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Talker intelligibility and perceptual adaptation under cochlear implant �CI�-simulation and speech in
multi-talker babble were compared. The stimuli consisted of 100 sentences produced by 20 native
English talkers. The sentences were processed to simulate listening with an eight-channel CI or were
mixed with multi-talker babble. Stimuli were presented to 400 listeners in a sentence transcription
task �200 listeners in each condition�. Perceptual adaptation was measured for each talker by
comparing intelligibility in the first 20 sentences of the experiment to intelligibility in the last 20
sentences. Perceptual adaptation patterns were also compared across the two degradation conditions
by comparing performance in blocks of ten sentences. The most intelligible talkers under
CI-simulation also tended to be the most intelligible talkers in multi-talker babble. Furthermore,
listeners demonstrated a greater degree of perceptual adaptation in the CI-simulation condition
compared to the multi-talker babble condition although the extent of adaptation varied widely across
talkers. Listeners reached asymptote later in the experiment in the CI-simulation condition
compared with the multi-talker babble condition. Overall, these two forms of degradation did not
differ in their effect on talker intelligibility, although they did result in differences in the amount and
time-course of perceptual adaptation. © 2009 Acoustical Society of America.
�DOI: 10.1121/1.3212930�
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I. INTRODUCTION

Although it is well known that talkers differ in intelligi-
bility �Bond and Moore, 1994; Bradlow et al., 1996; Hazan
and Markham, 2004; Hood and Poole, 1980�, less is known
about the stability of these differences across different types
of signal degradation. In this paper, we ask whether the talk-
ers who are highly intelligible in multi-talker babble are also
highly intelligible when their speech is processed by a co-
chlear implant �CI� simulator. In addition, we investigate
whether some talkers are easier or harder to adapt to. Finally,
we report on how the type of degradation contributes to the
process of adaptation.

A. Speech intelligibility

What factors determine speech intelligibility?1 Broadly
speaking, traditional views of speech intelligibility have
maintained that intelligibility is a property of the speaker, the
acoustic signal, or of the specific words being perceived
�Black, 1957; Bond and Moore, 1994; Bradlow et al., 1996;
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Hood and Poole, 1980; Howes, 1952, 1957�. There is empiri-
cal evidence supporting each of these views. For example,
certain properties of words �e.g., segmental composition,
length, and frequency� have been shown to influence speech
intelligibility �Black, 1957; Howes, 1952, 1957�. Similarly, it
has been shown that several specific acoustic properties of a
talker’s speech �e.g., speaking rate and vowel dispersion�
play a crucial role in determining speech intelligibility �Bond
and Moore, 1994; Bradlow et al., 1996; Hood and Poole,
1980�, as can properties of the listening environment �e.g.,
Assman and Summerfield, 2004; Fletcher and Steinberg,
1924; Miller, 1947; Miller and Nicely, 1955�. However, the
speech materials and the talker are not the only relevant fac-
tors in determining speech intelligibility. Instead, a variety of
research findings suggest that speech intelligibility is also
influenced by properties of the listener �e.g., Bent and Brad-
low, 2003; Imai et al., 2003; Labov and Ash, 1997; Mason,
1946� and linguistic context �e.g., Healy and Montgomery,
2007�, as well as interactions among these factors �e.g.,
Moore, 2003; Rogers et al., 2006�.

Whether differences across talkers are maintained under
different listening environments is an issue that has not been
extensively studied. In one of the few extant studies, Cox

et al. �1987� found that relative intelligibility rankings
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among six talkers were generally maintained across four lev-
els of noise degradation �speech mixed with babble�. More
recently, Green et al., �2007� reported no differences in talker
intelligibility among three groups of listeners: normal-
hearing listeners, CI listeners, and simulated CI listeners.
The stimuli included single words appended to a carrier
phrase from six talkers and semantically-anomalous sen-
tences from two talkers. The stimuli were produced by two
adult male, two adult female, and two child female talkers.
Each of these three groups contained one high intelligibility
talker and one low intelligibility talker �based on earlier re-
sults from Hazan and Markham, 2004�. These stimulus ma-
terials were presented to CI users and normal-hearing listen-
ers. Normal-hearing listeners heard the speech either mixed
with multi-talker babble at a favorable signal-to-noise ratio
or under CI simulation. Green et al. �2007� reported that
intelligibility was relatively consistent across listeners and
degradation types. These two studies suggest that at least
some talker characteristics that promote intelligibility are
beneficial across listener populations and listening condi-
tions. The present study continues this line of inquiry by
comparing the intelligibility of speech mixed with multi-
talker babble to the intelligibility of CI-simulated speech for
a larger number of talkers.

B. Perceptual learning

Several recent studies have found that listeners demon-
strate both talker-dependent and talker-independent percep-
tual learning of speech �e.g., Bradlow and Bent, 2008; Norris
et al., 2003�. With respect to talker-dependent learning, as
listeners become more familiar with a talker’s voice their
word recognition accuracy increases �Bradlow and Bent,
2008; Nygaard et al., 1994; Nygaard and Pisoni, 1998�.
These studies use overall intelligibility to assess adaptation,
so it was not possible to determine how the specific experi-
ence with the talkers’ voices enabled the listeners to improve
their ability to identify those talkers’ words. Other work us-
ing synthetic manipulations for specific phoneme contrasts
suggests that listeners adjust their phonemic category bound-
aries in talker-specific ways �e.g., Eisner and McQueen,
2005; Norris et al., 2003�. These studies suggest that using
lexical knowledge, listeners shift their category boundaries
as needed for particular talkers.

The effect of linguistic experience has also been found
to be talker-independent. Talker-independent learning has
been shown for adjustments to phoneme category boundaries
for native-accented speech �Kraljic and Samuel, 2006, 2007�.
Furthermore, a beneficial effect of experience on speech in-
telligibility has been shown for listeners with extensive ex-
perience listening to foreign accented speech �Bradlow and
Bent, 2008; Clarke and Garrett, 2004; Weil, 2001�, speech
produced by talkers with hearing impairments �McGarr,
1983�, speech synthesized by rule �Schwab et al., 1985;
Greenspan et al., 1988�, and computer manipulated speech
�Dupoux and Green, 1997; Pallier et al., 1998�. Critically,
this benefit has been reported to extend to new talkers and to
new speech signals created using the same types of signal

degradation �Bradlow and Bent, 2008; Francis et al., 2007;
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Greenspan et al., 1988; McGarr, 1983�. Of particular rel-
evance to the current study, listeners also show rapid adap-
tation to noise-vocoded speech �Davis et al., 2005; Hervais-
Adelman et al., 2008�. In the study of Davis et al. �2005�
perceptual adaptation occurred without feedback across 30
sentences and was enhanced by feedback either in the form
of an orthographic presentation of the stimulus or repetition
of an unprocessed version of the stimulus. Adaptation was
stronger with meaningful sentences than non-word sentences
although adaptation with words was the same with real
words and non-words �Hervais-Adelman et al., 2008�. Other
training studies have also shown that the amount of percep-
tual learning depends on the type of materials listeners are
trained with �Loebach and Pisoni, 2008�.

Investigating listeners’ adaptation to new talkers and the
conditions that allow for this adaptation provides valuable
information about the robustness and extent of plasticity in
the speech perception system. Furthermore, uncovering the
conditions that are most beneficial to adaptation can poten-
tially help in the development of training programs for lis-
teners with speech perception difficulties such as listeners
with hearing impairment or second language learners. We
addressed this type of perceptual adaptation in the present
study by comparing performance on an initial group of sen-
tences in a novel listening condition to performance after the
listener has been exposed to the condition for many sen-
tences. The results of previous studies suggest that we should
observe significantly better performance after exposure to a
novel listening condition. Furthermore, we investigated per-
formance over the time-course of the experiment to deter-
mine the asymptote for adaptation by calculating perfor-
mance in blocks of ten sentences �i.e., performance in the
first ten sentences, second ten sentences, etc.�.

While the studies reviewed above on perceptual learning
of speech have demonstrated a great deal of flexibility of
listeners’ perceptual systems, they have typically focused on
only one talker and only one type of signal degradation. In
the current study, we addressed these gaps in two ways. First,
we investigated adaptation across a large number of talkers
to determine the extent of variation in perceptual adaptation
to different talkers. Second, we compared how these differ-
ences in perceptual adaptation to different talkers may be
affected by two different types of signal degradation. One
type of signal degradation, CI-simulated speech, was se-
lected because the perceptual adaptation of CI users is a topic
that is still relatively unexplored, and attempts to understand
their perceptual adaptation should be helpful in creating
training protocol for individuals with CIs; synthesizing
speech with a CI simulator for unimpaired subjects is a use-
ful tool for addressing the issues with this population �Dor-
man and Loizou, 1998; Dorman et al., 1997; Shannon et al.,
1995�. The second type of signal degradation, mixing speech
with multi-talker babble, was selected to be an ecologically
valid degradation method that would provide a comparison
with the CI-simulated speech; this will allow us to address
whether individuals adapt to all types of signal degradation
in the same way by determining whether the speakers to
whom adaptation is more robust are the same in each condi-

tion. These forms of degradation are similar in that they both
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make spectral detail less accessible. However, vocoding and
the addition of multi-talker babble degrade the signal in dif-
ferent ways: spectral broadening and masking, respectively.

C. The present study

In this paper, we report on an investigation of how talker
characteristics interact with degradation type to determine
speech intelligibility and perceptual adaptation. One of the
aims of this experiment was to determine whether and how
inter-talker differences in intelligibility change depending on
the type of degradation �i.e., CI-simulated speech versus
speech mixed with multi-talker babble�. The second aim of
this study was to investigate how across talker differences
and signal degradation type affect perceptual adaptation. Un-
derstanding how the interaction of talker characteristics and
listening environment influences intelligibility and percep-
tual adaptation is an important goal in identifying the factors
that contribute to speech perception and learning.

In the current experiment, intelligibility scores for ten
male and ten female talkers were compared under two listen-
ing conditions: CI-simulation and multi-talker babble. Lis-
teners were presented with speech from only one talker in
one listening condition. Four hundred listeners were tested in
total: 200 listeners for each listening condition. Intelligibility
scores were compared across listening conditions, and the
extent of adaptation to the speech over the time-course of the
experiment was assessed.

II. METHOD

A. Stimuli

The experimental materials were sentences taken from
the Indiana Multi-talker Sentence Database �Karl and Pisoni,
1994�. This database includes recordings of 100 Harvard
sentences �IEEE, 1969� produced by 20 talkers �10 male and
10 female�, with a total of 2000 sentences. All talkers were
speakers of general American English. The sentences were
processed in two ways to assess speech intelligibility under
CI-simulated listening conditions and when mixed with
multi-talker babble.

B. CI-simulation

For the CI-simulation condition, each sentence was pro-
cessed through an eight-channel sinewave vocoder using the
CI simulator TIGERCIS �http://www.tigerspeech.com/�. Stimu-
lus processing involved two phases: an analysis phase, which
used band pass filters to divide the signal into eight nonlin-
early spaced channels �between 200 and 7000 Hz,
24 dB/octave slope� and a low pass filter to derive the am-
plitude envelope from each channel �400 Hz, 24 dB/octave
slope�, and a synthesis phase, which replaced the frequency
content of each channel with a sinusoid that was modulated
with its matched amplitude envelope. The eight-channel
simulation was chosen because on average normal-hearing
listeners perform similar to CI users when listening to eight-
channel simulations compared to greater or fewer numbers of
channels �Dorman et al., 1997�. Furthermore, a sine-wave

vocoder was employed rather than noise-band vocoder be-

2662 J. Acoust. Soc. Am., Vol. 126, No. 5, November 2009
cause sine-wave vocoders also approximate CI user perfor-
mance more closely than noise-band vocoders �Gonzalez and
Oliver, 2005�. However, it should be noted that this simula-
tion is not an entirely accurate representation of the informa-
tion presented to CI users. Specifically, due to the spectral
side-bands around the sine-wave carriers, more information
regarding the fundamental frequency is available in the
simulation than is through a CI. The availability of this in-
formation may affect the intelligibility of speech in ways that
are not representative of CI processing.

C. Multi-talker babble

For the multi-talker babble condition, the original sen-
tences were mixed with six-talker babble �three male and
three female talkers� at a signal-to-noise ratio of 0. The same
babble file was used for each of the 2000 sentences. None of
the talkers included in the babble file were the same as the
target talkers. This signal-to-noise ratio was chosen based on
pilot data in which the intelligibility of the sentences mixed
with multi-talker babble was matched with intelligibility of
the eight-channel CI-simulated sentences. The speech in this
condition was not processed.

D. Participants

Four hundred normal-hearing listeners participated in
this study �268 females and 132 males with an average age
of 21.4 years�. All listeners were native speakers of English
and reported no current speech or hearing impairments at the
time of testing. The majority of the participants were from
the mid-west and indicated their place of birth as Indiana
�n=191�, Illinois �n=50�, Ohio �n=13�, Michigan �n=13�,
Minnesota �n=6�, Missouri �n=6�, Wisconsin �n=3�, Iowa
�n=3�, or Kansas �n=2�. The remaining participants were
from the south �n=40�, northeast �n=29�, west �n=21�, the
U.S., state not specified �n=6�, or outside of the U.S. �n
=7�. Ten participants did not indicate their place of birth.
Most of the participants did not speak a foreign language, but
22 indicated knowing one language other than English.
These languages included Spanish �n=8�, Urdu �n=3�, Chi-
nese �n=1�, French �n=1�, German �n=1�, Italian �n=1�,
Korean �n=1�, Polish �n=1�, Japanese �n=1�, Swedish �n
=1�, and Arabic �n=1�. Two of the participants indicated
knowing two foreign languages: Hebrew/Spanish �n=1� and
Bengali/Hindi �n=1�. Listeners were either paid $5.00 for
their participation or received course credit in an introduc-
tory psychology course. Participants were undergraduate stu-
dents at Indiana University or members of the greater
Bloomington community. In the CI-simulation condition,
four subjects’ data were removed because they were deter-
mined to be outliers �their keyword correct score was at least
three standard deviations below the mean for that talker�.
Their data were replaced by data from four new listeners.

E. Experimental task

In each condition, a talker’s intelligibility was assessed
by examining the performance of ten normal-hearing listen-
ers on a sentence transcription task �20 talkers�2 degrada-

tion conditions�10 listeners=400 listeners total�. Each lis-
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tener was presented with speech from one condition �i.e.,
CI-simulation or multi-talker babble� and heard only one
talker during the course of the experiment, allowing us to
assess differences in adaptation across talkers. During test-
ing, each participant wore Beyer Dynamic DT-100 head-
phones while sitting in front of a Power Mac G4. Each sen-
tence was played over the headphones followed by a dialog
box presented on the screen, which prompted the listener to
type what he or she heard. Each sentence was presented once
in a randomized order. The experiment was self-paced so
participants could take as long as needed to enter a response.
Listeners were not provided with feedback as to the accuracy
of their responses. Prior to the first experimental trial, par-
ticipants were familiarized with the type of degradation by
hearing two familiar nursery rhymes �“Jack and Jill” and
“Star Light, Star Bright”� produced by a talker not included
in the Hoosier Multi-Talker Sentence Database or in the
multi-talker babble, which had been processed in the same
manner as the sentences in their experimental condition.
During familiarization, listeners were not required to make
any responses.

F. Scoring

The responses were scored based on number of key-
words correct. Each test sentence has five keywords. Key-
words were only counted as correct if all and only the correct
morphemes were present. Words with added or deleted mor-
phemes were counted as incorrect. Obvious misspellings and
homophones were counted as correct.

III. RESULTS

The results under the two types of degradation were
compared in several ways. First, intelligibility across talkers
under the two types of degradation was compared in order to
determine whether high and low intelligibility talkers in one
condition are also the high and low intelligibility talkers in
the other condition. Second, male speakers were directly
compared with the female speakers in terms of intelligibility;
gender was shown to be a significant predictor of intelligi-
bility under quiet listening conditions �Bradlow et al., 1996�.
Third, we examined the extent of perceptual adaptation un-
der each experimental condition by comparing performance
on the first 20 sentences with performance on the last 20
sentences. Differences in perceptual adaptation between the
two conditions were also compared. We compared perfor-
mance in ten blocks of ten sentences each to assess perfor-
mance over the time-course of the experiment to investigate
the rate of perceptual adaptation.

A. Comparison of intelligibility between the CI-
simulation and multi-talker babble conditions

The intelligibility scores from the two conditions, CI-
simulation and multi-talker babble, were compared. The key-
word accuracy scores for the CI-simulated condition and the
multi-talker babble condition were significantly correlated
�r=0.73, p�0.001�. Talkers who were highly intelligible un-
der one type of degradation, CI-simulation, also tended to

also be highly intelligible under the other type of degrada-
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tion, multi-talker babble. A scatterplot of the keyword intel-
ligibility scores in the two degradation conditions is shown
in Fig. 1. It should be noted that different listeners were used
for the two conditions. Therefore, potentially confounding
listener variables were introduced �i.e., differences in dialect
and other linguistic experiences across listeners�.

The intelligibility scores for each talker in the CI-
simulation condition and the multi-talker babble conditions
were also compared to intelligibility scores in the quiet
�gathered by Karl and Pisoni, 1994�. Here sentence intelligi-
bility was considered rather than keyword intelligibility as
Karl and Pisoni �1994� only reported sentence intelligibility
scores �due to a lack of variation in keyword correct scores�.
Intelligibility scores in quiet were not significantly correlated
with intelligibility in the CI-simulation condition �r=0.35,
ns� and were not significantly correlated with intelligibility
in multi-talker babble condition �r=0.36, ns�. However, it
should be noted that the range of intelligibility scores in the
quiet was relatively small.

B. Gender differences

The data from both the CI-simulation and multi-talker
babble conditions revealed that female talkers were more in-
telligible than male talkers. In the CI-simulation condition,
female talkers �mean=84%, SD=11� were significantly more
intelligible than male talkers �mean=77%, SD=11; t�198�
=4.61, p�0.001�. Similarly, female talkers �mean=81%,
SD=14� were more intelligible than male talkers �mean
=65%, SD=13; t�198�=8.47, p�0.001� in the multi-talker
babble condition. The gender difference in quiet, shown pre-
viously in Bradlow et al. �1996� with the same talkers, is
maintained under the two forms of signal degradation tested
here.

C. Perceptual adaptation

In addition to overall speech intelligibility, adaptation to
the speech in each condition was assessed by examining im-
provement from the first 20 sentences to the last 20 sen-
tences, a measure of perceptual adaptation. For the CI-
simulation condition, this analysis revealed significant

FIG. 1. Comparison of keyword intelligibility for the two degradation con-
ditions, CI-simulated speech and speech mixed with multi-talker babble.
Intelligibility scores under these two conditions were significantly corre-
lated.
adaptation, with significantly more keywords correct in the
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last 20 sentences �mean=84%, SD=11� than in the first 20
sentences �mean=73%, SD=15; t�19�=16.6, p�0.001�.
Thus, listeners adapted to the CI-simulated speech without
explicit feedback. An adaptation score was also calculated by
subtracting the keywords correct in the first 20 sentences
from the keywords correct in the last 20 sentences divided by
keywords correct in the first 20 sentences. While listeners
adapted to all talkers, a great deal of variation was observed
in the extent of adaptation across individual talkers, with
adaptation scores ranging from 0.05 to 0.44 for individual
talkers. These data are shown in Fig. 2.

As with the CI-simulation condition, the perceptual ad-
aptation analysis with the data from the multi-talker babble
condition also revealed rapid adaptation, with significantly
more keywords correct in the last 20 sentences �mean
=75%, SD=13� than in the first 20 sentences �mean=69%,
SD=16; t�19�=6.45, p�0.001�. Again, listeners rapidly
adapted to the speech without explicit feedback. A great deal
of variation was also observed in the extent of adaptation for
the talkers, with adaptation scores ranging from 0.00 to 0.30
for individual talkers. These data are shown in Fig. 3.

In addition to assessing perceptual adaptation in each
condition, we also compared the extent of adaptation in the
two degradation conditions using the adaptation scores. A
paired t-test revealed that listeners showed greater perceptual
adaptation in the CI-simulated listening condition �mean
=0.16, SD=0.11� than in the multi-talker babble condition

FIG. 2. Adaptation scores for the CI-simulated listening conditions. Talkers
are ordered on the x-axis from left to right by their adaptation scores in the
CI-simulation condition. While listeners adapted to the speech from all talk-
ers, the extent of adaptation depended on the particular talker.

FIG. 3. Adaptation scores for speech mixed with multi-talker babble. The
talkers are ordered on the x-axis based on their adaptation scores in the
multi-talker babble condition, decreasing from left to right. While listeners
adapted to the speech from all talkers, the extent of adaptation depended on

the particular talker.
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�mean=0.12, SD=0.10; t�19�=2.68, p=0.015�. Furthermore,
when comparing each talker’s adaptation scores between the
two degradation conditions, the extent of adaptation in the
two conditions was significantly correlated �r=0.68, p
=0.001�.

The vast majority of individual listeners showed im-
provement over the time-course of the experiment. In the
CI-simulation condition, 91% of listeners showed adaptation
scores above zero while in the multi-talker babble condition
slightly fewer individuals showed improvement with 84% of
adaptation scores above zero. Of the listeners who did not
show adaptation across the course of the experiment �9% of
listeners in the CI-simulation condition and 16% of listeners
in the multi-talker babble condition�, some listeners were at
near ceiling level within the first 20 sentences, leaving little
room for improvement over the time-course of the experi-
ment. In the CI-simulation condition 7 of the 18 listeners
who did not show perceptual adaptation were at 90% correct
or above in the first 20 sentences and 12 of the 32 listeners
showing no improvement in the multi-talker babble condi-
tion were at 90% or better in the first 20 sentences.

In addition to investigating performance during the be-
ginning and the end of the experiment, we also examined the
pattern of perceptual adaptation across the entire experiment
by comparing performance for each block of ten sentences
�i.e., Block 1=first ten sentences, Block 2=second ten sen-
tences, etc.�. This analysis allowed us to determine the point
at which listeners reached asymptote in each condition and to
compare the shape of the adaptation curves in each condi-
tion. The perceptual adaptation curves are shown in Fig. 4.

A repeated-measures analysis of variance �ANOVA� was
conducted on these data with block as the within-subject
repeated measure and condition �CI-simulation versus multi-
talker babble� as the between-subjects variable. Results re-
vealed main effects of block �F�9,398�=77.84, p�0.001�
and condition �F�1,398�=29.61, p�0.001� as well as an in-
teraction between block and condition �F�9,398�=4.46, p
�0.05�. Because we found a significant interaction, separate
repeated measures ANOVAs were conducted on the data
from the two conditions.

For the CI-simulation condition, the effect of block was
highly significant �F�9,199�=60.96, p�0.001�. Post-hoc
pairwise comparisons with Bonferroni correction were made
between each of the blocks in order to determine the asymp-
tote. From these comparisons, listeners reached asymptote at
the sixth block of sentences. That is, performance in the sixth
block of sentences was not significantly different from any
later blocks in the experiment, which also did not differ from
one another. While listeners showed considerable adaptation
across the first 60 sentences in the experiment �starting at
70% correct in the first ten sentences with gains to 83%
correct in the sixth block of sentences�, there was no further
improvement observed after the sixth block �performance in
the tenth block was only 1% higher than in the sixth block�.

For the multi-talker babble condition, the effect of block
was also highly significant �F�9,199�=23.18, p�0.001�.
Pairwise comparisons revealed that listeners reached asymp-
tote earlier in the experiment in this condition compared to

the CI-simulation condition. In the multi-talker babble con-
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dition, Block 4 did not differ from any of the blocks later in
the experiment, which also did not differ from one another.
Listeners showed considerable adaptation in the first 40 sen-
tences in the experiment �starting at 67% correct in the first
ten sentences with gains to 74% in the fourth block of sen-
tences�. However, listeners showed little additional adapta-
tion later in the experiment as performance only increased
1% from Block 4 �74%� to Block 10 �75%�.

Comparisons were also made between the two condi-
tions for each block using independent samples t-tests. Be-
cause of the large number of t-tests, Bonferroni correction
was applied which indicated that p-values must be 0.005 or
less to be considered significant. Comparisons across the two
conditions showed that performance in the first block of ten
sentences was not different in the two conditions �t�398�
=2.12, ns�. However, performance was significantly higher
in the CI-simulation condition compared to the multi-talker
babble condition in Blocks 2–10 �p�0.001�.

While the above analyses collapsed across male and fe-
male talkers, we wanted to investigate how learning across
the experiment was affected by talker gender. Figure 5 shows
learning across the time-course of the experiment in the two
conditions divided by gender. It becomes clear that both ini-
tial and final performances are least accurate for male talkers
when heard in multi-talker babble.

Results from the analyses of the perceptual adaptation
revealed mostly similarities and some differences across the
two degradation conditions. Adaptation scores across talkers
were correlated for the two degradation conditions, and the
adaptation effect was very robust. On average, listeners
showed adaptation for nearly all talkers. Moreover, nearly all
listeners showed adaptation over the time-course of the ex-
periment. While the adaptation scores were correlated be-

FIG. 4. Perceptual adaptation curves for the CI-simulation condition and
sentences is shown �each composed of ten sentences�. The y-axis displays p
tween the two conditions, listeners showed greater adapta-
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tion in the CI-simulation condition than in the multi-talker
babble condition and showed the least accurate performance
across the experiment for the male talkers in the multi-talker
babble condition. Moreover, listeners reached asymptote
later in the CI-simulation condition compared with the multi-
talker babble condition.

IV. GENERAL DISCUSSION

Results from the current study suggest that across-talker
differences in speech intelligibility are maintained across two
types of signal degradation. Talkers who were found to be
highly intelligible under CI-simulation were also highly in-
telligible when their speech was presented in multi-talker
babble. Our findings support the recent conclusions of Green
et al. �2007� who suggest that inter-talker differences are
maintained across different listener groups �i.e., CI users,
normal-hearing listeners presented with speech in a low level
of babble or with CI-simulated speech�. The present results
replicated their earlier findings in a larger talker sample us-
ing sentence length materials. The overall patterns in our
study diverge from previous studies examining relative intel-
ligibility among talkers from different language back-
grounds, indicating that speech intelligibility rankings may
change depending on listener language background �Bent
and Bradlow, 2003; Imai et al., 2003; van Wijngaarden,
2001; van Wijngaarden et al., 2002; cf. Major et al., 2002;
Munro et al., 2006�. However, we suspect that some factors
such as language background may result in stronger talker-
listener interactions compared with other factors such as
hearing loss. If this is the case, then native listeners from the
same speech community—regardless of their hearing
status—will find the same talkers most intelligible, but lis-

-talker babble condition. On the x-axis performance for the ten blocks of
rtion correct for keywords.
multi
ropo
teners from different language backgrounds, especially na-
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n sen
tive and non-native listeners, may find different talkers most
intelligible. The results from the present study reveal that
intelligibility under multi-talker babble listening conditions
is correlated with intelligibility under CI-simulation. How-
ever, as both of the degradation types tested here make the
spectral detail in the speech signal less available, the extent
to which this result can be generalized to other types of deg-
radation remains an empirical issue. It should also be noted
that different listeners were included in the two degradation
conditions. As previous studies have found that factors about
the listener can influence intelligibility, it may be the case
that the results found here were influenced by across-
listeners differences. A match in linguistic experiences of the
talker and listener could have enhanced intelligibility scores
for certain talkers, whereas a mismatch could have caused an
intelligibility decrement. However, all listeners were native
speakers of American English, and all talkers were speakers
of general American English. Recent findings on the intelli-
gibility of different American English dialects suggest that
there is not an interaction between the dialect of the talker
and the listener �Clopper and Bradlow, 2008�.

Although mixing speech with multi-talker babble is typi-
cally considered an ecologically valid process for degrading
speech, it should be noted that the same recordings—
collected in quiet conditions—were used in the quiet and
multi-talker babble listening conditions. Therefore, modifica-
tions that talkers make when they speak in noisy environ-
ments �e.g., Lombard speech: Junqua, 1993; Lane and
Tranel, 1971; Lane et al., 1970; Lombard, 1911; Summers
et al., 1988� were not performed in these recordings. In gen-
eral, when listening in noise, speech produced in noise tends
to be more intelligible than speech produced in the quiet
�Summers et al., 1988�. Furthermore, certain talkers are

FIG. 5. Perceptual adaptation curves for the CI-simulation condition and m
performance for the ten blocks of sentences is shown �each composed of te
more effective at making modifications and adjustments that
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help listeners in noisy environments when they are produc-
ing speech with noise present. Moreover, females generally
tend to produce more intelligible Lombard speech than males
�Junqua, 1993�. Similarly, some talkers are better at making
their speech highly intelligible when asked to speak clearly
for listeners with hearing loss compared to the intelligibility
of their speech when asked to speak conversationally �Fer-
guson, 2004; Picheny et al., 1985; Uchanski et al., 1996�.

The remainder of this section explores two issues raised
by the data reported here. In particular, we address the issues
of perceptual adaptation and the observed gender differences.

A. Perceptual adaptation

Listeners with normal hearing are able to quickly adapt
and accurately perceive speech under a variety of different
listening conditions. In the present experiment, the analysis
of adaptation to the degraded speech revealed the flexibility
of the speech perception system. Even in the absence of any
feedback, listeners recognized the talker’s utterances more
accurately after several minutes of exposure to the experi-
mental stimuli �i.e., last 20 sentences� compared to the be-
ginning of exposure to these stimuli �i.e., first 20 sentences�.
The extent of perceptual adaptation varied for each talker
and in each type of signal degradation. It should be noted
that for both degradation conditions, each listener in the ex-
periment was only exposed to the speech of one talker.
Therefore, the adaptation observed in the experiment is
likely a result of adaptation to talker specific characteristics
as well as adaptation to the degradation condition.

Listeners showed greater perceptual adaptation in the
CI-simulation condition than in the multi-talker babble con-
dition. However, the correlation between the talkers’ adapta-

alker babble condition divided into male and female talkers. On the x-axis
tences�. The y-axis displays proportion correct for keywords.
ulti-t
tion scores in the two degradation conditions was positive
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and significant. One likely source of the greater adaptation in
the CI-simulation condition compared to the multi-talker
babble condition is the novelty of the former type of degra-
dation. The listeners in the current study had never experi-
enced CI-simulated listening conditions before participating
in the experiment, whereas listeners have had experience
perceiving speech in environments with competing talkers.
Thus, listeners are already practiced at picking out a given
talker in noisy listening environments that are similar to the
multi-talker babble condition, and must only adapt to the
specifics of the multi-talker babble added to the speech in the
experiment. Listeners are unlikely to learn a new listening
strategy in this experiment, whereas the exposure to CI-
simulated speech provided in this experiment was their first
experience with this form of degradation. Therefore, they
may have been able to acquire a new listening strategy dur-
ing the course of the exposure to the CI-simulated speech.
Evidence for this hypothesis comes from the finding that
listeners continued to learn further into the experiment �i.e.,
they reached asymptote in the sixth block� in the CI-
simulation condition compared with the multi-talker babble
condition �i.e., they reached asymptote in the fourth block of
sentences�. The initial steep gains seen in both conditions
may be a result of procedural learning while later learning
may be a consequence of perceptual learning involving
learning to better extract information from the degraded
stimuli �Francis and Nusbaum, 2002�. Another reason for the
greater adaptation in the CI-simulation condition compared
with the multi-talker babble condition is that the manipula-
tion in the CI-simulation condition is a less variable and
more predictable form of degradation than the multi-talker
babble condition. Once a listener learns how the speech had
been degraded in the CI-simulation condition, she can reli-
ably use this information to more successfully interpret fu-
ture utterances. In contrast, the way the multi-talker babble
interacts with the target speech stimulus changes from sen-
tence to sentence, which may hinder a listener’s ability to
apply knowledge learned from one sentence to the next.
However, since the babble file that was mixed with the
speech was the same from trial to trial, listeners may have
been able to generalize their knowledge of the specifics of
the babble noise from sentence to sentence �see Felty et al.,
2009�. Although listeners showed robust learning for talkers
in both conditions, the performance at the beginning and end
of the experiment for the male talkers in the multi-talker
babble condition was significantly lower than for female
talkers in multi-talker babble or talkers from either gender in
the CI-simulation condition.

It is worth noting that the listeners in this experiment did
not receive any feedback, which suggests that they may have
taken advantage of semantic and syntactic cues to enable
them to learn how to perceive the speech under the two deg-
radation conditions. Results from Davis et al. �2005� demon-
strate that greater learning is observed in cases with mean-
ingful sentences compared with non-word sentences, in
which all words are non-words, or Jabberwocky sentences, in
which only content words are replaced with non-words but
real English function words remain. Davis et al. �2005� also

tested perceptual learning of CI-simulated speech without
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feedback but only assessed 30 sentences. The present results
add to their earlier findings by demonstrating that listeners
continue to learn up through exposure to 60 sentences with
eight-channel vocoded speech but then reach asymptote and
show no further learning on the final 40 sentences. For lis-
teners to achieve further gains, the inclusion of appropriate
feedback would presumably be necessary.

In terms of generalizing about perceptual adaptation dif-
ferences between babble and CI-simulation, it is worth not-
ing that the experimental design employed here was a
between-subjects design in which participants were exposed
to only one type of signal degradation. While this method-
ological choice allowed us to fully explore the time-course
and extent of perceptual adaptation to a given talker with a
specific type of signal degradation as well as inter-talker dif-
ferences, it does not allow us to definitively state whether
one type of noise yields greater perceptual adaptation. Fur-
ther research is required to explore this issue more fully.

The findings from the current study suggest that results
from perceptual learning experiments using only one talker
should be regarded with some caution, particularly with re-
spect to the size of the perceptual learning effect. Most per-
ceptual learning studies only use one talker or do not explic-
itly explore inter-talker differences. In line with our findings
for degraded speech, Bradlow and Bent �2008� recently
found that the extent of adaptation to foreign accented
speech varied across talkers. Specifically, they found that the
adaptation was greater for talkers with higher overall intelli-
gibility. The issue of how perceptual learning is affected by
overall intelligibility should be further explored with regard
to the perception of degraded speech.

B. Talker gender

Previous studies have reported that adult female talkers
are more intelligible than adult male talkers for normal-
hearing adult and child listeners both in quiet and in low
levels of noise �Bradlow et al., 1996; Hazan and Markham,
2004� and for Lombard speech �Junqua, 1993�. This result
has been consistently observed across different types of ma-
terials �i.e., both words and sentences�. The findings from the
current study are consistent with these previous results and
support the claim that female talkers tend to be more intelli-
gible than male talkers in tests of talker intelligibility. The
present study adds to the previous findings by demonstrating
that this result holds under two types of signal degradation
�e.g., under CI-simulation and with speech mixed with multi-
talker babble�. However, it should be noted that the same
talkers were used in the current experiment as in the study of
Bradlow et al. �1996�

The source of the gender difference is not known at this
point. It is possible that female talkers are generally more
intelligible than their male counterparts because of physical
differences in the vocal tracts. However, the gender differ-
ences could stem from a learned source of behavior. For
example, female talkers could make more extreme articula-
tory adjustments that result in more intelligible speech at the
segmental level. If this latter type of explanation is the

source of this difference, it would suggest that male talkers
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could possibly be taught to alter their articulatory patterns to
increase their intelligibility. Furthermore, it remains possible
that women produce speech differently than men when being
recorded by adopting a clearer speaking style even when not
explicitly instructed to. More work is needed to resolve this
issue.

V. CONCLUSIONS

The present results suggest that across-talker intelligibil-
ity differences are maintained under two types of signal deg-
radation. High intelligibility talkers under CI-simulation also
tended to be high intelligibility talkers in multi-talker babble
listening conditions. These results replicate and extend the
earlier intelligibility results of Green et al. �2007� by dem-
onstrating that for a large number of talkers, intelligibility
scores were significantly correlated for simulated CI listeners
and normal-hearing listeners in noise. Furthermore, listeners
were found to adapt rapidly to speech in both the CI-
simulated and multi-talker babble conditions although
greater perceptual adaptation was observed in the CI-
simulation condition than in the multi-talker babble condi-
tion, and the extent of adaptation differed widely across talk-
ers and listeners.
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