are equivalent when used with adult
cochlear implant recipients who have open-set word recognition abilities. These lists may prove
valuable for monitoring progress, comparing listening conditions or treatments, and developing
aural rehabilitation plans for cochlear implant recipients.
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INTRODUCTION
Advancements in cochlear implant (CI) technology have resulted in improved performance
for recipients. Studies have shown that with current test measures, CI recipients can obtain
high levels of auditory-only speech recognition (Skinner et al, 1997; Firszt et al, 2004; Spahr
and Dorman, 2004). As cochlear implant outcomes continue to improve, individuals with
more residual hearing are being implanted (Alkaf and Firszt, 2007; Gifford et al, 2007;
Dorman et al, 2008; Vermeire and Van de Heyning, 2008; Gifford et al, 2010). Additionally,
bilateral cochlear implantation is becoming more prevalent and provides distinct benefits
compared to those of unilateral implantation (Buss et al, 2008; Dunn et al, 2008; Firszt et al,
2008; Noble et al, 2008).

Common sentence measures used to evaluate CI performance have included Central Institute
for the Deaf (CID; Davis and Silverman, 1978) sentences, City University of New York
(CUNY; Boothroyd et al, 1985) sentences and Hearing In Noise Test (HINT; Nilsson et al,
1994) sentences. The HINT sentences presented in quiet have been the most common
measure since the introduction of the Minimal Speech Test Battery for Adult Cochlear
Implant Patients (MSTB; Nilsson et al, 1996; Luxford et al, 2001). HINT sentences were
selected for the MSTB to provide a reasonable number of lists (25 lists to be given two at a
time) and to avoid floor and ceiling effects. The developers of the MSTB envisioned the
HINT sentences would eventually be given adaptively in noise as CI technology improved
and ceiling effects were present in quiet (Luxford et al, 2001). However, the HINT sentences
have rarely been administered in this manner for clinical CI evaluations. Presentation of
sentence material in quiet is necessary to determine implant candidacy and has become a
standard part of the test battery used to monitor performance over time. For research
purposes, testing in quiet may be used, for example, to assess the effects of new
programming parameters or speech processing strategies; however, ceiling effects in quiet
with current sentence tests can negate their usefulness. Gifford and colleagues (2008)
administered a battery of tests to 156 adult CI recipients and 50 adult hearing aid users.
Ceiling effects were especially notable for HINT sentences in quiet regardless of listening
mode (unilateral, bilateral, and bimodal) for implant recipients. The HINT sentences, as well
as the CID and CUNY sentences, use a single male talker with an unnaturally clear speaking
style which likely contributes to many postlingually deaf CI recipients scoring at ceiling
when these sentences are presented in quiet. Measures such as these create an unrealistic
listening task, do not represent everyday communication (Loizou et al, 1999; Koch et al,
2004) and may not be appropriate for the growing number of CI recipients who have
considerable auditory-only speech recognition.

The amount of variability in acoustic characteristics, resulting from diverse speaking styles,
speaker gender, and speaker rate can affect accuracy in speech recognition. Research has
shown that performance is significantly reduced when multiple talkers are used across trials
(Mullennix et al, 1989; Sommers, 1997). Word recognition scores are poorer when speech is
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presented with multiple speaking styles (Kirk et al, 1997; Mullennix et al, 2002; Sommers
and Barcroft, 2006). Likewise, including several speaking rates significantly reduces word
identification (Hosoi et al, 1992; Uchanski et al, 1996; Sommers and Barcroft, 2006). As is
seen in these studies, the use of a single well articulated speaker has been shown to improve
speech recognition; however; since it does not represent the varied conversational partners
one comes across in daily life, it can falsely inflate the perception of an individual’s abilities.
In the study by Gifford et al (2008), AzBio sentences (Spahr and Dorman, 2005) were also
presented to unilateral, bilateral, and bimodal CI users as well as to hearing aid users. In
contrast to HINT sentences, no ceiling effect was seen for AzBio sentences which have both
male and female talkers and a speaking rate that is more common in daily conversation.
Ideally, speech recognition measures should reflect the individual’s abilities in the real
world and need to be sensitive to variations in test conditions (Mackersie, 2002). In order to
more accurately reflect skills needed for success in daily communication, speech recognition
measures should include common speaker variations such as varied regional dialects,
gender, and speaking rates.

The TIMIT acoustic-phonetic speech database (Lamel et al, 1986) was developed in 1986 as
a joint effort between researchers at Texas Instruments (TI), the Massachusetts Institute of
Technology (MIT) and the Stanford Research Institute to evaluate automatic speech
recognition systems. The sentences were selected to be phonetically diverse and to include
dialectical variants present in American English. The TIMIT acoustic-phonetic speech
database consists of 6,300 different low context sentences spoken by 630 individuals (10
sentences per speaker). The speakers represent eight different American English regional
dialects with both female and male speakers and a variety of speaking rates (Byrd, 1992).
The database provides the sentence text, wave files and a phonetically-based transcription
for each utterance (Linguistic Data Consortium, 1992).

The TIMIT sentences have been used as stimuli in several CI research studies (Loizou et al,
2000; Fu et al, 2002; Shannon et al, 2002). In two studies by Dorman et al (2003, 2005) the
authors created lists of TIMIT sentences in order to evaluate simulations of combined
acoustic and electric stimulation (EAS). For each study, TIMIT sentences were processed
through a five-channel cochlear implant simulation and presented to normal-hearing
listeners. Sentences were then combined into lists of 20 sentences each having equal
intelligibility. Details given in the 2005 publication indicate that 950 sentences were
processed and presented to 10 normal-hearing listeners, and that the average level of
intelligibility for the sentence lists was 75% correct, ±1% standard deviation (SD).

Since TIMIT sentences include various speakers and speaking patterns, the lists developed
by Dorman et al (2005) are appealing for use with CI recipients as a sentence recognition
measure that better reflects real-life listening. However, these lists have not been evaluated
for equivalency with actual CI recipients. Since hearing deficits result in a disruption to the
auditory system (Kopra et al, 1968; Beattie, 1989; Wilson and Carter, 2001), hearing
impaired listeners using an implant may differ greatly from normal-hearing individuals
using CI simulations. The present study was designed to evaluate the test-retest reliability
and equivalence of intelligibility of the 34 TIMIT sentence lists used by Dorman et al (2005)
with adult CI recipients.

MATERIALS AND METHODS
The research protocol and informed consent for this study were reviewed and approved by
the Institutional Review Board at the Human Research Protection Office of Washington
University School of Medicine.
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Participants
Twenty-two adult postlingually deaf CI recipients participated in the study. The number of
participants included was based on the number of subjects used in a similar study by Skinner
et al, 2006 that examined the equivalency of 30 lists of monosyllabic words. Individuals
invited to participate had at least three months of device use and a score greater than 30% on
their most recent Consonant-Vowel Nucleus-Consonant (CNC) Monosyllabic Word Test
(Peterson and Lehiste, 1962). This minimum auditory-only speech recognition level was
chosen to avoid floor effects and better allow comparison of variations in results between
lists. All participants were recruited from the Washington University School of Medicine
(WUSM) Adult Cochlear Implant Program.

Demographic information for the individual CI participants is shown in Table 1. The mean
age of participants was 58 years (SD = 13.4) with a range of 25 to 78 years. Length of severe
to profound hearing loss before implantation ranged from 3 months to almost 34 years with
a mean of 10 years (SD = 8.3). The mean length of CI use for the participants was 3.9 years
(SD = 2.5) with a range of 10 months to 10.6 years. Information about the CI device and
processing strategy used by each participant can be found in Table 2. Eleven participants
continued to use a hearing aid in the contralateral ear; however, the hearing aids were
removed for all testing.

The participants’ CNC word scores ranged from 44% to 92% with a mean of 73% (SD =
13%). Based on these word scores, this group of CI recipients performs above the average
postlingually deafened CI recipient. Holden et al (2011) reported on a group of 114
postlingually deaf CI users whose CNC word scores were evaluated longitudinally from two
weeks to two years post initial activation of the CI. The mean word score for the final test
interval for this group of CI users was 62% with a range of 2% to 95%. This result is in
close agreement with Gifford et al (2008). In that study, 162 CNC word scores were
collected from both unilateral and bilateral CI recipients with the test administered in the
unilateral CI condition to all participants. A mean CNC word score of 56% was reported.

Stimuli
The 34 TIMIT sentence lists used by Dorman et al (2005) were evaluated in the current
study. The make-up of each list is summarized in Table 3 and the details needed to recreate
the lists are in Appendix A. Each list had 20 sentences with an average of 128 words per list
(range = 113 to 142 words). There were a total of 680 unique sentences spoken by a total of
301 unique talkers (94 female and 207 male). Each list included 18-20 unique talkers with at
least six female and six male talkers per list (average of 10.4 female and 9.6 male). The
talkers across all lists were from four dialectical regions (New England, Northern, North
Midland and Western) with three lists (3, 12 and 17) having talkers from three of the
dialectical regions and the remaining 31 lists having talkers from all four dialectical regions.
The age range of talkers across lists was 20 – 67 years with the average age for each list
being 29.4 years. The average reading level across lists was approximately sixth-grade, with
a range from fourth to eighth grade, based on the Flesch-Kincaid formula (Kincaid et al,
1975; Flesch, 1979; Microsoft, 2007) compared to the average adult reading level in the
United States of eighth to ninth grade (Kirsch et al, 2002).

Test Environment
The 34 TIMIT sentence lists were stored as wave files on the hard disk of a Dell workstation
with dual Xeon CPUs and a 24-bit sound card for attenuation and mixing of audio stimuli.
Sentences were presented through an amplifier (Crown model D-150) and loudspeaker (JBL
LSR32 Linear Spatial Reference) in a double-walled sound booth (IAC model 1204-A) at 60
dB SPL which represents an average level of conversational speech (Pearsons et al, 1976).
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The stimuli were calibrated using a sound level meter (Bruel and Kjaer model 2230) with a
linear frequency weighting from 20 Hz to 20 kHz and the microphone (Bruel and Kjaer
model 4155) placed at the approximate location of the participant’s head. The participants
were positioned at one meter and at 0° azimuth from the loudspeaker.

Procedure
Participants were tested with the speech processor program, volume and sensitivity settings
they used daily. Detection thresholds were obtained in the sound-field at 250 to 6000 Hz
with frequency-modulated (FM) tones using the standard Hughson-Westlake procedure and
2 dB increments. Thresholds were confirmed to be 30 dB HL or better from 250 – 6000 Hz
prior to presentation of the sentences. These are expected levels for CI recipients with well
programmed processors and properly functioning equipment (Holden et al, 2007; Holden et
al, 2011).

List order was determined using a randomized-block (within subjects) design with a
different random order of the 34 lists presented to each participant. Testing occurred during
two sessions with breaks as needed to avoid fatigue. After the first session (Test 1),
participants returned several months later and were retested on the same lists presented in a
different order (Test 2). The length of time to administer a single TIMIT list was typically
4-5 minutes. Participants were asked to repeat each sentence and encouraged to guess if
unsure. Lists were scored as percentage of words correct. During Test 2, a single list of 50
CNC words was administered at 60 dB SPL.

RESULTS
Group mean FM-tone sound-field threshold levels and standard deviations for frequencies .
25, .5, 1, 2, 3, 4, and 6 kHz were 21.0 (5.1), 23.8 (5.3), 24.9 (4.9), 20.7 (5.1), 24.5 (6.0), 24.2
(6.3) and 20.8 (6.3), respectively. The group mean threshold across all frequencies and
across participants was 23 dB HL (SD 4.26). These levels ensured audibility of the
sentences when presented at 60 dB SPL.

Figure 1 shows the average of all 34 TIMIT list scores for each participant at Test 1 (gray
bars) and Test 2 (white bars) with the averages across participants and lists shown on the far
right. CNC word scores are also shown for each participant (open diamonds). Participants
are ordered according to word scores from lowest to highest. Word scores ranged from 52%
to 94% with an average across participants of 77.7% (SD 12.6%). The mean TIMIT list
scores ranged from 54.2% to 89.1% for Test 1 and from 56.7% to 93.0% for Test 2. The
grand average across lists and participants was 73.2% (SD 12.1%) and 73.1% (SD 13.0%)
for Test 1 and Test 2, respectively. The participants’ average TIMIT scores were
significantly correlated with CNC scores, r = 0.76, p < 0.001 and in good agreement. The
mean difference between each participant’s CNC score and average TIMIT score was 7.6%
(SD 5.8%).

Test-retest correlations for each list are shown in Table 4. All correlations were significant
(p <0.01) except for List 28 that had a correlation of 0.30. The average correlation for the
remaining lists was 0.76 (ranged from 0.62 to 0.91).

Figure 2 shows the mean score across participants for each list at each of the two test
sessions (Test 1, gray squares and Test 2, open diamonds) and the 95% confidence intervals
for the means (error bars). Mean participant scores for all 34 lists ranged from 66.0% to
80.7% for Test 1 and from 66.9% to 79.0% for Test 2. Using the overall mean (73%) as a
benchmark (shown with the solid black line), 29 of the lists (all except 1, 3, 6, 10 and 27)
were considered equivalent. That is, for 29 of the lists, the 95% confidence intervals
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included 73% for both Test 1 and 2. The benchmark falls outside the 95% confidence
intervals for both Test 1 and Test 2 for Lists 1 and 6 (below for List 1 and above for List 6).
For Lists 3, 10, and 27, the benchmark fell within the confidence interval for Test 2 but
below the confidence interval for Test 1.

The similarity of the lists in phonetic structure was examined by calculating the dissimilarity
of pairs of lists using the Euclidean distance based on the frequencies of the 40 speech
sounds represented in each list. Figure 3 shows the average scaled Euclidean distance of
each list from the remaining lists. Distances can range from 0 to 1, with lower values
indicating similarity. The most obvious feature of Figure 3 is that List 10 is noticeably
different from the other lists, which have fairly uniform average dissimilarities. (Note that
List 10 is one of the 5 lists considered not equivalent.)

DISCUSSION
TIMIT sentences use multiple speakers and incorporate gender, dialect and speaking rate
variations. These speaker variations represent the unpredictability of speech in everyday
communication situations and therefore, have the potential to better assess speech
recognition abilities than many current test measures. To date, research with the TIMIT
sentences has focused on normal-hearing participants, listening through simulated CI
processing or small CI participant samples. The CI recipient population is likely more
varied; therefore, the current study was performed to determine if these 34 TIMIT sentence
lists had high test-retest reliability and were equivalent when used with CI recipients. If not,
the objective was to identify a subset of equivalent lists with sufficient test-retest reliability
to be used either clinically or for research purposes. Results indicated that not all lists were
equivalent when presented in quiet at a conversational level with mean list scores across
subjects ranging from 66% to 81%. The overall average score across participants and lists
(73%) was used as a benchmark and 29 of the 34 TIMIT sentence lists were identified as
equivalent for this group of participants. One of the 29 lists (List 28) had poor test-retest
reliability (correlation = 0.30, p >0.5). Although the remaining 28 lists could arguably be
used as equivalent with sufficient test-retest reliability, the authors suggest using a more
stringent criterion of test-retest correlations > 0.65. This results in a set of 25 equivalent lists
(Lists 2, 4, 5, 7, 8, 9, 11, 13, 14, 15, 16, 17, 18, 19, 21, 22, 24, 25, 26, 29, 30, 31, 32, 33, 34)
with high test-retest reliability and phonetic balance for use with CI recipients who may
reach ceiling on other sentence measures.

For many CI recipients, ceiling effects can limit the effectiveness of the commonly used
HINT sentences. Mean HINT sentence scores for three groups of adult CI recipients
described by Gifford et al (2008) ranged from 84.8% to 94.1%. Dorman and colleagues
(1997) reported mean HINT sentence recognition scores of 94% for normal-hearing
individuals listening through four channels of simulated CI processing. In a similar
experiment, Loizou et al (1999) used 135 TIMIT sentences from the North Midland
American English dialect region (half spoken by males and half by females) as sentence
stimuli. Mean sentence recognition scores were 63%, substantially lower than those reported
by Dorman et al (1997). In Fu et al (2002), both HINT and TIMIT sentences were presented
to two of three Nucleus 22 study participants. Whereas, HINT scores were high for both
participants (96.2% and 100% for N3 and N7, respectively), TIMIT scores were
approximately 37 percentage points lower (58.9% and 63.2% for N3 and N7, respectively)
as shown in Table III of Fu et al (2002). Collectively, these studies illustrate the strong
effect that speaker variation has on speech recognition and support the need for such
variation in test measures used with CI recipients to obtain a more representative indication
of how CI recipients understand speech in everyday life.
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There have been recent efforts by clinicians working with CI recipients to move towards
more difficult and varied test materials. Fabry et al (2009) recommended a clinical test
battery that included the AzBio sentences presented in quiet and noise to CI recipients in
order to prevent ceiling effects observed with the HINT sentences and to better represent
how recipients perform in daily life. To this end, the three cochlear implant manufacturers,
Advanced Bionics, Cochlear, and MED-EL have provided clinics with an updated test
battery, the New Minimum Speech Test Battery (MSTB) for Adult Cochlear Implant Users
2011, to be used both pre- and post-operatively. The New MSTB includes the AzBio
sentences in place of the HINT sentences.

The AzBio sentences incorporate the use of multiple talkers who were instructed to speak in
a conversational style rather than a clearly enunciated style. The sentences range in length
from 4 – 10 words, use a total of 4 talkers (2 female and 2 male), all with standard American
dialect. In addition, the AzBio sentences approximate a fourth grade reading level compared
to an approximate first grade reading level for HINT sentences and sixth grade reading level
for TIMIT sentences. The difficulty of the test material should be considered by both
clinicians and researchers.

In a study of relatively high performing CI subjects, Spahr and Dorman (2004) reported
mean HINT scores of approximately 95% compared to 75% for AzBio sentences. Gifford et
al (2008) also found that CI recipients did not have the same ceiling effect with AzBio
sentences as with HINT sentences. Given the recent trend toward use of AzBio sentences to
evaluate potential CI candidates as well as monitor performance, the authors thought it
would be informative to test the current group of participants with AzBio sentences.
Twenty-one of the participants in the current study returned and were administered 33 lists
of AzBio sentences in quiet at 60 dB SPL. For each participant, the mean TIMIT sentence
score across lists (for the 25 lists found to be equivalent) at the first test session (Test 1) was
compared to the mean AzBio sentence score across lists. Means ranged from 53% to 89%
for TIMIT sentences and from 69% to 98% for AzBio sentences. On average, these
participants scored higher on AzBio sentences (mean = 88%, SD = 9%) than TIMIT
sentences (mean = 72%, SD = 11%), t(20) = -10.21, p < 0.001. In fact, half the participants
scored higher than 90% on AzBio sentences. See Appendix B for more detail.

The TIMIT and AzBio sentences both offer the benefit of having varied speakers who do not
over enunciate the test sentences. Still, ceiling effects may be seen for higher performing CI
recipients when AzBio sentences are presented in quiet at an average conversational level.
The 25 TIMIT sentence lists found to be equivalent in the present study may offer an
alternative to evaluate performance outcomes for CI users with significant auditory-only
speech recognition, particularly when testing in quiet is necessary, for example to
differentiate effects of programming options such as new processing strategies or pre-
processing algorithms.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Mean TIMIT sentence scores in percent correct across lists for each of the 22 participants.
Mean scores for Test 1 are displayed as gray bars and for Test 2 as white bars. CNC word
scores are shown as the open diamonds. Participants are ranked from low to high on CNC
word scores. Average scores across participants are shown to the far right. Error bars are ± 1
standard deviation of the mean.
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Figure 2.
Group mean sentence scores in percent correct for each of the 34 TIMIT lists. Mean scores
for Test 1 are displayed as open diamonds and for Test 2 as gray squares. Error bars indicate
the 95% confidence intervals. A horizontal line indicates the overall average of 73% that is
used as a benchmark for identifying equivalent lists. Lists that did not include this
benchmark in the 95% confidence interval for both Test 1 and Test 2 (1, 3, 6, 10 and 27) are
underlined.
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Figure 3.
Average scaled Euclidean distance (0 to 1) of each list from all other lists arranged in TIMIT
list number order. Lower values indicate increased similarity. Error bars are ± 1 standard
deviation.
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Table 4

Test-Retest Correlations for Each TIMIT Sentence List

List Correlation List Correlation

1 0.726 18 0.777

2 0.734 19 0.692

3 0.640 20 0.640

4 0.810 21 0.746

5 0.700 22 0.826

6 0.804 23 0.623

7 0.878 24 0.835

8 0.799 25 0.823

9 0.784 26 0.655

10 0.734 27 0.911

11 0.838 28* 0.307

12 0.618 29 0.851

13 0.815 30 0.796

14 0.837 31 0.886

15 0.772 32 0.658

16 0.817 33 0.730

17 0.799 34 0.665

Note:

*
The correlation for list 28 was not significant.
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