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Cochlear-implant users perform far below normal-hearing subjects in background noise. Speech
recognition with varying numbers of competing female, male, and child talkers was evaluated in
normal-hearing subjects, cochlear-implant users, and normal-hearing subjects utilizing an
eight-channel sine-carrier cochlear-implant simulation. Target sentences were spoken by a male.
Normal-hearing subjects obtained considerably better speech reception thresholds than
cochlear-implant subjects; the largest discrepancy was 24 dB with a female masker. Evaluation of
one implant subject with normal hearing in the contralateral ear suggested that this difference is not
caused by age-related disparities between the subject groups. Normal-hearing subjects showed a
significant advantage with fewer competing talkers, obtaining release from masking with up to three
talker maskers. Cochlear-implant and simulation subjects showed little such effect, although there
was a substantial difference between the implant and simulation results with talker maskers. All
three groups benefited from a voice pitch difference between target and masker, with the female
talker providing significantly less masking than the male. Child talkers produced more masking than
expected, given their fundamental frequency, syllabic rate, and temporal modulation characteristics.
Neither a simulation nor testing in steady-state noise predicts the difficulties cochlear-implant users
experience in real-life noisy situations.
© 2008 Acoustical Society of America. �DOI: 10.1121/1.2805617�
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I. INTRODUCTION

Speech recognition in background noise depends on the
properties of the interfering sounds. It is usually character-
ized in terms of the subject’s speech reception threshold
�SRT�: signal-to-noise ratio �SNR� at which they score 50%
correct. In test situations, a steady-state masking noise is
often used. However, fluctuating backgrounds are much
more common in real life, and most often speech is heard
against a background of other speech. Although in normal-
hearing subjects the SRT decreases when the masker has
temporal fluctuations, most hearing-impaired subjects show
very little difference for a fluctuating and steady-state masker
�Drullman and Bronkhorst, 2004; Duquesnoy, 1983; Festen
and Plomp, 1990; Hawley et al., 2004; Miller, 1947; Peters
et al., 1998; Summers and Molis, 2004; Wagener and Brand,
2005�, including those using a cochlear implant �Zeng et al.,
2005�. Cochlear-implant users may even show negative ef-
fects of modulated maskers �Nelson et al., 2003�. Normal-
hearing subjects appear to be able to take advantage of lis-
tening in the gaps which occur when the level of the
competing speech is low, for example in pauses between
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words, or during the production of low-energy sounds like
m, n, k, or p �Peters et al., 1998�. This allows brief glimpses
of the target speech and leads to improved SRTs. Hearing-
impaired subjects are usually unable to utilize glimpsing; this
discrepancy is not due to inaudibility �Summers and Molis,
2004� or subject age �Festen and Plomp, 1990�. Suprathresh-
old differences like reduced frequency selectivity may be
involved �Peters et al., 1998�. It has been suggested that
cochlear-implant users’ difficulty understanding speech in
modulated noise may be related to reduced spectral informa-
tion �Fu et al., 1998� and problems fusing auditory informa-
tion across temporal gaps �Nelson and Jin, 2004�.

Normal-hearing subjects can also use differences in the
voice fundamental frequency �F0� between target and masker
to help segregate competing voices, resulting in better speech
recognition when the F0 of the target voice differs from that
of the masker voice �Brokx and Nooteboom, 1982; Brungart,
2001; Brungart et al., 2001; Drullman and Bronkhorst,
2004�. No such effect has been seen in cochlear-implant us-
ers �Stickney et al., 2007; Stickney et al., 2004� or normal-
hearing subjects using a cochlear-implant simulation �Qin
and Oxenham, 2003; Qin and Oxenham, 2005; Stickney
et al., 2007; Stickney et al., 2004�. The speech processing
method only weakly encodes the F0, so it may be difficult to
segregate voices on this basis, despite reasonably good F0

difference limens �around one semitone or less� in cochlear-
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implant simulation subjects with access to eight or more
spectral bands �Carroll and Zeng, 2007; Qin and Oxenham,
2005�.

Masking can be broadly divided into two types. Ener-
getic masking results from competition between target and
masker at the auditory periphery, i.e., overlapping excitation
patterns in the cochlea or auditory nerve. Informational
masking can be defined as the elevation of threshold caused
by stimulus uncertainty �Durlach et al., 2003�. In the case of
a speech target, this would suggest that the interfering talker
is intelligible and so similar to the target speech that it be-
comes difficult for the subject to disentangle target and in-
terfering speech. Energetic masking is believed to be a
purely peripheral phenomenon; informational masking is
thought to be related to central or attentional mechanisms
�Durlach et al., 2003; Watson and Kelly, 1981�. The effects
of purely energetic masking are well documented, and can be
predicted using models such as the Speech Intelligibility In-
dex or Articulation Index �French and Steinberg, 1947�.

Informational masking is difficult to predict and docu-
ment. When other talkers mask speech, there is probably a
combination of energetic and informational masking occur-
ring. One method that has been used to separate the two
types of masking is reversed speech. When speech is time
reversed, its long-term spectral content and the F0 remain
unchanged; however, it contains no linguistic information
above the phoneme level and thus should cause limited in-
formational masking. Reversal of the temporal envelope
though may increase forward masking due to the abrupt off-
sets �Rhebergen et al., 2005�. Some studies have shown that
speech recognition is better in the presence of reversed com-
pared with forward maskers �Rhebergen et al., 2005; Sum-
mers and Molis, 2004; Trammell and Speaks, 1970�. Du-
quesnoy �1983�, however, found negligible difference.
Another method to study informational masking is to mini-
mize spectral overlap between the signal and masker, thus
eliminating energetic masking. This can be done by present-
ing speech stimuli into nonoverlapping bands �Arbogast et
al., 2002�. Brungart and colleagues specifically examined the
role of informational masking in speech recognition in
normal-hearing subjects. Significant differences in perfor-
mance were found between talker maskers and noise maskers
leading to the conclusion that, although energetic masking
occurred, informational masking dominated performance
�Brungart, 2001; Brungart et al., 2001�. Drullman and
Bronkhorst �2004� had assumed that informational masking
would reduce with more interfering talkers, until the SRT
approached that for steady-state noise. This hypothesis was
based on the idea that the spectral and temporal modulations
in the masking signal would diminish with increasing num-
bers of talkers, and eventually approach the dynamics of
steady-state noise. However, even with eight interfering talk-
ers, they found poorer SRTs than for steady-state noise. Car-
hart et al. �1975� found that even 64 competing talkers gave
more masking that steady-state noise, although informational
masking was at its maximum with three competing talkers
and thereafter decreased.

The aim of the current research was to investigate the

performance of cochlear-implant users in real-life listening
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situations, in comparison to normal-hearing subjects. Speech
recognition was measured in the presence of background
talkers as a function of the number and characteristics of the
competing voices. Target and maskers originated from the
same location so that spatial release from masking was not
considered; Arbogast et al. �2005� are among several re-
searchers who have conducted work in this field. In addition,
most cochlear-implant users listen with just one ear and
therefore may be unable to exploit spatial release from mask-
ing. Three experiments were performed. The aim of the first
experiment was to assess to what extent cochlear-implant
users can obtain release from masking due to temporal and
spectral fluctuations in the masker. This was done by exam-
ining the influence of masker type on the SRT using combi-
nations of female, male, and child talkers, and steady-state
noise as maskers. Normal-hearing and cochlear-implant
simulation subjects were also evaluated as a control. The
simulation subjects were included in an attempt to compen-
sate for the disparity in age and other characteristics between
the normal-hearing and cochlear-implant subjects. It is ac-
knowledged, however, that a simulation does not exactly
mimic the performance of cochlear-implant subjects, due to
inherent differences between acoustic and electric stimula-
tion. Results therefore should be viewed in terms of trends,
rather than a quantitative estimate of cochlear-implant per-
formance �Throckmorton and Collins, 2002�. Additional re-
sults were collected on one implant subject who has virtually
normal hearing in the contralateral ear. Comparison of his
results between ears reflects only hearing capabilities and
removes the effect of subject characteristics. In order to as-
sess the influence of informational masking on the SRT, a
second experiment was performed whereby normal-hearing
subjects were tested with one and two talker maskers using
both forward and time-reversed masker sentences. This was
done in an attempt to resolve the conflicting results obtained
by previous authors �Duquesnoy, 1983; Rhebergen et al.,
2005; Summers and Molis, 2004; Trammell and Speaks,
1970�. The third experiment investigated further the masking
effectiveness of a child’s voice in normal-hearing subjects.
Although previous research has used children as subjects in
informational masking of speech experiments �Hall et al.,
2002; Johnstone and Litovsky, 2006�, results have not been
reported using children’s voices as maskers. Results were
examined in relation to F0, syllabic rate, and temporal modu-
lation rate of the talkers.

II. EXPERIMENT 1: EFFECT OF MASKER TYPE ON
THE SRT IN NORMAL-HEARING, COCHLEAR-
IMPLANT, AND COCHLEAR-IMPLANT SIMULATION
SUBJECTS

A. Methods

1. Test material

In all three experiments, the target material consisted of
sentences drawn from the HINT database, spoken by a male
talker. These comprise 25 phonemically balanced lists of ten
sentences, with each sentence containing between three and
seven words �mean=5.3, mode=5 words� �Nilsson et al.,

1994�. The HINT sentences were designed to be scored as
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correct if the subject repeats all of the words exactly correct,
with the exceptions of article confusion �a/the/an� and tense
for the verbs “to be” or “to have” �is/was, has/had, etc.�.
However, preliminary investigation with cochlear-implant
subjects showed that most did not repeat the exact sentence
word for word, even if they appeared to have clearly under-
stood it. This may be a function of age or hearing impair-
ment. Therefore, a loose keyword scoring method was
adopted. The HINT sentences were developed from the
Bamford-Kowal-Bench �BKB� sentences �Bench et al.,
1979�, and most of the sentences are almost identical be-
tween the two databases. The BKB sentences are commonly
scored for keywords �Bench and Bamford, 1979�; it was
therefore relatively easy to designate keywords for the HINT
sentences. Three to five keywords �mean=3.3, mode=3 key-
words� were identified for each sentence. In common with
criteria often used for BKB sentences, if two or more key-
words were repeated correctly, the sentence was considered
correct �Blandy and Lutman, 2005�. Loose keyword scoring
was used, meaning that if the subject repeated the root of the
keyword correctly, this would be considered correct; precise
inflexion or word ending were not required. Loose keyword
scoring is easier to apply, especially if there are difficulties
understanding precisely the speech of the test subject �Foster
et al., 1993�. No target sentence lists were repeated during
the test session, as recommended to avoid familiarity �Foster
et al., 1993; Wagener and Brand, 2005�. All test material was
digitized with a sampling rate of 44.1 kHz, and comprised
mono 16 bit resolution wav files.

Twenty different maskers were available to compete
with the target talker; they were selected to represent various
real-life competing talker situations. These are shown in
Table I. The names of the masker conditions were abbrevi-
ated to represent the constituent talkers, for example, “m2f2”
represented two males and two females. The abbreviations
are listed in Table I. Different combinations of maskers were
used in each experiment. The talker maskers comprised vari-
ous combinations of ten different voices: two females, two
males, and six children. The first female talker and both the
male talkers were obtained from the IEEE sentence material
�IEEE, 1969� �used with permission from the Sensory Com-
munication Group of the Research Laboratory of Electronics
at MIT�. Each spoke 40 different sentences. The IEEE sen-
tences are typically longer, and use more complex language
than the HINT sentences. The second female talker spoke 30
of the IEEE sentences; this recording was obtained from and
used with permission from Ruth Litovsky at University of
Wisconsin, Madison. The third female and male talkers �used
only for condition m3f3� were the same as the first female
and male talkers; as sentence choice was randomized, they
were very unlikely to speak the same sentence.

The child talkers were obtained from the Carnegie Mel-
lon University �CMU� Kids Corpus �Eskenazi, 1996;
Eskenazi and Mostow, 1997�; this is a large database of sen-
tences read aloud by children. Six child talkers were in-
cluded; they were labeled child-A to child-F. The details of
the children used are shown in Table II. Although the data-

base contains hundreds of sentences, only those spoken flu-
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ently, without hesitation, mistakes, or extraneous noise were
included. This meant that for some children very few sen-
tences were available.

The sentences used for the single-talker maskers were
selected such that they would have greater duration than the
longest HINT sentence, ensuring that no part of the target
sentence would be presented in quiet. All sentence material
�including target HINT sentences� was edited digitally so
that there were minimal silent periods at the start and end of
each sentence.

An eight-channel sine-carrier cochlear-implant simula-
tion was implemented in MATLAB® �The MathWorks, Inc.�.
The signal was first split into eight logarithmically spaced
frequency bands from 80 to 8000 Hz, using eighth-order
Butterworth bandpass filters. The amplitude envelope was
extracted from each band by full-wave rectification and low-
pass filtering with a cutoff frequency of 160 Hz. The enve-

TABLE I. Masking material used in the three experiments, including the
abbreviations utilized in this paper. Each experiment used only a subset of
the maskers, due to the limited target material available; the conditions used
are indicated by ‘X’. All talker maskers spoke sentences. The adults spoke
IEEE sentences; the children spoke sentences from the CMU Kids Corpus.

No. of talkers Masker Abbreviation Expt 1 Expt 2 Expt 3

1 female f � �

6 different
children

child-A
to child-F

child-E
only

�

male m � �

2 2 females f2 � �

1 male and 1
female

m1f1 � �

2 males m2 � �

2 children 2ch �

3 1 male and 2
females

m1f2 �

2 males and 1
female

m2f1 �

3 children 3ch �

4 2 males and 2
females

m2f2 �

4 children 4ch �

6 3 males and 3
females

m3f3 �

6 children 6ch �

— steady-state
noise

noise �

TABLE II. Details of child maskers. Child talkers were obtained from the
CMU Kids Corpus. They read aloud from grade-appropriate Weekly Reader
Stories. Only sentences spoken fluently without mistakes, hesitation, or
background noise were included.

Masker Sex Age �years� School grade
No. sentences

used

child-A female 8 3 8
child-B male 8 2 41
child-C female 8 2 9
child-D male 8 2 15
child-E female 9 3 13
child-F female 7 1 10
and Zeng: Masking in normal-hearing and cochlear-implant subjects



lope in each band was used to modulate a sine wave carrier
whose frequency was equal to the band’s center frequency.
The modulated signal was filtered again using the original
analysis filters to ensure that the amplitude-modulated signal
had the same bandwidth. The bands were then summed to
produce an eight-channel cochlear-implant simulation �Shan-
non et al., 1995�.

In Experiment 1, ten masker conditions were used: f,
child-E, m, f2, m1f1, m2, m1f2, m2f1, m2f2, and steady-
state noise. The steady-state noise was a 3 s sample spec-
trally matched to the average long-term spectrum of the
HINT sentences �Nilsson et al., 1994�, ensuring that on av-
erage the SNR was approximately equal at all frequencies.
For the cochlear-implant simulation testing, all maskers were
preprocessed with the same eight-channel sine-carrier simu-
lation program used for the target sentences. The target and
masker materials were individually processed and then
added, to allow real-time variation of signal-to-noise ratio
during the test. Although in real-life situations the target and
noise mix and are then processed together by the cochlear
implant, this method was not used with the simulation as it
would have introduced a few seconds processing delay be-
fore each stimulus.

2. Subjects

Normal-hearing subjects were undergraduates at UC Ir-
vine. They chose to participate in the experiment in order to
receive course credit. All subjects had hearing threshold lev-
els within normal limits ��20 dB HL re ANSI-1996 for oc-
tave frequencies between 0.25 and 8 kHz�, reported no his-
tory of hearing problems, and stated that English was their
native language. The subjects were naïve subjects for the
HINT sentences. Each subject was included in only one ex-
periment; a total of 38 normal-hearing people participated in
the three experiments. All subjects signed an informed con-
sent. The study protocol was approved by the UC Irvine
Institutional Review Board.

a. Normal-hearing subjects. Six females and one male
with ages ranging from 18 to 21 years �mean=20 years� par-
ticipated in Experiment 1.

b. Cochlear-implant subjects. Five females and two
males with ages ranging from 49 to 80 years �mean
=69 years� participated. They were all regular participants in
experiments in our laboratory and others; they had all most
likely been exposed to the HINT sentences on some or many
occasions. They received payment for their participation and
had their travel expenses reimbursed. All subjects were post-
lingually deafened and were experienced users of the
Nucleus® or Advanced Bionics Clarion® cochlear-implant
device �five had Nucleus 24, one had Nucleus 22, one had
CII�. They listened with their usual speech processor �SPrint,
ESPrit 3G, Spectra 22, or Auria�, without a contralateral
hearing aid.

c. Simulation subjects. Four female and three male
normal-hearing subjects with ages ranging from
18 to 22 years �mean=20 years� participated.

d. Subject CINH001. This subject has a Clarion®
HiRes 90k cochlear-implant in his right ear, and virtually

normal hearing in his left ear ��20 dB HL re ANSI-1996 for
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octave frequencies between 0.25 and 8 kHz, except 35 dB
HL at 4 kHz�. He received an implant due to intractable tin-
nitus and is 46 years old.

3. Procedure

A MATLAB® program, developed by the first author, was
used to present and score the sentences. Testing was done in
quiet or in noise, with a choice of 20 maskers �as shown in
Table I�. The target and masker were added digitally, and the
root mean square �rms� level in dB sound pressure level was
adjusted so that all maskers were at a constant intensity re-
gardless of the number of talkers involved. Testing took
place in a sound-treated audiometric booth, with the subject
sitting approximately 1 m from a loudspeaker placed at 0°
azimuth. The operator was also inside the booth at a com-
puter terminal, scoring the subject’s responses and running
the test. All test material was presented in the sound field
except for testing for subject CINH001, as described later.
Testing took approximately 1 h, with an option for a break if
required.

Testing began with at least one list of HINT sentences
presented in quiet at a rms level of 60 dB�A�. The quiet
testing allowed the subject to become accustomed to the
sound of the target talker’s voice. The rms level of the target
remained at 60 dB�A� throughout the testing; the masker in-
tensity was adjusted to create the appropriate SNR. Using a
fixed target level avoids presenting target stimuli at intensi-
ties where compression occurs; the cochlear-implant device
has a limited input dynamic range �Stickney et al., 2004�.
Wagener and Brand �2005� found no significant difference in
the SRT for normal-hearing or hearing-impaired subjects
whether the target level was held constant and the masker
level varied or vice versa, although their experiment used
only steady-state noise. Two sentence lists �20 sentences to-
tal� were used for each masking condition; the pair of lists
used was selected at random.

A one-up, one-down adaptive procedure was used to es-
timate the subject’s SRT. The initial SNR was −5 dB for
normal-hearing subjects, and +5 dB for cochlear-implant us-
ers. This procedure, first described by Levitt and Rabiner
�1967�, is commonly used to ensure observations are concen-
trated in the region of interest. Initially, the same target sen-
tence was presented repeatedly and the SNR was increased
by 8 dB until the subject correctly repeated the sentence; this
allowed the program to quickly find the approximate SRT.
Once this occurred, the step size was reduced to 4 dB, and
the adaptive procedure began, with the SNR decreasing by
4 dB when the subject answered correctly, and increasing by
4 dB when the response was erroneous. The SRT �in dB� was
calculated as the mean of the last six reversals. Although the
usual HINT step size is 2 dB, it was found that with only 20
sentences presented, cochlear-implant users would produce
insufficient reversals with this step size. The masker segment
was demonstrated to the subject at the beginning of each
condition; they were told to ignore this voice or these voices
and listen only to the target male talker. The masker sentence
began approximately 0.45 s before the target; both target and
masker were presented from the same speaker. An onset dif-

ference between masker and target has been used by other
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authors �Drullman and Bronkhorst, 2004; Festen and Plomp,
1990; Freyman et al., 2004; Wagener and Brand, 2005�; it
provides a basis for attending to the target, although in this
experiment the subjects were not instructed as such.

Due to the relatively small sample size, the univariate
�mixed-model� approach was used for statistical analyses in
Experiments 1 and 3, using the Greenhouse–Geiser � adjust-
ment to control for Type I errors. Experiment 2 had more
subjects and therefore used multivariate analysis of variance.
In the case of multiple planned comparisons, the observed p
value was compared to a critical p value of 0.05/C �where C
is the number of planned comparisons� in order to maintain
the familywise alpha level at 0.05 using the Bonferroni ap-
proach.

Subject CINH001 was tested in two ways: listening with
his normal-hearing ear in the sound field while not wearing
his cochlear implant, and by direct connection to his
cochlear-implant speech processor �to prohibit the use of his
normal-hearing ear�. For the direct cochlear-implant connec-
tion, the level was adjusted to a comfortable listening level.

B. Results and discussion

Five normal-hearing subjects scored 100% for sentences
in quiet; two missed one word. Sentence scores in quiet for
cochlear-implant users varied from 65 to 100%, with a mean
of 84%. Although initially it was considered appropriate only
to test in noise if scores in quiet exceeded 90%, the score in
quiet was not found to be a good predictor of performance in
noise, so noise testing was performed on all subjects. The
simulation subjects obtained scores in quiet ranging from 80
to 100% correct, with a mean of 90%. Subject CINH001
scored 100% correct for sentences in quiet with his near
normal-hearing ear and 70% correct with his cochlear-
implant ear.

1. Effect of masker type

Figure 1 shows the mean SRT for each masker condition
for the three groups of subjects and for subject CINH001.
Lines joining the points are purely for clarity, and are not
suggesting a functional relation, due to the maskers being
categorically different. Three initial observations are note-
worthy. First, normal-hearing subjects performed vastly bet-
ter than the implant users on all conditions. The mean dis-
crepancy was 8 dB for steady-state noise, but as much as
24 dB difference with a female masker. Second, the standard
deviation across the individual cochlear-implant users’ SRTs
was generally higher than those for the normal-hearing sub-
jects, reflecting a larger variation in listening performance.
Third, the simulation provides a very comparable result to
cochlear-implant users for steady-state noise, but there is a
large discrepancy for the talker maskers. This eight-channel
simulation may not provide a fair representation of implant
users’ performance in the presence of competing talkers.

A repeated-measures analysis of variance �ANOVA�
�with Greenhouse–Geiser adjustment where appropriate�
showed a highly significant main effect of group �normal-
hearing, cochlear-implant, and cochlear-implant simulation�

�F�2,18�=102.8, p�0.0005�, and a highly significant main
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effect of masker type �F�4.2,75.8�=36.3, p�0.0005�. There
was also a highly significant interaction between group and
masker type �F�8.4,75.8�=16.3, p�0.0005�, suggesting that
the effect of masker type differs in the three groups. Further
analysis was therefore performed separately for the three
subject groups.

Subject CINH001 was tested over two sessions sepa-
rated by several months to avoid duplication of target mate-
rial. At the time of the second test, he had not been using his
speech processor for several days and obtained only 30%
correct in quiet. At this session, SRTs from 15 to 25 dB were
obtained with his implanted right ear for maskers child-E, f2,
m1f1, m2, m1f2, and m2f1. Therefore for his implanted ear,
only those masker conditions tested in the first session were
plotted due to the device nonuse prior to the second session.
The SRT results from his normal-hearing ear are almost all
within one standard deviation of the mean of those from the
normal-hearing young adults. Limited results from his im-
planted ear fall close to or outside one standard deviation of
the mean for the implant subjects. These results suggest that
age-related cognitive differences between the normal-hearing
and cochlear-implant subject groups are not responsible for
the vast differences in the SRT. It is acknowledged, however,
that cognitive effects may play a part in some elderly sub-
jects; previous work demonstrated that performance in noise
worsened significantly with increasing age �Souza et al.,
2007�.

A repeated-measures ANOVA was performed to assess
nine planned comparisons: the difference between the SRT
for the nine masker conditions �f, child-E, m, f2, m1f1, m2,

FIG. 1. Mean SRT as a function of masker type in seven normal-hearing,
seven cochlear-implant subjects, and seven normal-hearing subjects using an
eight-channel sine-carrier cochlear-implant simulation. Target material was
HINT sentences spoken by a male. The squares represent the mean SRT for
normal-hearing subjects. The circles represent the mean SRT for cochlear-
implant subjects. The triangles represent the mean SRT for cochlear-implant
simulation subjects. The hexagons and inverted triangles represent the SRTs
for the right and left ears, respectively, for subject CINH001, who has a
cochlear implant in the right ear and virtually normal hearing in the left ear.
Error bars represent one standard deviation. For clarity, only the upward bar
is shown for the cochlear-implant users, and only the downward bar for the
normal-hearing and simulation subjects. Lines joining the points are purely
for clarity, and are not suggesting a functional relation, due to the maskers
being categorically different. The asterisks represent a SRT value signifi-
cantly different from the SRT with a steady-state noise masker.
m1f2, m2f1, m2f2� and the SRT for steady-state noise. The
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analysis was performed separately for each subject group.
Those results found to be significantly different from steady-
state noise are indicated with an asterisk in Fig. 1. A signifi-
cant p value was considered to be 0.006, using the Bonfer-
roni correction for multiple comparisons. In addition, for
each subject, the SRTs were averaged across conditions f,
child-E, and m to obtain a measure of the SRT for a one-
talker masker; over conditions f2, m1f1, and m2 for a two-
talker condition; over conditions m1f2 and m2f1 for a three-
talker condition; and condition m2f2 was used for the four-
talker condition. Figure 2 shows mean SRT results as a
function of number of interfering talkers. Three planned
comparisons were performed to assess the effect of changing
from one to two, two to three, and three to four interfering
talkers. The p values were compared to 0.017, using the Bon-
ferroni correction for multiple planned comparisons.

a. Normal-Hearing Subjects. All masker conditions
gave significantly different SRTs from steady-state noise, ex-
cept conditions m, m1f1, and m2f1. The SRT for these con-
ditions had the largest standard deviations, probably due to
the subject inadvertently following the wrong male talker.
This confusion usually happened when these conditions oc-
curred near the beginning of the test, and the subject was
unaccustomed to the target talker’s voice. The single-talker
conditions female and child produced significantly better
SRT results than steady-state noise. For two interfering talk-
ers, only f2 gave better SRT results, while m1f1 provided a
comparable SRT to steady-state noise, and m2 was worse.
With more than two interfering talkers, the SRT was signifi-
cantly worse than for steady-state noise, except for m2f1
where the SRT was comparable. Considering Fig. 2, there
was a significant increase in the mean SRT as the number of
interfering talkers changed from one to two �F�1,6�=45.6,
p=0.001� and from two to three �F�1,6�=18.5, p=0.005�.
However, as the number of interfering talkers increased from
three to four, there was not a significant change in the mean
SRT �F�1,6��0.0005, p=0.991�. This suggests that once
there are three interfering talkers, the inclusion of one addi-
tional talker did not influence speech recognition, although,
as discussed later, there must eventually be a drop in the SRT
to the level of that with a noise masker, as more and more
talkers are included.

The normal-hearing subjects in this study appeared

FIG. 2. Mean SRT as a function of number of talker maskers in seven
normal-hearing, seven cochlear-implant subjects, and seven normal-hearing
subjects using an eight-channel sine-carrier cochlear-implant simulation.
Target material was HINT sentences spoken by a male. The squares repre-
sent the mean SRT for normal-hearing subjects. The circles represent the
mean SRT for cochlear-implant subjects. The triangles represent the mean
SRT for cochlear-implant simulation subjects. Error bars represent � one
standard deviation.
to be able to use temporal and spectral fluctuations in the
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interferers to obtain release from masking with one or two
interfering talkers. With fewer maskers, the subject can take
advantage of favorable SNRs in the temporal gaps; as more
maskers are introduced, these gaps are filled in and energetic
masking increases. However, as the number of talkers in-
creases, informational masking also increases; with three or
four interfering talkers, the SRT was generally worse than for
steady-state noise. These results agree with those found by
Brungart et al. �2001� who showed that, at a negative SNR,
performance is worse for two or three interfering talkers than
for only one. In common with Drullman and Bronkhorst
�2004� the authors believe that when there are only one or
two interfering talkers, the interfering speech is still intelli-
gible, so grammatical and semantic information in the
masker help the subject to pick out the target speech. How-
ever, when there are multiple interfering talkers, the subject
is able to hear words in the maskers, but because they cannot
fully perceive the linguistic structure of the masker, they are
unable to take advantage of this to decide whether the words
were spoken by target or masker. The SRTs seem to reach a
plateau at three talker maskers, suggesting that additional
background talkers would not affect the SRT. An early study
by Miller �1947� using target words against continuous dis-
course maskers and very different methodology had shown
an increase in masking from two to four masker voices, but
no further increase from four to six or six to eight. However,
in this study the SRT for four interfering talkers �m2f2� is
significantly worse than that for steady-state noise, and if
steady-state noise is considered to be the sum of an infinite
number of talkers, it appears that at some point the effect of
informational masking would decline, and the SRT would
decrease again. Carhart et al. �1975� though still demon-
strated informational masking with 64 competing talkers.

b. Cochlear-Implant Subjects. The maskers f, m1f1,
and m2f1 produced comparable SRTs to steady-state noise;
all other maskers gave significantly higher SRTs. As shown
in Fig. 2, there was no significant difference in the mean SRT
related to number of interfering talkers �F�2.6,15.4�=1.6, p
=0.213�. The best SRTs were obtained for one female masker
and for steady-state noise. Most of the multiple talker
maskers gave worse SRTs than steady-state noise. This may
be a result of informational masking, or some kind of modu-
lation interference. The cochlear implant users are clearly
unable to take advantage of temporal glimpsing. Assessing
whether the subjects confused the masker words with the
target would indicate the extent of informational masking;
error analysis was not done in this study. In common with
Qin and Oxenham �2003� these results suggest that testing
implant users in steady-state noise may underestimate the
difficulties they experience in everyday life.

c. Simulation Subjects. The only masker condition that
gave a significantly different SRT from steady-state noise
was the female talker; its mean SRT was lower than that of
steady-state noise �F�1,6�=21.4, p=0.004�. Considering Fig.
2, as the number of interfering talkers increased from one to
two, there was a significant increase in the mean SRT
�F�1,6�=26.2, p=0.002�. Significant changes were not seen
for two vs three talkers �F�1,6�=7.0, p=0.038�, or three vs
four talkers �F�1,6�=0.9, p=0.377�.

Simulation subjects showed little difference in the
mean SRT across the masker types except a significantly
better result with a female masker. They did not show a
pronounced effect of informational masking and seemed un-

able to make much use of amplitude minima in the temporal
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structure of the maskers. This does not agree with simulation
results from Qin and Oxenham �2003� who found that simu-
lation subjects performed significantly worse with male or
female single-talker maskers than steady-state noise. This
simulation used narrowband noise carriers, and the present
study used sine carriers, so it is possible that this caused the
discrepancy. The current data do show that the SRT for the
male masker was worse than that for steady-state noise, and
if a p value of 0.05 were used �as used by Qin and Oxen-
ham�, then this difference would be significant. As discussed
later, the female masker used in Qin and Oxenham’s study
had an abnormally low F0, so cannot be compared to that
used in the current research.

Five subjects from each group were asked to iden-
tify the number and gender of talkers in each of the maskers
played separately without the target. Although the normal-
hearing subjects were able to accurately specify the one, two,
and three talker conditions, none was correct for the four-
talker condition. All stated that they heard three voices: two
male and one female, when in fact there were four voices
�two male and two female�. �One subject stated that he heard
one male talker as two males; this is believed to have been a
concentration error�. The plateau for masking effectiveness
coincided with the limit of talker number that the subjects
were able to identify. The cochlear-implant and simulation
subject results were variable, but worse than those for
normal-hearing subjects. Although all implant and most
simulation subjects were able to identify one female or one
male talker, only one implant user and three simulation sub-
jects could identify the child’s voice. The others reported the
child talker to be the female.

Cochlear-implant users clearly performed much
worse than normal-hearing subjects when identifying talkers.
Voice gender perception is dependent on accurate pitch in-
formation, which is lacking in cochlear-implant speech pro-
cessing. The implant users were able to accurately identify
one female or one male talker as found by Fu et al. �2005�,
but identification of the child’s voice was very poor.

2. Effect of voice pitch on the SRT

Further analysis was conducted using only the single-
talker maskers, in order to evaluate the effect of voice pitch
on the SRT. The hypothesis was that more separation be-
tween talker and masker F0 would lead to lower �better�
SRTs. A modification of the MATLAB® program STRAIGHT

was used to extract the F0 for voiced parts of the speech
�Kawahara et al., 1999�; these were averaged across each
sentence. The mean for each sentence was then averaged
over all the sentences �250 for the target, 40 for the adult
maskers, 13 for the child� providing a single mean value for
the target and each of the maskers. These are shown in Fig.
3. The child’s voice clearly has the highest F0, followed by
the female voice, followed by the two male voices, as ex-
pected. Three planned paired comparisons were assessed to
evaluate differences in the SRTs for the single-talker
maskers, and the observed p value was compared to 0.017
using the Bonferroni correction for multiple comparisons.

For all three groups �normal-hearing, cochlear-implant,
and simulation�, the mean SRT for the female masker was
significantly better than the mean SRT for the child masker,

and significantly better than the mean SRT for the male
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masker. There was not a significant difference between the
mean SRT for the child and male maskers. Table III contains
the t and p values for the comparisons.

The three subject groups behaved in a similar manner on
this comparison; they were all able to take advantage of dif-
ferences in voice F0 to separate the female from the male
and child talkers. This result does not agree with other re-
searchers who found that implant �Stickney et al., 2007;
Stickney et al., 2004� and simulation users �Qin and Oxen-
ham, 2003; Stickney et al., 2007; Stickney et al., 2004�
showed no difference in speech recognition when the gender
of the masker was changed. The simulations used were dif-
ferent in two of the studies �Qin and Oxenham, 2003; Stick-
ney et al., 2004�: these used noise carriers, but this should
not affect the result. The previous studies had more generous
low-pass cutoff frequencies �300 and 500 Hz, respectively,
for Qin and Oxenham and Stickney et al.� compared to the
current study’s 160 Hz. Qin and Oxenham �2003� felt that
one likely reason for their null effect was that their female
voice had an atypically low mean F0 of 129 Hz. The current
study uses a female masker with F0 of 214 Hz, which is
much closer to the average value of 220 Hz �Hillenbrand
et al., 1995�. In Stickney et al.’s 2004 study, although the
cochlear-implant subjects performed well in quiet �78%–
92% on IEEE sentences�, their performance in noise was
poor, with the average reaching only around 50% even at
20 dB SNR. The performance of the subjects in the later

FIG. 3. Mean fundamental frequency �F0� for the target and each of the
masker voices. The target HINT sentences were spoken by a male. Error
bars represent � one standard deviation. As expected, the child has the
highest F0, followed by the female, then the two males.

TABLE III. t and p values from the paired t tests performed on the mean
SRT with female, child, and male masker in normal-hearing, cochlear-
implant, and cochlear-implant simulation subjects. Values shown are two
tailed, with six degrees of freedom. The p values were compared to 0.017
using the Bonferroni correction for multiple comparisons. All three groups
showed a significantly better mean SRT for the female masker than both the
child and male maskers. There was no significant difference between the
mean SRT for the child and male maskers.

Normal-hearing Cochlear-implant
Cochlear-implant

simulation

Female/child t=−21.8 t=−6.0 t=−4.3
p�0.0005 p=0.001 p=0.005

Female/male t=−4.8 t=−4.0 t=−6.6
p=0.003 p=0.007 p=0.001

Child/male t=−8 t=1.7 t=−1.4
p=0.465 p=0.135 p=0.204
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study was even worse �Stickney et al., 2007�. This may ex-
plain their null finding. The cochlear-implant users in this
study performed much better in noise. It is possible that the
subjects in the current study are using some characteristic
other than the F0 in order to segregate the voices, for ex-
ample, speaking rate or coarse spectral differences. However,
it is shown later that syllabic rate is similar between the
female and male maskers.

Considering that previous research has shown that
voices are easier to segregate if there is a larger separation
between their pitches, one would expect that the child’s
voice would be the least effective masker. This was not
found. In fact no significant difference was seen in the mask-
ing effectiveness between the child and the male masker,
although their F0 difference is 145 Hz. Brungart et al. �2001�
suggested that a particularly salient masker could cause the
subject’s attention to be drawn away from the target phrase;
this appears to be the situation here. The characteristics of
the child’s voice make it more difficult to ignore than would
be expected given its spectral qualities; this is further ex-
plored in Experiment 3.

III. EXPERIMENT 2: EFFECT OF REVERSED SPEECH
MASKERS ON THE SRT IN NORMAL-HEARING
SUBJECTS

A. Methods

1. Test material

The HINT sentences were the target material, as de-
scribed in Experiment 1. Only the single- and two-talker
adult maskers were used: f, m, f2, m1f1, and m2. They were
played either forward or reversed, making ten different
maskers. In order for target material not to be repeated, only
these conditions were involved.

2. Subjects

The normal-hearing subjects were as described previ-
ously; results were obtained from 12 females and four males,
with ages ranging from 18 to 36 years �mean=21 years�.
None of these subjects had taken part in Experiment 1.

3. Procedure

The procedure was as described in Experiment 1. A
within-subjects crossed design was used, with each subject
acting as his or her own control; this had the advantage of
requiring fewer subjects, although there was the possible dis-
advantage of differential carryover effects. Differential carry-
over effects occur when a subject’s participation in one part
of the experiment affects their performance on a later condi-
tion one way, and on a different condition in another way. In
contrast, practice effects affect all treatment conditions
equally. Test order was randomized for each subject across
both factors in an attempt to avoid differential carryover ef-
fects.

B. Results and discussion

All subjects scored 100% for sentences in quiet. All 16

subjects were tested in the single-talker masker-forward and
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masker-reversed conditions. The final seven �six female, one
male, age range 18–23 years, mean=20 years� were also
tested in the two-talker masker-forward and masker-reversed
conditions.

Mean SRT results are shown in Fig. 4 for the single-
talker �16 subjects� and two-talker �seven subjects� masker
conditions. For the single-talker maskers no difference is ob-
served between the masker-forward and masker-reversed
conditions. �Multivariate analysis of variance F�1,15�=0.02,
p=0.896�. For the two-talker conditions, the reversed masker
produced better SRTs in conditions m1f1 and m2. A
repeated-measures ANOVA showed a significant main effect
of reversal �F�1,6�=25.7, p=0.002�. After examining the
data, the significance of the difference between m1f1 and m2
for masker-forward or masker-reversed conditions was
tested. As this was a post hoc comparison, the critical value
used was a multivariate extension of Scheffé’s method devel-
oped by Roy and Bose �1953�. Both comparisons were sta-
tistically significant �m1f1: t=4.6, df=6, p=0.004; m2: t
=4.7, df=6, p=0.003; critical t=2.97�. The results in Fig. 4
again show a much larger variance for masker condition m,
when the masker was forward. This was presumably because
subjects were more likely to pay attention to the wrong talker
in this condition.

A significant effect of reversal was only seen for condi-
tions m1f1 and m2: the two-talker conditions that involved a
male voice. These results coincided with those of Hawley
et al. �2004�, who used a male target and the same male
interferers. Their results did not show a large effect of re-
versed speech when there was only one interfering talker;
however, for two interferers, reversed speech gave consis-
tently better SRTs than forward speech. In common with
Drullman and Bronkhorst �2004�, it is believed that this oc-
curs because there is minimal informational masking with
only one interfering talker as the subject can use the gram-
matical and semantic information in the masker to segregate
it from the target. However, with several interfering talkers,
the sentences are not individually intelligible, so the subject
cannot take advantage of the grammatical and semantic con-

FIG. 4. Mean SRT as a function of masker type and masker reversal in
normal-hearing subjects. Target material was HINT sentences spoken by a
male. Maskers were one or two female or male talkers played either forward
or reversed. The squares represent the mean SRT when masker sentence was
played forward. The triangles represent the mean SRT when the masker
segment was reversed. Sixteen subjects were evaluated for the single-talker
maskers �f and m�, seven subjects for the two-talker maskers �f2, m1f1, and
m2�. Error bars represent one standard deviation. For clarity, only the up-
ward bar is shown for the masker-forward condition, and only the downward
bar for the masker-reversed condition.
tent. Rhebergen et al. �2005� did, however, show a signifi-
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cant improvement in the SRT when using a male target and a
time-reversed female masker. This result was found in Dutch
listeners using Dutch target and masker; differences in the
dynamics of this language compared to English may contrib-
ute to the discrepancy.

Although time-reversed speech has unchanged spectral
content, the temporal envelope is reversed. In forward
speech, words usually begin with plosives: quick onset and
slow decay. When speech is reversed, it contains abrupt off-
sets. The auditory system cannot follow these abrupt offsets
so accurately, so soft sounds can be masked by a preceding
strong signal: forward masking �Rhebergen et al., 2005�.
When a speech masker is time reversed, one may expect an
improvement in the SRT due to the release from informa-
tional masking. However, there may also be a decrease in
performance due to increased forward masking. The two ef-
fects act in opposition, therefore in order to show a release
from informational masking using reversed speech, this ef-
fect must exceed the opposing increase in forward masking.
Rhebergen et al. �2005� found the increase in the SRT due to
forward masking to be approximately 2 dB. Results from the
current study therefore suggest that any release from infor-
mational masking that is present with reversed speech in
conditions f, m, and f2 is less than or around 2 dB. The
release from informational masking for conditions m1f1 and
m2 may be approximately 7–8 dB, assuming the 2 dB of
forward masking still applies with a multitalker background.
The two effects can be separated using a speech masker in a
foreign language, thus offering release from informational
masking, but not altering the amount of forward masking
�Rhebergen et al., 2005�.

IV. EXPERIMENT 3: FURTHER INVESTIGATION OF
CHILD MASKERS

A. Methods

1. Test material

The target material was the HINT sentences as in Ex-
periments 1 and 2. Subjects were tested with six different
child maskers �child-A to child-F�, combinations of two,
three, four, and six children �2ch, 3ch, 4ch, and 6ch�, and six
adults �m3f3�. Results from Experiment 1 showed that a
child’s voice had a greater masking effect than expected,
given its fundamental frequency. The purpose of Experiment
3 was to further investigate this finding. Six different child
talkers were used, in order to rule out the hypothesis that
there was an anomalous feature associated with the child’s
voice used in Experiment 1. Combinations of child maskers
were used to replicate and extend the adult talker masker
findings shown in Fig. 2. The masking effect of a babble of
six child talkers was examined and compared to that of a
babble of six adults. It was hypothesized that whatever fea-
ture of a child masker that increased its masking effective-
ness would disappear once the voices were not individually
distinguishable. Although previous work has used children as
subjects in masking experiments �Hall et al., 2002�, chil-

dren’s voices have not been examined as maskers.
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2. Subjects

Eight normal-hearing subjects �five female, three male�,
with ages ranging from 18 to 23 years �mean=21 years� par-
ticipated. None of these subjects had taken part in Experi-
ments 1 or 2.

3. Procedure

The procedure was as used in Experiment 2.

B. Results and discussion

Seven subjects scored 100% correct for sentences in
quiet; one scored 90% correct for sentences, 98% correct for
words.

1. Comparison of the SRT in Six Different Child
Maskers

Figure 5 shows the mean SRT for each of the child
maskers in eight normal-hearing subjects. A repeated-
measures ANOVA using the Greenhouse–Geiser correction
showed no significant difference �F�2.9,20.3�=0.655, p
=0.585�. This confirms that the finding in Experiment 1 �that
the child masker produced more masking than expected� was
not simply a result of characteristics of that particular child’s
voice.

2. Effect of number of interfering child talkers

Figure 6 shows the mean SRT for one, two, three, four,
and six child maskers. A repeated-measures ANOVA using

FIG. 5. Mean SRT for six different child maskers in eight normal-hearing
subjects. Target material was HINT sentences spoken by a male. Error bars
represent � one standard deviation. Four female and two male children
were used, with ages ranging from seven to nine years, with voice funda-
mental frequencies from 215 to 281 Hz. The mean SRT, however, was ap-
proximately the same for all child maskers.

FIG. 6. Mean SRT for one, two, three, four, and six child maskers in eight
normal-hearing subjects. Target material was HINT sentences spoken by a
male. Error bars represent � one standard deviation. The mean SRT gradu-

ally increases as the number of interfering talkers increases.
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the Greenhouse–Geiser correction showed a significant effect
of the number of talkers �F�2.8,19.8�=47.3, p�0.0005�.
Four planned paired comparisons were evaluated to assess
the change from one to two, two to three, three to four, and
four to six interfering child talkers. The p value was com-
pared to 0.01 using the Bonferroni correction for multiple
planned comparisons. The only significant change was from
one to two interfering child talkers �F�1,7�=38.3, p
�0.0005�; the other changes were too gradual to reach sig-
nificance. A comparison of the child six-talker SRT to that
obtained using steady-state noise in Experiment 1, showed
that the child six-talker masker had a significantly greater
masking effect than steady-state noise �two-tailed t=4.3, df
=13, p�0.0005�. This reflects informational masking. The
mean SRT with six adults as the masker was −2.7 dB; mean
SRT with six child maskers was −2.3 dB. A paired t test
showed that this difference was not significant �two-tailed t
=0.424, df=7, p=0.685�. This demonstrates that the charac-
teristic of a child masker that is providing more masking
than expected is not apparent when a babble of child voices
is used. A babble of child voices produces essentially the
same masking as a babble of adult voices.

3. Effect of child voice pitch, syllabic rate, and
temporal modulation on the SRT

The program STRAIGHT implemented in MATLAB® was
used to calculate the mean F0 for the six child maskers
�Kawahara et al., 1999�. The rate of the talkers was also
examined. This was simply the mean number of syllables
spoken per second; it was evaluated for 15 sentences for
female, male, child-B, and child-D, and fewer sentences for
the other children �see Table II�. Figure 7 shows mean F0
and syllabic rate for all the one-talker maskers. The male F0
is significantly lower than the female �two-tailed t=63.4, df
=78, p�0.0005�, and all the child maskers except child-A
have a significantly higher F0 than the female masker �p
�0.008 using the Bonferroni correction for multiple com-
parisons�. Even though F0 of the child maskers is higher than
the female, the SRT is still significantly worse; this suggests

FIG. 7. Mean F0 and syllabic rate for all the single-talker maskers. The bars
represent the mean F0 for each talker, using the left-hand axis. The circles
represent the means syllabic rate for each talker, using the right-hand axis.
Error bars represent � one standard deviation. The male F0 is significantly
lower than all the other maskers. All child maskers except child-A have a
significantly higher F0 than the female. There is much variation in syllabic
rate, with some children having higher rate than the female, and some com-
parable.
that frequency separation alone is not responsible for the
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SRT difference. Figure 7 also shows the variation in the syl-
labic rate of the child talkers. Compared to the female
masker, child-A, child-C, child-D, and child-E have a signifi-
cantly faster syllabic rate �p�0.008 using the Bonferroni
correction for multiple comparisons�. Child-B and child-F
have comparable speaking rates to the female talker. It seems
that talking rate is not a consistent factor, and therefore is not
responsible for the increased masking effectiveness of a child
talker.

The authors observed that children’s voices often have a
“sing-song” characteristic: voice pitch appears to rise and fall
more during a sentence than for adult talkers. The F0 calcu-
lation using STRAIGHT involves averaging instantaneous F0
across a sentence. In order to evaluate whether the variation
in F0 was similar for female, male, and child maskers, the
coefficient of variation �standard deviation/mean� was evalu-
ated in each case. The values were 0.16, 0.32, and 0.21 for
female, male, and child, respectively. The child’s value is
between that for the female and male; this rejects the hypoth-
esis that the child’s voice is more distracting because of the
variation in the F0 across a sentence.

Spectra of the octave band envelope modulations were
examined for the target HINT sentences, female, male, and
child maskers. Ten sentences of each were concatenated to
simulate running speech; no gaps were inserted between the
sentences. Following a method described by Payton and
Braida �1999� and implemented in MATLAB®, the speech ma-
terial was first bandpass filtered using octave bandwidth digi-
tal Butterworth filters with center frequencies from
125 to 8000 Hz �the 8000 Hz filter was a high-pass filter�.
The samples were squared, low-pass filtered to extract the
intensity envelope, and power spectra were computed. Aver-
age spectra were summed to third octave band representa-
tions. The square root of this sum was the one third octave
modulation spectrum. The modulation index represents depth
of modulation. Greater informational masking may occur if
temporal modulation properties are similar between target
and masker. Figure 8 shows the modulation index difference
between each masker and the target as a function of third
octave band modulation frequency for female masker, male
masker, and child-E. The measurement was made for seven
octave bands �125 Hz through 8000 Hz�, although the child
results at 125 Hz were artifactual and were excluded. Tem-
poral envelope modulations play an important role in speech
intelligibility �Shannon et al., 1995�. It is difficult to visually
assess from these graphs whether any real differences exist
in terms of envelope modulation depth, although in the
1000 Hz band it appears that the child masker had slightly
more modulation than the other talkers from 3 to 8 Hz. Cor-
relation coefficients between the target and the female, male,
and two child maskers �child-B was included because it has
a similar syllabic rate to the female� were calculated for each
octave band. The values were averaged across frequencies
from 250 to 8000 Hz. The mean correlation coefficients
were as follows: female 0.709, male 0.670, child-E 0.653,
child-B 0.670. These numbers describe how similar the
modulation indices of the masker are to the target. There is
no consistent trend in these numbers; they do not explain the

masking properties of the child maskers. However, this
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analysis is preliminary, and further research is required. Fu-
ture work should also examine the speech intelligibility in-
dex �SII� of speech masked by a child’s voice, using the
modification to the SII proposed to predict intelligibility in
the presence of a fluctuating masker �Rhebergen and Vers-
feld, 2005�.

V. SUMMARY AND CONCLUSIONS

This research investigated speech recognition in normal-
hearing and cochlear-implant subjects, under a variety of
talker and noise masker conditions. Normal-hearing subjects
performed vastly better than implant users on all conditions;
the largest mean discrepancy in the SRT was 24 dB with a
female masker. These differences were not caused by age-
related cognitive differences in the subject groups. Although
an eight-channel sine-carrier cochlear-implant simulation
provided an almost identical SRT to cochlear-implant users
with a steady-state noise masker, there was a large discrep-
ancy for talker maskers.

Normal-hearing subjects used temporal fluctuations in
interferers to obtain release from masking. Cochlear-implant
and simulation subjects made much less use of temporal
fluctuations. A talker background provides a combination of
energetic and informational masking. Results from masker
reversal suggested that single-talker maskers produce little
informational masking. As the number of talkers increase,
both energetic and informational masking increase. Normal-
hearing, cochlear-implant, and simulation subjects all
showed a significantly better SRT for a female than male

FIG. 8. Temporal envelope modulation data. Graphs show envelope spect
modulation index difference �MI diff� as a function of third octave band m
�child-E�.
masker. Despite the weak representation of voice fundamen-
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tal frequency in their coding scheme, implant users appeared
to use spectral differences in the talkers to segregate the
voices.

Although the child maskers had higher voice pitch, all
subject groups showed no difference between the mean SRT
for the male and child maskers, and a significantly better
SRT for the female compared to the child masker. The child
maskers possessed greater masking ability than suggested by
their spectral qualities; this did not seem to be related to
talking rate, variation in the F0 within a sentence, or tempo-
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