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Speech recognition performance was measured in normal-hearing and cochlear-implant listeners
with maskers consisting of either steady-state speech-spectrum-shaped noise or a competing
sentence. Target sentences from a male talker were presented in the presence of one of three
competing talkers 共same male, different male, or female兲 or speech-spectrum-shaped noise
generated from this talker at several target-to-masker ratios. For the normal-hearing listeners,
target-masker combinations were processed through a noise-excited vocoder designed to simulate a
cochlear implant. With unprocessed stimuli, a normal-hearing control group maintained high levels
of intelligibility down to target-to-masker ratios as low as 0 dB and showed a release from masking,
producing better performance with single-talker maskers than with steady-state noise. In contrast, no
masking release was observed in either implant or normal-hearing subjects listening through an
implant simulation. The performance of the simulation and implant groups did not improve when
the single-talker masker was a different talker compared to the same talker as the target speech, as
was found in the normal-hearing control. These results are interpreted as evidence for a significant
role of informational masking and modulation interference in cochlear implant speech recognition
with fluctuating maskers. This informational masking may originate from increased target-masker
similarity when spectral resolution is reduced. © 2004 Acoustical Society of America.
关DOI: 10.1121/1.1772399兴
PACS numbers: 43.66.Dc, 43.66.Ts 关KWG兴

I. INTRODUCTION

Speech recognition by cochlear-implant users has improved significantly over the past decade as a result of advances in technology, with scores averaging 70%– 80% for
sentences in quiet. However, the ability of most implant users to understand speech in noisy environments remains
quite poor. In general, cochlear-implant listeners require
much higher target-to-masker ratios than normal-hearing listeners to achieve similar levels of performance on speech
recognition tasks in noise 共Kessler et al., 1997; Dorman
et al., 1998; Zeng and Galvin, 1999兲. Poor performance in
noise in cochlear-implant listeners is due, at least partially, to
the limited number of electrodes that can be safely inserted
into the cochlea and the spectral mismatch from the warped
frequency-to-electrode allocation 共Shannon et al., 2001;
Friesen et al., 2001; Garnham et al., 2002兲. When normalhearing subjects listened to an eight-channel implant simulation, their speech recognition scores for sentences embedded
in steady-state speech-shaped noise dropped from 100% correct in quiet to 55% correct at ⫹2 dB signal-to-noise ratio,
and to 16% correct at ⫺2 dB signal-to-noise ratio 共Dorman
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et al., 1998兲. Compared to eight channels required to achieve
maximum speech recognition in quiet, 12 or more channels
were required to achieve maximum performance for speech
in noise 共Dorman et al., 1998; Fu et al., 1998兲. Potential
masking effects and mechanisms contributing to the poor
performance by cochlear-implant subjects in noise are described below.
Energetic masking is thought to be a peripheral masking
phenomenon that occurs when energy from two or more
sounds overlaps both spectrally and temporally, thereby reducing signal detection. Studies on speech intelligibility in
noise with hearing impaired and cochlear-implant listeners
have typically used energetic maskers. When steady-state
speech-spectrum-shaped noise 共SSN兲, one of the most effective energetic maskers of speech, is presented as a masker,
the difference in the speech recognition threshold between
normal-hearing and hearing-impaired listeners ranges from 2
to 5 dB 共e.g., Glasberg and Moore, 1989; Plomp, 1994兲.
Much larger differences of 7–15 dB can be found when the
background fluctuates in intensity 共Duquesnoy, 1983; Takahashi and Bacon, 1992; Eisenberg et al., 1995兲. When the
masking noise is speech, dips in intensity can occur during
brief pauses between words or during the production of lowenergy phonemes such as stop consonants. Spectral dips can
occur in the valleys between formant peaks, or at low frequencies during the production of fricative sounds. Normal-
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hearing listeners have the ability to take advantage of these
brief intensity and/or spectral dips to produce improved
speech intelligibility and release from masking. In contrast,
hearing-impaired listeners show little or no masking release
with fluctuating background sounds 共Duquesnoy, 1983; Festen, 1987; Festen and Plomp, 1990; Hygge et al., 1992兲. In
addition to their higher thresholds in quiet and, consequently,
poorer signal-to-noise ratios during the dips of the masker,
the lack of masking release and the poorer performance of
hearing-impaired listeners has been attributed to a loss of
spectral and temporal resolution 共Festen and Plomp, 1990兲.
More recent studies, however, have found that fluctuating maskers do not always allow masking release even in
normal-hearing listeners. For example, some studies have
found greater masking with a single competing talker than
with SSN in normal-hearing individuals 共Brungart, 2001;
Hawley et al., 2004兲. It is believed that the poorer performance with single-talker maskers is due to a combination of
‘‘energetic masking’’ 共resulting from overlap of the target
and masker in the auditory periphery兲 and a second type of
masking called ‘‘informational masking’’ 关resulting from
competition between the target and masker at more central
stages of auditory processing 共e.g., Brungart, 2001兲兴.
Traditionally, informational masking had been defined
as a higher-level masking phenomenon that arises from
masker uncertainty in detection tasks 共Pollack, 1975; Watson
et al., 1976兲. In terms of speech perception, the temporal and
spectral pattern in a competing voice is much less predictable
than in a SSN masker. This variation might make it more
difficult for the listener to develop certain knowledge about
the competitor, and hence the listener may experience more
difficulty segregating the target from competing sounds. Another component of informational masking with single-talker
maskers can be attributed to the linguistic nature of the
masker. Brungart 共2001兲 observed that when listeners were
asked to identify the closed-set number and color categories
of a target phrase masked by a simultaneous phrase from the
same corpus of materials, they often reported one of the
words in the masker phrase, as opposed to a random response. Finally, informational masking is believed to occur
when the listener is unable to segregate the target’s components from those of the similar sounding masker. Thus temporal and spectral similarities between the masker and target
appear to play a role in informational masking 共Arbogast
et al., 2001; Brungart, 2001; Oh and Lufti, 2000; Kidd et al.,
2001兲.
Informational masking can be reduced by introducing a
cue that reduces the similarity between the target and masker.
For example, when two voices compete, it is easier to understand one voice if the competing voice has a different pitch,
or occupies a different fundamental frequency 共F0兲 range
共Assmann and Summerfield, 1990; Bird and Darwin, 1998;
Brokx and Nooteboom, 1982兲. Because cochlear-implant users do not receive a strong sensation of pitch through either
the temporal or the place coding mechanism 共Zeng, 2002兲,
they would have great difficulty separating voices with similar F0’s. In addition, due to the relatively small number of
spectral channels in cochlear implants, the formants and their
transitions are not well defined. Qin and Oxenham 共2003兲
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found that normal-hearing subjects listening to speech processed through a 4-, 8-, or 24-channel cochlear-implant
simulation had difficulty segregating a target sentence from a
competing voice. Normal-hearing subjects listening to simulated implant processing and cochlear-implant users may
therefore experience more informational masking with a
single-talker masker than has been found with normalhearing subjects listening to natural, unprocessed speech.
Greater informational masking can also occur when the
temporal modulation properties of competing sounds are
similar. Support for this conclusion comes from psychophysical studies investigating modulation interference 共Yost
et al., 1989兲. In two more recent studies, weaker masking
effects have been observed with unmodulated maskers compared to modulated noise with modulation rates similar to
those found in natural speech, but only when the target
speech was band-limited 共Kwon and Turner, 2001兲, presented to implant listeners, or presented as an implant simulation 共Nelson et al., 2003兲. Based on these results, it appears
that when the noise was modulated at speechlike rates, it
became perceptually indistinguishable from the spectrally
limited, processed speech.
The present study investigated speech recognition in
cochlear-implant and normal-hearing listeners using sentences masked by either SSN or one of three competing
voices with varying degrees of temporal and spectral similarity to the target speech. It was hypothesized that cochlearimplant users would experience greater difficulties with competing single-talker speech than SSN because of the greater
role of informational masking when spectral resolution is
reduced. The masking effects were evaluated in normalhearing listeners as a function of the number of noise bands
in a cochlear-implant simulation 共experiment 1兲 and in
cochlear-implant listeners 共experiment 2兲. The main objective was to determine if, and under what circumstances, listeners with reduced spectral information exploit temporal
and/or spectral differences to segregate competing speech
stimuli and thereby reduce informational masking.
II. EXPERIMENT 1: SPEECH RECOGNITION BY
NORMAL-HEARING SUBJECTS WITH SINGLETALKER AND SSN MASKERS
A. Methods

1. Listeners

Three groups of 25 young native English speakers 共five
subjects for each of the five channel conditions兲 were recruited from the Undergraduate Social Sciences Subject Pool
at the University of California, Irvine. All subjects reported
normal hearing. Subjects received course credit for their participation.
2. Test materials

Subjects listened to IEEE sentences 共Rothauser et al.,
1969兲 in two conditions: unprocessed and vocoderprocessed. All sentences in this study consisted of a subset of
the 72 phonetically balanced lists of ten sentences 共five keywords each兲 that were recorded by Hawley et al. 共1999兲. The
target sentences were spoken by a male talker in the presence
Stickney et al.: Speech recognition with speech maskers

of either steady-state, speech-spectrum-shaped noise 共SSN兲,
or a different sentence. Three different talkers and the SSN
generated from that talker were used as the maskers for each
of three groups of 25 listeners. The competing sentence
could be spoken by the same male talker as the target sentence 共mean F0⫽108 Hz兲, a different male talker 共mean F0
⫽136 Hz兲, or a female talker 共mean F0⫽219 Hz兲. The F0
values were estimated using a Matlab implementation of the
TEMPO algorithm 共Kawahara et al., 1999兲. The same competing sentence 共‘‘Port is a strong wine with a smoky taste’’兲
was used throughout testing to avoid confusion of the target
and masker sentences when the same male was used as the
masker. The SSN maskers were constructed by filtering
white noise with the masker sentence’s long-term spectral
envelope derived via a 20-order autocorrelation LPC analysis. The LPC approach removed the harmonicity and periodicity associated with F0 while producing the same long-term
spectrum as the masker sentence. The masker and target had
the same onset, but the masker’s duration was longer than all
target sentences. The level of the masker was set to approximately 65 dB SPL 共Brüel & Kjær 2260 Investigator sound
level meter; Brüel & Kjær Type 4152 artificial ear兲 and the
level of the target varied around 65 to 85 dB SPL depending
on the target-to-masker ratio 共TMR兲.
3. Signal processing

The unprocessed sentences and SSN were scaled to the
same root-mean-square value prior to reducing the target
sentence attenuation 共TDT-II PA4兲 to allow the following
TMR conditions: ⫹20, ⫹15, ⫹10, ⫹5, and 0 dB. The target
sentence was then mixed with the masking signal 共TDT-II
SM3兲. In the cochlear-implant simulation, the combined target and masking signal was processed by a real-time noiseexcited vocoder 共DSP sound card: Turtle Beach FIJI; Motorola DSP chip: DSP56311EVM兲. The mixed signal was
preemphasized using a first-order Bessel IIR filter with a
cutoff frequency of 1200 Hz and processed into 1, 2, 4 or 8
frequency bands using sixth-order elliptical IIR filters based
on the Greenwood map 共Greenwood, 1990兲. The bandpass
filter cutoff frequencies for the two-channel simulation were
300, 2009, and 10 000 Hz. For the four-channel simulation,
the cutoff frequencies were 300, 840, 2009, 4536, and 10 000
Hz. Cutoff frequencies for the eight-channel processor were
300, 519, 840, 1314, 2009, 3032, 4536, 6748, and 10 000 Hz.
The envelope from each band was extracted by half-wave
rectification followed by low-pass filtering using secondorder Bessel IIR filters at a 500-Hz cutoff frequency. The
envelope was then used to modulate a white noise carrier
processed by the same bandpass filter used for the original
analysis band. The envelope-modulated noise from each
band was then combined and delivered through headphones.
4. Procedure

The stimuli were presented monaurally to the right ear
through headphones 共Sennheiser HDA 200兲, with subjects
seated in an IAC sound booth. Prior to testing, subjects were
presented with three practice sessions of ten sentences each.
The subjects typed their response using the computer keyJ. Acoust. Soc. Am., Vol. 116, No. 2, August 2004

board and were encouraged to guess if unsure. Subjects were
instructed to correct typos and avoid misspellings. Their responses were collected and automatically scored by the percentage of the keywords correctly identified. In the first practice session, subjects listened to unprocessed sentences in
quiet at an average level of 65 dB SPL. Correct identification
of at least 85% of the sentence key words was required to
partake in the test session. Approximately 5% of the subjects
were disqualified based on this performance criterion. The
second and third practice sessions were used to familiarize
listeners with the specific masking and channel condition
that they were assigned to in the test session. Separate practice sessions were used for single-talker and noise maskers.
In both of the latter practice sessions, two sentences were
presented for each of the five TMR conditions used in the
actual experiment: 0, 5, 10, 15, and 20 dB. No score was
calculated for these two practice sets.
In the test session, each group of 25 subjects listened to
one of the three competing talkers in one session, and the
corresponding SSN in a separate session, with the order of
sessions randomized. Each session took approximately 30
min to complete. Within each group of 25 listeners, there
were five subjects for each of the randomly assigned speech
processing conditions 共one, two, four, or eight channels, or
the unprocessed speech兲. Each subject was presented with
one talker and speech processing combination, but received
all five TMRs. There were ten randomized sentences 共five
keywords each兲 for each TMR, for a total of 50 sentences for
the single-talker masker and another 50 sentences for the
SSN masker. Results were scored in terms of the percentage
of keywords correctly identified at each TMR. Results with
one and two channels were close to 0% and were not included in the statistical analyses.
Because of the ceiling and floor effects for the natural
and four-channel conditions, respectively, the TMR conditions were extended for a second group of ten subjects 共five
subjects each for the four-channel and natural speech conditions兲. For the four-channel condition, higher TMRs were
added as well as a quiet condition, producing the following
five conditions: 15, 20, 25, and 30 dB TMR and ‘‘in quiet’’.
For natural speech, lower TMRs were added 共⫺10 and ⫺15
dB TMR兲, producing five conditions: 5, 0, ⫺5, ⫺10, and
⫺15 dB TMR. Only the different male talker and the SSN
generated from that talker were used as maskers, otherwise
the previous procedures and sentences were retained.
B. Results

1. Speech recognition in noise as a function of the
number of channels

Using HINT sentences, higher scores around 20% have
been observed with a two-channel simulation 共Friesen et al.,
2001兲. The lower performance with the IEEE sentences used
here was most likely due to their reduced contextual information 共Nittrouer and Boothroyd, 1990; Rabinowitz et al.,
1992兲.
Figure 1 shows speech recognition results as a function
of the TMR for three types of maskers: same male talker as
the target 共top row兲, different male talker than the target
共middle row兲, or a female talker 共bottom row兲. These were
Stickney et al.: Speech recognition with speech maskers
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FIG. 1. Speech recognition performance of normal-hearing subjects listening to either a single-talker masker 共filled triangles兲 or steady-state, speechspectrum-shape noise, SSN 共unfilled squares兲, as a function of the target-to-masker ratio 共TMR兲. Separate panels show performance as a function of the
number of channels 共columns兲 and talker 共rows兲 used for the masker. Error bars represent the standard error of the mean.

each presented either as natural speech 共left column兲 or an
eight-channel 共middle column兲 or four-channel 共right column兲 cochlear-implant simulation. Within each panel, results
are compared for SSN 共open squares兲 and single-talker 共filled
triangles兲 maskers. The SSN maskers had a constant intensity over time, whereas the single-talker masker was a sentence which varied in intensity and spectral content over
time. Note that, similar to there being three single-talker
maskers, there were three SSN maskers that were each generated from one of the three talkers. A mixed design ANOVA
was performed with talker and channel as between-subjects
variables and the TMR as a within-subjects variable. The
general finding was that the cochlear-implant simulation produced significantly poorer performance than the natural condition 关 F(2,36)⫽711.13, p⬍0.001]. A posthoc Scheffé
analysis 共Scheffé, 1953兲, collapsed across masker type,
showed significant differences among the three processing
conditions (p⬍0.001). Higher performance was found with
more channels, and natural speech produced the best performance. Performance generally increased as a function of the
TMR 关 F(4,33)⫽145.06, p⬍0.0001], and there was a significant interaction between TMR and processing 关 F(8,66)
⫽27.42, p⬍0.001]. Figure 1 demonstrates that natural
speech maintained fairly high levels of intelligibility down to
0 dB TMR. Although performance with natural speech
dropped to 40% at lower TMRs, it remained generally high
compared with all other conditions. In the 8-channel condi1084
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tion, even the highest TMR of 20 dB resulted in less than
80% correct responses.
Of particular interest in the present findings was the significantly different performance between the SSN and the
single-talker masker 关 F(1,36)⫽36.00, p⬍0.001] and the
significant interaction between the masker type and the processing 关 F(2,36)⫽5.21, p⬍0.01]. A simple effects analysis
revealed that single-talker maskers produced lower performance than noise maskers with natural speech 关 F(1,12)
⫽6.405, p⬍0.05] and eight channels 关 F(1,12)⫽8.404, p
⬍0.05], but not with four channels (p⫽0.43). For natural
speech this occurred only when the masker was the same
talker as the target. This was most apparent when the masker
and target were at similar levels, suggesting that the same
male masker produced some informational masking. Performance with the other two talkers was at or near ceiling and
therefore failed to show an effect of masker. Likewise performance with four channels was so low for most TMR conditions that there was no masker effect. For the eight-channel
condition, only the female talker showed a difference across
masker types, with the single-talker masker producing lower
performance than the noise masker. The combined results
contributed to a main effect of talker 关 F(2,36)⫽10.78, p
⬍0.001], a significant interaction of talker⫻masker
关 F(2,36)⫽4.27, p⬍0.05], and a significant four-way interaction of talker⫻masker⫻processing⫻TMR 关 F(16,101)
⫽2.65, p⬍0.01].
Stickney et al.: Speech recognition with speech maskers

FIG. 2. Speech recognition performance with extended target-to-masker ratios 共TMRs兲 for the natural speech 共upper panel兲 and four-channel conditions 共lower panel兲. Performance is shown for single-talker 共filled triangles兲
and SSN maskers 共unfilled squares兲. The data in this figure was for the
‘‘different male’’ masker condition only, since this was the only talker used
for the ‘‘extended TMR’’ group.

The TMR conditions were subsequently extended in the
four-channel and natural speech conditions to examine differential amounts of masking from single-talker and noise
maskers without confounding floor and ceiling effects, respectively. Because independent sample t-tests showed no
differences between standard and extended TMR subject
groups with similar TMR conditions (p⭓0.06), data from
the two groups were averaged. Figure 2 shows pooled results
with the different male masker for the natural speech 共top兲
and the four-channel 共bottom兲 processing conditions. A
three-parameter sigmoid function was fitted with the solid
line representing the fit to the single-talker masker data and
the dashed line to the SSN data 共Zeng and Galvin, 1999兲.
The sigmoid function was well fit to the natural speech (r 2
⫽0.99) and natural SSN (r 2 ⫽0.99) data, producing the estimated speech reception threshold 共i.e., the TMR required to
produce a score of 50%兲 of ⫺9 dB for the single-talker
masker and ⫺4 dB for the SSN masker. The fit to the fourchannel data was reasonable 共single talker: r 2 ⫽0.90; SSN:
r 2 ⫽0.81), producing the estimated speech reception threshold of 11 dB for the single talker masker and 10 dB for the
SSN masker. For the natural speech data, note that from 0 to
⫺10 dB TMR the difference in intelligibility between the
single-talker and SSN masker increased. Although extending
the TMRs below 0 dB produced significantly poorer performance for the SSN than for the single-talker masker
关 F(1,4)⫽21.92, p⬍0.01] in the natural speech condition,
extending the TMRs above 20 dB in the four-channel condition produced no difference in performance between the two
masker types (p⫽0.07) and no further improvement in
speech recognition scores. In the natural speech condition
共for TMRs⬍0 dB兲, the better performance with the singleJ. Acoust. Soc. Am., Vol. 116, No. 2, August 2004

FIG. 3. 共a兲 The long-term average spectral shape of the two male 共‘‘same
male:’’ solid line; ‘‘different male:’’ dashed line兲 and female talkers 共dotted
line兲. Similar spectral shapes were found for the steady-state, speechspectrum-shaped noise masker, SSN 共left panel兲, and the single-talker
masker 共right panel兲. 共b兲 Speech recognition performance with each steadystate, speech-spectrum-shaped noise masker 共SSN兲 as a function of the
target-to-masker ratio 共TMR兲 and number of channels 共columns兲. Results for
the ‘‘same male’’ SSN as the masker are shown as filled circles with solid
lines, unfilled circles and dashed lines are used for the ‘‘different male’’
SSN, and unfilled triangles with dotted lines are used for the ‘‘female’’ SSN.

talker masker than with the noise masker indicated a release
from masking, a phenomenon that was never observed in
cochlear-implant simulations.
2. Comparison of SSN maskers across talkers

For a closer inspection of the spectral energetic maskers,
Fig. 3共a兲 shows the long-term SSN amplitude spectrum 共left
panel兲 and speech spectrum 共right panel兲 for the same male
共solid line兲, different male 共dashed line兲, and female talkers
共dotted line兲. The spectral shapes of the two male voices
were fairly similar in comparison to the female voice, which
had less energy at intermediate frequencies between 2 and 5
kHz but more energy at higher frequencies. To facilitate
comparison, Fig. 3共b兲 replots the SSN data from Fig. 1 and
contrasts speech recognition performance with different talkers in the same panel for both natural 共left panel兲 and simuStickney et al.: Speech recognition with speech maskers
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3. Comparison of single-talker maskers

FIG. 4. Speech recognition performance with each competing talker as a
function of the target-to-masker ratio 共TMR兲 and number of channels 共columns兲. Results for the ‘‘same male’’ talker as the masker are shown as filled
circles with solid lines, unfilled circles and dashed lines are used for the
‘‘different male’’ talker, and unfilled triangles with dotted lines are used for
the ‘‘female’’ talker.

lation conditions 共two right panels兲. A simple effects analysis
focusing on the three SSN maskers collapsed across channels
revealed a significant effect of talker 关 F(2,36)⫽16.58,
p⬍0.001]. A posthoc Scheffé analysis showed significant
differences between male and female masker 共same male:
p⬍0.001; different male: p⬍0.01), but no differences between the two male maskers (p⫽0.16). These results are
consistent with greater differences in the long-term average
spectral shape for the female SSN relative to the male SSN
maskers. Different from the female SSN, the two male SSN
maskers provide similar amounts of spectral energetic masking.
For each channel condition, a Scheffé analysis along
with an examination of the means showed that the natural
speech condition did not exhibit any differences across SSN
maskers 关 F(2,12)⫽3.36, p⫽0.07] due to the ceiling effect.
For the eight-channel condition, the highest performance was
obtained with female SSN 共female versus same male: p
⬍0.01; female versus different male: p⬍0.05) and no difference was found between the two male SSN maskers (p
⫽0.56). For the four-channel condition, the highest scores
were again obtained for the female SSN, but significant differences were only found between the most intelligible 共i.e.,
the female SSN兲 and the least intelligible 共i.e., the same male
SSN兲 masker (p⬍0.01).

Figure 4 shows speech recognition with single-talker
maskers as a function of channel condition and talker.
Simple effects analyses of single-talker maskers, averaged
across processing conditions, revealed a significant effect of
talker 关 F(2,36)⫽5.17, p⬍0.05]. A posthoc Scheffé analysis
revealed that the lowest performance occurred with the same
male single-talker masker (p⬍0.05), and no significant differences were found between the different male and female
maskers (p⫽0.99).
An analysis of each channel condition showed that the
differences across single-talker maskers stems exclusively
from the natural speech condition 关 F(2,12)⫽11.54,
p⬍0.01], which showed the lowest performance with the
same male single-talker masker 共Scheffé: p⬍0.01) and no
difference between the other two single-talker maskers (p
⫽0.98). In contrast, no significant talker differences were
found across any of the single-talker maskers for the eightand four-channel conditions. This interesting finding is unlike that found with each of the SSN maskers, and an explanation is offered in Sec. IV.
III. EXPERIMENT 2: SPEECH RECOGNITION BY
COCHLEAR-IMPLANT SUBJECTS WITH
SINGLE-TALKER AND SSN MASKERS
A. Methods

1. Listeners

Five postlinguistically deafened users of the Nucleus cochlear implant participated in this experiment 共Table I兲. All
cochlear-implant subjects were native English speakers with
5 to 13 years of experience with their device.
2. Test materials

The cochlear-implant subjects listened to only the unprocessed, natural sentences, which included the same target
and masker sentences used for the normal-hearing listeners
in experiment 1. As with the normal-hearing listeners, there
was no repetition of the test material.
3. Procedure

The stimuli were passed through a Cochlear Corporation
Audio Input Selector 共AIS兲 connected to the subjects’ speech
processor. The AIS attenuates the analog output from the
TDT or soundcard before it is delivered to the speech processor. Prior to testing, subjects listened to sentences and
were asked to adjust the level of the AIS to a comfortable

TABLE I. Subject demographics.

Subject
CI1
CI2
CI3
CI4
CI5

1086

Age

Implant

Speech
strategy

45
51
60
69
68

Nucleus-22
Nucleus-22
Nucleus-22
Nucleus-22
Nucleus-24

SPEAK
SPEAK
SPEAK
SPEAK
SPEAK
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Duration of
hearing loss
共years兲

Duration of
deafness
共years兲

Duration of
implant use
共years兲

⬍1
⬍1
51
43
⬍1

⬍1
5
13
5
17

10
12
11
13
5
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FIG. 5. Schematic of a compression input-output function. The input dynamic range 共x axis兲 is shown as a function of the output dynamic range 共y
axis兲 for the two procedures used in experiment 2. The left panel shows the
schematic for the procedure where the target 共T兲 is fixed at a comfortable
loudness and the masker 共M兲 is adjusted from below that level to produce
each target-to-masker ratio 共TMR兲. The right panel shows the function for
when the masker 共M⬘兲 was fixed at the comfortable loudness level and the
target 共T⬘兲 was raised above that level to produce each TMR 共right panel兲.
Note the much greater range of TMRs 共arrows along the y axis兲 available to
the listener when both the masker and target are kept at or below the upper
comfort level 共C兲. Above the C-level the sound would be peak-clipped.

listening level. If the maximum setting was reached on the
AIS, the subject then adjusted the sensitivity of their speech
processor to reach a comfortable loudness.
One potential confound when testing subjects who use
amplification devices is the possibility of presenting stimuli
at intensities where compression occurs 共Stone and Moore,
2003兲. This is particularly problematic for experiments that
attempt to deliver a sound within the very narrow dynamic
range of electric hearing. Figure 5 demonstrates the effect of
compression using a schematic input–output function. In the
Nucleus device, used by all five cochlear-implant subjects in
this study, the input dynamic range is only 30 dB 共User
Manual, The Nucleus 22 Channel Cochlear Implant System,
p. 4-SP兲. This means that compression will limit the sound
input to a 30-dB range to fit within the cochlear-implant
user’s dynamic range, defined within the boundaries of the
patient’s threshold 共T-level兲 and upper comfort level 共Clevel兲.
The right panel of Fig. 5 shows that when the masker
level is fixed at 65 dB and the target level is adjusted above
the level of the masker to produce each TMR, there would
only be 5 dB of head room to effectively change the targetto-masker ratios. Thus, compression limits the intended 0–20
dB TMR range to 5 dB or less in cochlear-implant users,
possibly producing a plateau or drop in performance 共due to
peak clipping兲 as the TMR is increased. On the other hand,
when the target level is fixed at 65 dB and the masker level
is adjusted from a lower intensity to produce the 0–20 dB
TMR range 共left panel兲, there would be about 25 dB of leg
room which would minimize the compression effect. Both
compressive 共masker fixed; target increased above the most
comfortable loudness level兲 and less-compressive techniques
共target fixed; masker increased from below the comfortable
J. Acoust. Soc. Am., Vol. 116, No. 2, August 2004

FIG. 6. Speech recognition performance for cochlear-implant subjects listening to a single-talker masker 共filled triangles兲 or steady-state, speechshaped noise masker, SSN, 共unfilled squares兲. Results are shown as a function of the target-to-masker ratio 共TMR兲 and talker 共columns兲 used for the
masker. The cochlear-implant data shown here 共experiment 2兲 is with the
‘‘fixed masker’’ procedure 共the same procedure used for the normal-hearing
listeners兲 for a better comparison of implant and normal-hearing data. Error
bars represent the standard error of the mean.

loudness level兲 were used and compared in experiment 2,
and all masker and talker conditions were performed with
both techniques.
After establishing the appropriate level, cochlearimplant subjects were presented with a practice session in
quiet. They were asked to type their response into the computer and were encouraged to guess if unsure. Because cochlear implant users typically have a wide range of performance variability, no formal minimum performance
requirement was set other than that the subjects have some
open-set, speech understanding with auditory cues alone.
Scores for the cochlear implant subjects on the practice session ranged from 78% to 92%. For the test session, unlike
the normal-hearing subjects, cochlear-implant listeners participated in all single-talker and SSN test sessions over a
period of several days, with each session lasting between 1
and 2 h per day. All testing was performed with subjects
seated in an IAC sound-booth. Results were scored in percent correct for the following TMRs: 0, 5, 10, 15, and 20 dB
TMR.
B. Results

1. Speech recognition performance by cochlearimplant subjects

Figure 6 shows performance as a function of the TMR
for single-talker and SSN maskers. The results in the figure
are from the ‘‘fixed masker’’ data to provide an easier comparison with the normal-hearing listeners who used the same
procedure. Average speech recognition performance in quiet
was 83%, determined by the IEEE practice sentences. Consistent with previous studies, sentence recognition performance in noise by cochlear-implant subjects was between
that obtained with a 4- to 8-channel simulation in normalhearing listeners 共Friesen et al., 2001; Garnham et al., 2002兲.
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FIG. 7. Cochlear-implant data with the steady-state, speech-shaped noise
共SSN兲 masker as a function of the TMR and talker used as the masker.
Results for the ‘‘same male’’ SSN as the masker are shown as filled circles
with solid lines, unfilled circles and dashed lines are used for the ‘‘different
male’’ SSN, and unfilled triangles with dotted lines are used for the ‘‘female’’ SSN.

FIG. 8. Cochlear-implant data showing performance with single-talker
maskers as a function of the TMR and competing talker. Results for the
‘‘same male’’ talker as the masker are shown as filled circles with solid
lines, unfilled circles and dashed lines are used for the ‘‘different male’’
talker, and unfilled triangles with dotted lines are used for the ‘‘female’’
talker.

3. Comparison of single-talker maskers

The average performance by cochlear-implant subjects was
slightly better than normal-hearing subjects listening to a
four-channel simulation, but only the highest performing
cochlear-implant subjects were able to obtain similar levels
of speech understanding as the normal-hearing subjects listening to an 8-channel simulation. Although Fig. 6 shows a
trend for speech recognition performance in noise to improve
with increasing TMRs, a repeated measures ANOVA failed
to demonstrate a significant main effect of TMR for the
cochlear-implant users (p⫽0.19). However, Bonferonni
pairwise comparisons 共Dunn, 1961兲 demonstrated a significant drop in performance from a 10 to 5 dB TMR (p
⬍0.01), but no significant decrements in performance from
a 5 to 0 dB TMR or improvements above a 10 dB TMR. As
found in normal-hearing subjects listening to the eightchannel simulation, there was an effect of masker 关 F(1,4)
⫽11.92, p⬍0.05], with single-talker maskers again producing lower performance 共32.9%兲 than SSN maskers 共41.8%兲.
There was also a main effect of talker when collapsed across
both masker types 关 F(2,3)⫽10.77, p⬍0.05]. This is discussed in more detail in the following two sections.

2. Comparison of SSN maskers across talkers

Figure 7 replots the SSN data from Fig. 6 to contrast
performance with each of the three SSN maskers as a function of the TMR. Bonferonni pairwise comparisons confirmed significant differences between the female SSN
masker and the different male SSN 关 F(1,4)⫽29.92,
p⬍0.01], but no differences between the two male SSN
maskers (p⫽0.62). These results are similar to those found
with the 8-channel simulation in experiment 1, and closely
follow the differences in the long-term average speech spectrum shown in Fig. 3共a兲.
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Figure 8 contrasts speech recognition performance with
single-talker maskers as a function of the TMR and talker.
No significant differences were found across single-talker
maskers 共Bonferonni pairwise comparisons: p⫽0.26). Thus,
even though the cochlear-implant users were able to use
gross spectral differences to segregate the steady-state female noise masker from the temporally fluctuating male
speech target, the spectral differences were not sufficient for
cochlear-implant users to segregate two fluctuating speech
sounds. This result is similar to the normal-hearing subjects
listening to the eight-channel simulation.
4. Effects of compression on performance in noise

Figure 9 compares the effect of compression on speech
recognition in noise with either the masker fixed 共filled triangles兲 or the target fixed 共open triangles兲 at the most comfortable loudness for single-talker 共upper panel兲 and SSN
共lower panel兲 maskers. The ANOVA showed no main effect
of method 共i.e., masker fixed or target fixed兲, but there was a
significant interaction between the method used and the TMR
关 F(4,1)⫽1574.27, p⬍0.05]. Paired t-tests confirmed significant differences between the two methods only at the
highest TMRs for single-talker maskers 共i.e., 15 and 20 dB兲
and at a 20 dB TMR for SSN maskers (p⬍0.01 for all three
results兲. When the masker was fixed and the target was increased above the most comfortable loudness 共Fig. 9: filled
triangles兲, performance either reached a plateau or decreased
at high TMRs. This effect was most evident for single-talker
maskers whose peak amplitudes could exceed the upper
comfort level and become peak-clipped. In contrast, performance generally improved with higher TMRs when the target was fixed and the masker was kept at or below the comfortable loudness level 共open triangles兲. This pattern of
results was consistent with the prediction shown in the schematic compression function 共Fig. 5兲.
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FIG. 9. Comparison of the two procedures 共i.e., ‘‘masker fixed’’ or ‘‘target
fixed’’兲 used to examine the effects of compression in cochlear-implant users. Performance 共y axis兲 is shown as a function of the target-to-masker ratio
共x axis兲. The data is plotted separately for single-talker 共upper panels兲 and
SSN maskers 共lower panels兲. Data for each talker is shown in columns.

IV. GENERAL DISCUSSION

Although normal-hearing subjects listening to natural
speech were able to maintain high levels of intelligibility for
TMRs down to 0 dB, performance for cochlear-implant listeners and normal-hearing subjects listening to spectrally degraded speech declined sharply with the addition of noise.
Even at high TMRs, performance was dramatically reduced
from that obtained in quiet. Another difference among the
subject groups was in their ability to take advantage of the
temporal dips in the fluctuating masker to glimpse portions
of the target sentence, allowing higher performance with a
single-talker masker than SSN, and indicating a release from
masking. As seen previously at low TMRs 共Brungart, 2001;
Peters et al., 1998; Qin and Oxenham, 2003兲, normal-hearing
subjects listening to natural speech at TMRs less than 0 dB
showed a 20% improvement in score with the different male,
single-talker masker over the steady-state noise masker.
However, the higher performance with single-talker maskers
relative to SSN maskers was not found in the simulation or
cochlear-implant results presented here.
Regardless of whether sentences were presented in quiet
or in noise, it was very difficult for normal-hearing listeners
to recognize words from sentences with the four-channel
simulation. It is likely that with only four coarse spectral
channels, listeners found the low-context, processed IEEE
target sentence too difficult to understand, in which case it
was treated as ‘‘noise’’ in a similar manner as the SSN
masker. In the study by Nelson et al. 共2003兲, who also used
IEEE target sentences, four-channel sentence recognition
performance in noise showed very small differences between
J. Acoust. Soc. Am., Vol. 116, No. 2, August 2004

a steady and modulated noise masker at all of the gate frequencies tested. Only a very slight amount of masking release was found in the ⫹16 and 0 dB TMR conditions, and
none with the ⫹8 dB TMR. These results suggest that with
four or fewer functional channels, listeners may have more
difficulty distinguishing between the target speech and the
masker, regardless of whether the masker is steady-state
noise or a modulating masker. It should be pointed out, however, that Qin and Oxenham 共2003兲 found greater masking
effects for single-talker than noise maskers with as few as
four channels. One possible explanation for this result is that
Qin and Oxenham used excerpts from a speech passage as a
masker that varied from trial to trial whereas this study used
a single sentence that was repeated each trial. Thus the fixed
masker used here might have reduced the degree of informational masking.
In contrast with the four-channel simulation, greater
masking was observed for single-talker than noise maskers
with the eight-channel simulation and with cochlear-implant
listeners. The most plausible explanation for these effects is
that in addition to energetic masking, the single-talker
masker contained meaningful information, thereby acting as
a higher-level 共informational兲 masker. Informational masking
comprises at least three factors: stimulus uncertainty, targetmasker similarity 共which relates to modulation interference兲,
and linguistic masking. Since the same masking sentence
was used repeatedly, stimulus uncertainty most likely played
a minor role. Linguistic masking, on the other hand, might
have been an important factor with a single-talker masker.
That is, informational masking is possible when the speech
masker 共e.g., reversed speech or a foreign language兲 is unintelligible 共possesses no semantic content兲, but carries
language-based context. This would parallel observations by
Hawley et al. 共2004兲 and Freyman et al. 共2001兲 who found
similar informational masking patterns with speech 共content兲
and time-reversed speech 共context兲. Although not intelligible, time-reversed speech maskers preserve some of the
phonetic properties of natural speech which may become
confused with those of the target sentence. Last, masking
introduced by target-masker similarity might have contributed to the poorer performance found with competing speech
compared to noise maskers. It is well known that the spectral
and intensity variations in the speech masker are much more
difficult for the listener to track and ignore when the target
has similar variations 共Arbogast et al., 2002; Brungart, 2001;
Kwon and Turner, 2001兲. The acoustic redundancy available
to normal-hearing listeners provides a greater range for
spectral-temporal discriminations. This makes auditory
streaming 共i.e., the process by which sound elements are
grouped into auditory objects兲 an easier task by allowing the
listener to first identify the masker separate from the target
and then to use this information as an aid to glimpse unmasked portions of the target sentence. When the spectral
detail is not available, the results presented here and elsewhere 共Arbogast et al., 2002; Kwon and Turner, 2001; Qin
and Oxenham, 2003兲 suggest that it may be more difficult to
perform the first step for auditory streaming, which is to
identify which fluctuating sound is the target and which is
the masker. As indicated in a recent study in our laboratory,
Stickney et al.: Speech recognition with speech maskers
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speaker identification is a very difficult task for cochlearimplant listeners, most likely because pitch and temporal fine
structure cues are not adequately coded 共Kong et al., 2003兲.
In support of this, the cochlear-implant users in the present
study and the normal-hearing subjects listening to the simulations 共both here and in the study by Qin and Oxenham兲
showed no greater benefit of one talker over another, even
when the masker and target speech differed in gender.
With steady-state noise, the masker is more predictable,
and obvious differences in temporal envelope between the
masker and speech target make segregation a much easier
task. Although the female single-talker masker failed to show
a significant improvement over that obtained with the same
male masker, there was a benefit from gross spectral differences when the masker was SSN 共i.e., higher performance
was observed with the ‘‘female SSN’’ over the ‘‘same male
SSN’’兲. These results demonstrate that cochlear-implant users can segregate competing sounds much more easily if it is
a simple, temporally based, ‘‘steady vs. fluctuating’’ distinction, but not when both masker and target are fluctuating and
the listener is forced to rely on the coarse spectral information from their speech processor to segregate a female singletalker masker from a male speech target. This suggests that
modulation interference may limit performance when spectral information is reduced.
V. SUMMARY AND CONCLUSIONS

Consistent with previous studies, these results demonstrate that most cochlear implant listeners can use the envelope information delivered through the speech processor to
follow conversations in quiet environments, but their performance deteriorates substantially with background noise, particularly if the noise is also speech. Although not directly
examined in the present study, the potential contributors to
poor performance in noise include reduced spectral resolution and the lack of fine structure information in current cochlear implants. Additionally, the compression mechanism
used in cochlear implants may often produce less than optimal TMRs and poorer speech recognition performance as
demonstrated here. The cochlear-implant listener is therefore
at a serious disadvantage for speech understanding in realistic listening environments, such as classrooms, restaurants,
and other social gatherings that require more acoustic redundancy than current cochlear implants provide.
共i兲

共ii兲

共iii兲
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Similar to the results of Qin and Oxenham 共2003兲, the
current study found poorer performance with a competing talker than SSN for normal-hearing subjects
listening through an implant simulation, and the converse was observed when normal-hearing listeners
heard natural, unprocessed speech stimuli.
The results presented here extend those of Qin and
Oxenham by including data from actual cochlearimplant listeners who, like normal-hearing subjects
listening to the 8-channel simulation, demonstrated
lower scores with a competing talker than with SSN.
The combined effect of informational and energetic
masking most likely contributed to the poorer performance with speech maskers. Informational masking
J. Acoust. Soc. Am., Vol. 116, No. 2, August 2004

appears to have a strong influence on spectrally impoverished speech since listeners have great difficulty
distinguishing the components of the target speech
from the masking speech. As a result, portions of the
masker may become perceptually integrated with the
target.
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