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Unlike prior studies with bilateral cochlear implant users which considered only one interferer, the
present study considered realistic listening situations wherein multiple interferers were present and
in some cases originating from both hemifields. Speech reception thresholds were measured in
bilateral users unilaterally and bilaterally in four different spatial configurations, with one and three
interferers consisting of modulated noise or competing talkers. The data were analyzed in terms of
binaural benefits including monaural advantage �better-ear listening� and binaural interaction. The
total advantage �overall spatial release� received was 2–5 dB and was maintained with multiple
interferers present. This advantage was dominated by the monaural advantage, which ranged from
1 to 6 dB and was largest when the interferers were mostly energetic. No binaural-interaction
benefit was found in the present study with either type of interferer �speech or noise�. While the total
and monaural advantage obtained for noise interferers was comparable to that attained by
normal-hearing listeners, it was considerably lower for speech interferers. This suggests that
bilateral users are less capable of taking advantage of binaural cues, in particular, under conditions
of informational masking. Furthermore, the use of noise interferers does not adequately reflect the
difficulties experienced by bilateral users in real-life situations.
© 2009 Acoustical Society of America. �DOI: 10.1121/1.3036175�
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I. INTRODUCTION

It is well established that normal-hearing �NH� listeners
have a remarkable ability to perceptually segregate a target
voice amid a background of competing voices, a formidable
task that has been termed the “cocktail-party” problem �e.g.,
Cherry, 1953�. When the target voice and interfering voices
�or noise� are spatially separated, listeners are able to take
advantage of the favorable signal -to-noise ratio �SNR� at the
“better” ear owing to the head-shadow effect. In addition,
listeners are able to receive binaural advantage resulting
from binaural unmasking in the low frequencies, facilitated
by interaural time difference �ITD� differences between com-
peting sources �Bronkorst and Plomp, 1988; Zurek, 1993�.
Aside from the use of interaural �time and level� differences,
NH listeners exploit a number of other cues that help them
cope with the cocktail-party problem. Much research �see
review by Bronkorst, 2000� has been done to understand the
perceptual processes used by NH listeners to segregate a tar-
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get voice from competing, interfering voices, but relatively
little is known about the processes used by bilateral cochlear
implant �CI� users.

Bilateral cochlear implantation seeks to restore the ad-
vantages of listening with two ears. A number of studies have
assessed speech recognition performance of adult �Tyler et
al., 2002; Gantz et al., 2002; Muller et al., 2002; van Hoesel
and Tyler, 2003; Schleich et al., 2004; Buss et al., 2008� and
pediatric �e.g., Litovsky et al., 2006a� bilateral CI users in
situations where the target and masker are either spatially
coincident or separated. In the study by Tyler et al. �2002�
data from nine adult subjects were collected three months
after bilateral implantation. Speech intelligibility was tested
both in quiet and in broadband noise presented from the left
�−90° � or right �+90° �. The level of the noise was adjusted
for each subject to minimize ceiling or floor effects. When
the noise was spatially separated from the speech signals, the
subjects showed a significant head-shadow advantage but
only a few subjects received benefit known as the binaural-
interaction benefit, arising from the use of both ears over the
ear with better SNR. Muller et al. �2002� reported data from

nine bilateral implant users. Speech was presented from the
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front and steady speech-shaped noise was presented at either
+90° or −90° azimuth at a fixed SNR �10 dB�. Results indi-
cated significant head-shadow benefits as well as an addi-
tional, albeit small binaural-interaction benefit. Performance
with bilateral implants for monosyllabic word recognition in
quiet also showed improvement compared to that obtained
with the better ear alone. Buss et al. �2008� reported large
head-shadow benefits �37–38 percentage points� for 26 bilat-
eral implant users participating in a multicenter clinical trial.
Small binaural-interaction benefits �3–10 percentage points�
were observed, but only after 1 yr postimplantation. In the
bilateral CI studies described above, fixed SNRs were used
for testing, which can produce data dominated by floor or
ceiling effects. The study by van Hoesel and Tyler �2003�
used an adaptive procedure to assess speech recognition per-
formance. Broadband noise �nonmodulated� was used as a
masker and presented to the subjects at 0°, 90°, or −90°
�target was presented from the front�. Overall, subject’s per-
formance improved with two implants, and the overall ben-
efit �4–5 dB� was dominated by better-ear listening �head-
shadow effect�. A considerably smaller improvement of
1–2 dB was attributed to binaural interaction. Schleich et al.
�2004� measured speech reception thresholds �SRTs� for 21
Med-El Combi 40 /40+ bilateral users with continuous noise
presented from the left or right. Results indicated a 6.8 dB
head-shadow effect, a 0.9 dB binaural-interaction effect, and
a 2.1 dB binaural summation effect. Litovsky et al. �2006b�
measured SRTs in 34 simultaneously implanted adult
Nucleus 24 users, after 3 months of bilateral hearing experi-
ence. With both target and competing speech in front, 15 /34
subjects �44%� demonstrated a “binaural redundancy” effect,
whereby the bilateral listening mode produced an advantage
over one of the two unilateral conditions. With target in front
and competing speech to the side, head-shadow effects aver-
aged 5–6 dB and were found in 32 /34 �94%� of subjects for
at least one of the head-shadow comparisons �right or left�.
Binaural interaction, in contrast, averaged 1.95 dB and was
found in 16 /34 �47%� of subjects.

The above studies provided undoubtedly valuable infor-
mation as to the benefit introduced via bilateral implants, but
were limited in scope in several respects. First, with the ex-
ception of the study by Litovsky et al. �2006b�, most studies
used a single noise source making it difficult to predict the
bilateral implant user’s true performance in more realistic
listening scenarios wherein multiple noise sources might be
present. It is known from the NH literature that the number
of masking sources as well as the spatial configuration of
those noise sources can significantly affect performance
�Bronkorst and Plomp, 1992; Yost et al., 1996; Peissig and
Kollmeier, 1997; Hawley et al., 1999; 2004�. Bronkorst and
Plomp �1992�, for instance, showed that speech intelligibility
is reduced when noise sources are placed symmetrically
around the target �i.e., across the two hemifields� than when
they are placed asymmetrically, in part because the benefit
from head shadow is obliterated.

Second, the temporal properties and spectral content of
the masker can also affect performance. Hawley et al. �2004�
observed a larger spatial release from masking by NH listen-

ers when the maskers are comprised of speech or reversed
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speech, that is, when they contain linguistic content or con-
text, compared to when noise �modulated or nonmodulated�
maskers were used. Studies with bilateral implant users to
date have been restricted to a single masker type; thus the
extent to which the content and/or context of the masker are
important remains to be understood. One important issue to
recognize from the work of Hawley et al. �2004� is that in
competing talker listening situations the interfering speech is
likely to contain linguistic information which could be dis-
tracting or confused with the content of the target speech.
This confusion is often classified as a form of “informational
masking” �Brungart, 2001�. Using a nonspeech pattern iden-
tification task, Kidd et al. �1998� showed that NH listeners
benefited more from the spatial separation of the target and
masker signals when the masker was informational in nature
�no spectral overlap between target and masker� than when it
was energetic �masking caused by the mere spectral overlap
between the masker and target signals�. When speech intel-
ligibility is assessed using similar paradigms, the advantage
of spatial separation is larger when there are substantial simi-
larities in the information transmitted by the target and inter-
ferers, thus forcing listeners to rely more heavily on spatial
cues to segregate competing sources from the target.

The effect of masker types on spatial separation benefits
underscores the need to evaluate performance of bilateral CI
users with both speech and nonspeech maskers; the use of
nonspeech maskers might underestimate the advantage of bi-
lateral implants for spatially segregated conditions in real-
world situations. None of the aforementioned bilateral CI
studies focused on this issue. Finally, it is of great interest to
know how bilateral implant users perform compared to NH
listeners. Such a comparison, however, is difficult to make
given the differences in spatial configurations, testing envi-
ronment �e.g., reverberation�, and test material used in the
various CI and NH studies. Several studies examined the
effect of spectral/temporal characteristics of various maskers
on performance in unilateral implant users �Nelson et al.,
2003; Stickney et al., 2004� or with CI simulations �Qin and
Oxenham, 2003�. These studies showed that contrary to the
benefit received by NH listeners when the masker is modu-
lated, unilateral implant users did not benefit from such
masker modulations �Stickney et al., 2004�.

In all, there are multiple factors that may influence the
performance of bilateral implant users in real-world listening
situations where multiple interfering sources might be
present. The influence of these factors on bilateral CI perfor-
mance is not well understood. The present study aims to
assess the performance of bilateral users in more complex
listening situations �cocktail party� with multiple competing
sources emanating from various directions in space. The pur-
pose of the study is to explore the interaction between the
number of interfering noise sources, the magnitude of benefit
incurred by better-ear listening for different target-masker
spatial configurations, and the effect of informational/
energetic masking on speech recognition. In this study we
used the same simulated anechoic environment and the same
stimuli presented to NH listeners in the study of Hawley et

al. �2004�. We will thus be in a unique position to compare
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the bilateral users’ performance against NH listeners’ perfor-
mance in the same listening conditions and ascertain the true
benefit of bilateral implantation in more realistic noisy situ-
ations.

II. METHODS

A. Subjects

Eight postlingually deafened adults were recruited for
testing. The participants were all bilateral CI patients fitted
with the Nucleus 24 multichannel implant device manufac-
tured by Cochlear Corporation. They were all native speak-
ers of American English and were paid for their participa-
tion. All subjects had a minimum of three years experience
with their implant devices. Biographical data for the subjects
tested are given in Table I.

B. Experimental research processor

All subjects wore the Cochlear Esprit BTE processor on
a daily basis. During their visit, subjects were temporarily
fitted with the SPEAR3 wearable research processor. The
SPEAR3 processor was developed by the Cooperative Re-
search Center �CRC� for Cochlear Implant and Hearing Aid
Innovation, Melbourne, Australia, in collaboration with
HearWorks. The SPEAR3 has been used in a number of in-
vestigations to date as a way of controlling inputs to the CI
system �e.g., van Hoesel and Tyler, 2003�. Prior to the sub-
jects’ scheduled visit, the Seed-Speak Graphical User Inter-
face �GUI� application was used to program the SPEAR3
processor with the individual users’ threshold �T� and com-
fortable loudness levels �C�. In addition, all participants �ex-
cept subject S6� used the device programmed with the ad-
vanced combination encoder �ACE� speech coding strategy
�e.g., see Vandali et al., 2000� with all parameters �e.g.,
stimulation rate, number of maxima, frequency allocation
table, etc.� matched to their clinical settings.

C. Speech and interferer stimuli

The speech stimuli were taken from the IEEE corpus
�IEEE, 1969�. The recordings were produced by two male
speakers, each contributing half of the sentences �same
stimuli that were used in Hawley et al., 2004�. Four of the
longest sentences were reserved for use as interferers to en-

TABLE I. Biographical data for the bilateral CI subjects tested.

Subject

Duration
of deafness

�yrs�
Age
�yrs�

CI use
�yrs�

left/right

Speech
coding
strategy

Probable
cause of

hearing loss

S1 19 61 5 /5 ACE Noise
S2 38 58 4 /4 ACE Measles
S3 17 36 3 /4 ACE Unknown
S4 11 65 4 /3 ACE Congenital
S5 22 68 5 /5 ACE Unknown
S6 �10 38 5 /5 Speak Unknown
S7 15 36 4 /3 ACE Unknown
S8 22 67 6 /6 ACE Hereditary
sure that all targets were shorter than the interferers. The
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remaining sentences were made into 64 lists of ten sentences
each maintaining a single talker for each list. The mixture
stimuli were constructed by having the interferers precede
the target sentence �for about a second�, and following the
target sentence for another second. The interferer was either
a female talker or speech-modulated noise that was com-
puted using one of the four interferer sentences. For the
speech-modulated noise, the envelope was extracted from
the speech interferer and was used to modulate noise �origi-
nally filtered to match the long-term spectrum of the male
talker�, giving the same coarse temporal structure as speech.
The envelope of running speech was extracted using a
method similar to that described by Festen and Plomp �1990�
by low-pass filtering a rectified version of the waveform. A
first-order Butterworth low-pass filter was used with the
3-dB cutoff set at 40 Hz.

D. Simulated anechoic space

A set of free-field-to-eardrum �or anechoic� head-related
transfer functions �HRTFs� previously measured in an acous-
tic manikin �Head Acoustics, HMS II.3� as described in the
AUDIS catalog �see Blauert et al., 1998� was used to simu-
late different spatial locations of the speech target and the
interferer signals. HRTFs provide a measure of the acoustic
transfer function between a point in space and the eardrum of
the listener, and also include the high-frequency shadowing
component due to the presence of the head and the torso. It
should be noted that the use of HRTFs may not simulate
accurately the intended source locations for CI users wearing
the behind-the-ear microphones �as they lack pinna direc-
tionality�, but rather for CI users �e.g., Advanced Bionics
Corporation� wearing the in-the-canal microphones. On this
regard, the data obtained with HRTFs might slightly overes-
timate the performance of CI users wearing behind-the-ear
microphones. The duration of the impulse response was 256
sample points �at 16 kHz sampling frequency�, amounting to
a relatively short impulse response duration of 16 ms and
therefore negligible reverberation. To generate the multisen-
sor composite signals observed at the pair of microphones,
the target and interferer stimulus for each position were con-
volved with the set of HRTFs for the left and right ears,
respectively, thus generating a set of mixture signals for each
of the two ears. In all experiments, HRTFs were used for
stimuli simulating sources at a conversational distance of
1 m, with the vertical position �or elevation� adjusted at ear
level.

All stimuli were presented to the listener through the
auxiliary input jack of the SPEAR3 processor in a double-
walled sound-attenuated booth �Acoustic Systems, Inc.�.
During the practice session, subjects were allowed to adjust
the volume to reach comfortable level in both ears. For the
unilateral conditions, either the left or right implant was ac-
tivated. In the majority of simulated configurations the inter-
fering virtual sound sources were situated to the listeners’
right and were therefore less intense at the left than the right

ear.
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E. Conditions

The simulated target location was always at the front �0°
azimuth�. Subjects were tested in conditions with either one
or three interferers. Up to three interferers were placed either
in the front �0°,0°,0°�, distributed on both sides
�−30° ,60° ,90° �, distributed on the right side �30°,60°,90°�,
or from the same location on the right side �90°,90°,90°�.
Note that −90° means that the interferer was located to the
left of the listener, and 90° means that it was located to the
right. Table II summarizes these conditions. The level of
each interferer was fixed and the overall level of the interfer-
ers was thus naturally increased as more interferers were
added.

Each listener completed testing in six to ten sessions of
1–1.5 h each, spanning 2 days. During these sessions, two
SRT measurements for each of the 16 conditions �2 numbers
of interferers�4 spatial configurations�2 interferer types�
were obtained. To minimize any order effects, all conditions
were randomized among subjects. Different sets of sentences
were used in each condition. Subjects S5 and S6 were not
available for testing in a subset of the conditions �single
interferer with speech-modulated noise�.

F. SRT measurement

SRTs were measured using a method similar to that de-
veloped by Plomp �1986� and used in the NH study �Hawley
et al., 2004� with which the data will be compared. Listeners
were seated in the sound-attenuated booth in front of a ter-
minal screen. At the start of each session practice SRTs were
given with three interferers for each interferer type to famil-
iarize the subject with the interferer types and the task. At the
start of each SRT measurement, the level of the target was
initially very low. The subject heard the same target sentence
and interferer combination repeatedly. After each presenta-
tion, the subject’s task was to repeat as many words as pos-
sible. After each response, the experimenter pressed the re-
turn key and the same target sentence and interferer
combination was replayed, but with the signal-to-interferer
ratio �computed based on the ratio of signal-to-interferer en-
ergies� increased by 4 dB. The subject repeated the words/
sentence he/she heard orally, and when the experimenter de-
termined �based on a written sentence transcript� that the
subject reproduced more than half of the sentence correctly,

TABLE II. List of spatial configurations tested.

No. of
interferers

Interferer
type Front

One interferer Modulated
noise

0

Three
interferers

Modulated
noise

0°, 0°, 0°

One interferer Female
talker

0

Three
interferers

Female
talker

0°, 0°, 0°
the first recording was made of the number of keywords

J. Acoust. Soc. Am., Vol. 125, No. 1, January 2009
correct. From that point on, a SRT was measured using a
one-down/one-up adaptive SRT technique targeting 50% cor-
rect speech reception �Levitt, 1971� using an approach that
was successfully used in studies with NH listeners �Hawley
et al., 2004�. After listening to each sentence, the subjects
were asked to repeat what they heard. Each IEEE sentence
had five designated keywords and these words were in capi-
tal letters in the transcript, e.g., “The BIRCH CANOE SLID
on the SMOOTH PLANKS.” The experimenter compared
what was repeated by the subject with the displayed text and
typed in the number of keywords found correct. The SNR of
the next trial was raised by 2 dB if two or fewer keywords
were correct and the SNR was lowered by 2 dB if three or
more keywords were correct. The entire transaction was
logged in a data file and displayed on the experimenter’s
computer monitor for verification of scoring reliability. The
SRT was determined by averaging the level presented in the
last eight trials.1 The content, number, and locations of the
interferers were fixed throughout the run in each condition.

G. Data analysis

The data were analyzed in a similar way to the approach
taken by Hawley et al., �2004� in order to draw comparisons
from the present results with those of NH listeners. More
precisely, we used the raw SRTs for unilateral and bilateral
stimulations to derive the following three advantages that are
potentially introduced by the availability of binaural listen-
ing: total advantage, monaural advantage, and binaural ad-
vantage �also known as binaural interaction�.

The total advantage is the improvement in performance
�decrease in SRT� observed when the masker-target spatial
separation is introduced compared with when the interferer
and target are both presented from front �0° azimuth�. It is
determined by subtracting the bilateral SRT of a given
spatially-separated condition from the SRT of the corre-
sponding unseparated condition. This overall benefit is also
known as spatial release from masking and is assumed to
contain the advantages from both head shadow and binaural
advantage �binaural interaction�.

The monaural advantage is defined as the improvement
in performance �decrease in SRT� observed when listening
with the better ear, i.e., the ear with the more favorable SNR.
It is determined by subtracting the SRT of a given unilateral
spatially separated condition corresponding to the ear con-

Left or
tributed on
oth sides

Right or
distributed on

right Right

−30° 60° 90°

°, 60°, 90° 30°, 60°, 90° 90°, 90°, 90°

−30° 60° 90°

°, 60°, 90° 30°, 60°, 90° 90°, 90°, 90°
dis
b

−30

−30
tralateral to the interferer location, from the SRT of the cor-
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responding unilateral unseparated condition �0° azimuth�.
So, for instance, if the interferer is presented from the left
hemifield �e.g., −30°�, the monaural advantage is computed
by subtracting the SRT obtained with the right implant from
the SRT obtained in the unseparated condition �0°� with the
right implant. For the �−30° ,60° ,90° � condition, the mon-
aural advantage was computed using the SRTs obtained with
the left implant since the majority of the interferers came
from the right hemifield. Note that the head-shadow advan-
tage was computed differently in other studies in which simi-
lar effects in bilateral CI users were measured �van Hoesel
and Tyler, 2003; Schleich et al., 2004; Buss et al., 2008�. In
those studies, head shadow was computed by subtracting the
unilateral SRT obtained when the interferer was on the con-
tralateral side of the implant from the SRT obtained when the
interferer was on the ipsilateral side of the implant. A differ-
ent method for measuring the head-shadow advantage is
used in the present study for two reasons. First, the intent
was to be consistent with the method used in Hawley et al.
�2004� for assessing better-ear listening. The adoption of the
same definition of monaural advantage will enable appropri-
ate comparisons between the two studies. Second, methods
used in other studies are better suited for making comparison
when the interferer�s� is �are� placed symmetrically across
the two hemifields. In this study the interferer�s� was �were�
placed mostly on the right and in asymmetrical configura-
tions; thus we are unable to compute the head-shadow ad-
vantage in the manner done by others �e.g., van Hoesel and
Tyler, 2003; Schleich et al., 2004�.

The binaural advantage �or binaural interaction� is
thought to assess the contribution of binaural processing to
advantages introduced in spatial separation. This advantage
reflects the benefit from listening binaurally over listening
with just the better unilateral ear �i.e., implant contralateral
to the interferer�, and is determined by subtracting the mon-
aural advantage with the better-ear condition from the total
advantage of separation. That is, binaural advantage is equal
to total advantage minus monaural advantage. Binaural ad-
vantage data are reported for all conditions, including the
condition in which the interferer originated from −30°. Note
that the study by Hawley et al. �2004� did not report binaural
advantage data for interferers at −30°, as they only tested
their subjects monaurally with the left ear.

III. RESULTS AND DISCUSSION

The three advantages are discussed next, along with the
raw SRT values obtained in the various conditions �see Figs.
1 and 2�. For each of the two types of interferers, Analysis of
Variances �ANOVAs� were conducted to assess the interac-
tion between the number of interferers and other factors on
performance �SRT values�. For the speech interferer, a three-
way ANOVA �2 numbers of interferers�3 listening modes
�4 interferer locations� revealed a significant effect
�F�1,5�=16.6, p=0.01� of the number of interferers �1 ver-
sus 3�, with SRTs being significantly higher in the presence
of 3 versus 1 interferer�s�. In addition, there was a significant
effect �F�2,10�=15.9, p=0.001� of listening mode �bilateral

versus unilateral left or unilateral right�, a nonsignificant ef-
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fect of interferer location, a significant interaction �F�6,30�
=5.9, p�0.005� between listening mode and interferer loca-
tion, and a nonsignificant interaction between number of in-
terferers and other factors. Similar effects were noted with
the noise interferer. Similar ANOVAs were conducted for
data analyzed in terms of advantage, and noted no significant
interactions between number of interferers and most of other
factors. A significant interaction �e.g., for female talker,
F�4,20�=3.7, p=0.02� was only found with listening mode
by interferer location.

Given the absence of significant interaction between
number of interferers and other factors �with the exception of
one interaction found when the data were analyzed in terms
of advantage�, the data were reanalyzed for main effects and
interactions separately for one and three interferers. Results
from the one-interferer conditions will be discussed first, fol-
lowed by results from the three-interferer conditions.

A. One interferer

The results for a single interferer are shown in Fig. 1
�upper left panels�.

1. Raw SRTs

Figure 1 �panels �A� and �B�� shows the raw SRTs ob-
tained with a single noise and speech interferers. The discus-
sion on SRTs that follows focuses on differences in perfor-
mance relative to conditions in which both target and
interferers were at 0°. As shown in Fig. 1 �panels �A� and
�B��, mean SRT values decreased in the bilateral condition as
the interferer moved away from the target �located at 0°�
regardless of the interferer type. For the unilateral condition
with the left implant alone, mean SRTs increased when the
interferer was at −30° and then dropped when the interferer
was at 60° and 90° �Fig. 1, panels �A� and �B��. The increase
in SRT was expected since the left ear was on the same side
of the interferer. For the unilateral condition with right im-
plant alone, SRTs increased as expected when the interferer
was on the right �i.e., at 60° and 90°� and decreased when the
interferer was on the left �−30° � �see Fig. 1, panels �A� and
�B��. Overall, the left and right unilateral SRTs mirrored each
other, as expected �Fig. 1, panels �A� and �B��. A three-way
ANOVA �2 types of interferers�3 listening modes�4 inter-
ferer locations� revealed a significant effect �F�2,8�=5.4, p
=0.03� of listening mode, a significant effect �F�3,12�=4.1,
p=0.032� of interferer location, a nonsignificant effect of
interferer type, a significant interaction �F�6,24�=33.3, p
�0.005� between listening mode and interference location,
and a marginally significant interaction �F�2,8�=4.4, p
=0.049� between interferer type and listening mode. Posthoc
analyses on effect of listening mode indicated a significant
difference in SRTs �F�1,6�=8.5, p=0.026� between the bi-
lateral and right-implant conditions, a nonsignificant differ-
ence �F�1,6�=2.03, p=0.21� between the bilateral and left-
implant conditions and a nonsignificant difference �F�1,6�
=1.4, p=0.27� between left- and right-implant conditions �a
significant interaction was noted, however, in the left- versus
right-implant analysis�. Post hoc analyses on effect of inter-

ferer location suggested that SRTs were lower �F�3,4�=7.8,
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rent y
p=0.037� when the interferers were at 60° compared to 0°.
The interaction between listening mode and interference lo-
cation was due to the fact that performance improved signifi-
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bilateral and left-implant conditions but not in the right-
implant conditions. This was not surprising since the inter-
ferers moved closer to the right implant �i.e., the ear with the
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formance with interferers at 90° was significantly �p
�0.05� better than performance with interferers at 0° with
either the bilateral or left-implant condition.

Figure 1 �top two rows� contrasts the SRT values ob-
tained in this study against those obtained by NH listeners in
the study by Hawley et al. �2004� �see Fig. 1, panels �E� and
�F��. The overall pattern in bilateral performance is the same
as that obtained by NH listeners in that performance im-
proves �lower SRT values� as the interferer�s� move away
from the target. The absolute SRT values obtained by NH
listeners, however, are notably lower, by about 10 dB in the
noise-interferer condition and by about 15–20 dB in the
speech interferer condition �compare Fig. 1, panels �A� ver-
sus �E�, and panels �B� versus �F��. The pattern, however,
obtained with the left implant alone does not follow the pat-
tern followed by NH listeners when presented with the
stimuli monaurally via the left ear. For the CI users, the
unilateral SRT values obtained with the left implant are
nearly identical to the SRT values obtained bilaterally �see
Fig. 1, panels �A� and �B��. This outcome reflects the ab-
sence of binaural advantage �more on this in Sec. III A 2�,
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since the bilateral SRT values are not better �lower� than
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those of the better-ear �which is the left implant for interfer-
ers at 60° and 90°� SRTs. In contrast, the binaural SRT val-
ues obtained by NH listeners �Fig. 1, panels �E� and �F��
were always lower �more so in speech interferers� than the
SRT values obtained with the left ear monaurally, reflecting a
binaural advantage.

2. Advantages of separation

Figure 2 �leftmost column� quantifies the mean advan-
tage of separation in terms of total advantage �Fig. 2, panel
�A��, monaural advantage �Fig. 2, panel �C��, and binaural-
interaction advantage �Fig. 2, panel �E��. The mean �across
subjects� total advantage of target-interferer separation was
3–4 dB in all conditions �Fig. 2, panel �A��. A two-factor
ANOVA �3 interferer locations�2 interferer types� revealed
no significant effect �F�2,10�=0.1, p=0.9� of interferer lo-
cation, no significant effect of interferer type �F�1,5�=0.4,
p=0.5�, and no significant interactions �F�2,10�=0.4, p
=0.6�. This suggests that the total advantage received by bi-
lateral CI users under the conditions tested here was not af-
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aural benefits obtained by NH listeners �Hawley et al., 2004� in the same
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The mean monaural advantage �Fig. 2, panel �C�� due to
better-ear listening, was around 3–4 dB for the noise inter-
ferer �open symbols� and 1–3 dB for the female talker inter-
ferer �filled symbol�. A two-factor ANOVA �3 interferer
locations�2 interferer types� revealed no significant effects,
suggesting that the monaural advantage was not affected by
the location or type of interferer. With the exception of one
condition �female interferer at 90°�, the mean monaural ad-
vantage was significantly above zero in all conditions �p
�0.05, one-tail t-tests�.

The mean binaural advantage �Fig. 2, panel �E�� was
smaller than 1 dB in all but one condition. Two-factor
ANOVA �3 interferer locations�2 interferer types� revealed
no significant effects. The mean binaural advantage was not
significantly �p�0.05� above zero in any condition.

The bilateral implant users’ data are contrasted in Fig. 2
�panels �G�, �I�, and �K�� with the data reported in Hawley et
al. �2004� with NH listeners. Note that the data for −30°
azimuth are missing in Fig. 2 �panels �I� and �K�� because
Hawley et al. �2004� did not test the right ear monaurally.
The total advantage �Fig. 2, panel �G�� seen in NH listeners
with the speech interferer is nearly double �7–10 dB� of that
obtained by bilateral CI users, but the total advantage re-
ceived by NH listeners with the noise interferer was lower
�5–7 dB� and more similar to that obtained by bilateral CI
users. The monaural advantage �Fig. 2, panel �I�� observed in
NH listeners for the noise interferer was about 4–6 dB and
similar to that received by bilateral CI users. The monaural
advantage received by NH listeners for the speech interferer
was about 2–3 dB higher than that obtained by bilateral CI
users. Similarly, the binaural advantage �Fig. 2, panel �K��
observed in NH listeners was about 2–4 dB higher than that
observed in bilateral implant users.

B. Three interferers

The SRT results for three interferers are shown in Fig. 1
�column 2� and results for advantage of separation are shown
in Fig. 2 �column 2�.

1. Raw SRTs

Figure 1 �panels �C� and �D�� shows the mean raw SRT
values obtained with three interferers. SRTs decreased in the
bilateral condition as the interferer moved away from the
target �located at 0°� for both interferer types. Overall, the
mean SRT values with three interferers were 4–6 dB higher
than the corresponding SRT values with one interferer in the
bilateral condition �compare panels �A� and �C� or panels �B�
and �D� in Fig. 1�. A similar, albeit larger, increase in SRT
values was also observed with NH listeners �Hawley et al.,
2004� with three interferers in the binaural condition �Fig. 1,
panels �G� and �H��. A three-way ANOVA �2 types of
interferer�3 listening modes�4 interferer locations� re-
vealed a significant effect �F�2,8�=21.9, p�0.001� of lis-
tening mode �bilateral versus unilateral left and unilateral
right�, a significant effect �F�3,12�=10.9, p�0.001� of in-
terferer location, a nonsignificant effect of interferer type, a
significant interaction �F�6,24�=4.8, p�0.05� between lis-

tening mode and interference location, and a nonsignificant
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interaction between interferer type and listening mode. As
indicated by the above ANOVA, performance was similar to
the noise and female talker interferers. Post hoc tests indi-
cated that the bilateral performance was significantly
�F�2,4�=22.7, p=0.006� better �i.e., lower SRT values� than
the performance obtained with the left-implant alone �Fig. 1,
panel �C��, which is the implant with the better SNR in most
conditions. This was true for the speech interferers but not
for the noise interferers �see Fig. 1, panel �C��. Performance
with the left-implant or bilateral implants at �30°,60°,90°�
and �90°,90°,90°� was significantly �p�0.05� better than
corresponding performance at �0°,0°,0°�. The interaction be-
tween listening mode and interference location was due to
the fact that performance improved significantly as the inter-
ferers moved away from the target in the bilateral and left-
implant conditions but not in the right-implant conditions
�see Fig. 1, panels �C� and �D��. This was not surprising
since the right implant was ipsilateral to the location of the
interferers in most conditions.

2. Advantages of separation

Figure 2 �column 2� quantifies the mean advantage of
separation in terms of total advantage �Fig. 2, panel �B��,
monaural advantage �Fig. 2, panel �D��, and binaural advan-
tage �Fig. 2, panel �F��. The mean total advantage of target-
interferer separation ranged from 2 to 5 dB across conditions
�see Fig. 2, panel �B��. A two-factor ANOVA �3 interferer
locations�2 interferer types� revealed a significant effect
�F�2,12�=6.4, p=0.013� of the interferer’s location, but no
significant effect of interferer type �F�1,6�=0.07, p=0.8�
and no significant interactions �F�2,12�=2.1, p=0.2�. Post
hoc tests indicated that the significant effect of the interfer-
er’s location was due to the significant �p=0.005� difference
in performance between the �−30° ,60° ,90° � and
�90°,90°,90°� configurations in the noise-interferer condi-
tions. There was no significant difference in the size of total
advantage with the speech interferers �Fig. 2, panel �B�,
filled symbols� across the various spatial configurations.

The mean monaural advantage �Fig. 2, panel �D�� was in
the range of 1–6 dB for the noise interferers and 2–4 dB for
the female talker interferers. A two-factor ANOVA �3 inter-
ferer locations�2 interferer types� revealed a significant ef-
fect �F�2,8�=6.7, p=0.02� of interferers’ location, no sig-
nificant effect of interferer type �F�1,4�=0.7, p=0.4�, and a
significant interaction �F�2,8�=5.3, p=0.03� between inter-
ferer type and location. Post hoc tests indicated that the in-
terferer’s location affected the size of the monaural advan-
tage significantly in the condition with noise interference but
not in the condition with the female talker interferer. Mon-
aural advantage was largest when the three interferers were
located on the right �90°,90°,90°� and was significantly �p
=0.012� larger than in the condition in which the interferers
were asymmetrically placed around the listener �i.e.,
−30° ,60° ,90°� �see Fig. 2, panel �D��.

The mean binaural advantage �Fig. 2, panel �F�� was
near 0 dB in all conditions and for both types of interferers.
A two-factor ANOVA �3 interferer locations�2 interferer
types� revealed no significant effects, confirming the absence

of binaural advantage in all conditions.
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The data obtained in Hawley et al. �2004� with NH lis-
teners are contrasted in Fig. 2 �column 4�. The total advan-
tage �Fig. 2, panel �H�� received by NH listeners with the
female interferers is nearly double �7–10 dB� than seen in
bilateral CI users �3–4 dB� �see Fig. 2, panel �B��. In con-
trast, the total advantage observed in NH listeners with the
noise interferers was comparable �only 1–2 dB higher� to
that observed in bilateral CI users �compare open symbols in
panels �B� and �H� in Fig. 2�. The monaural advantage ob-
served in NH listeners �see Fig. 2, panel �J�� for the noise-
interferer conditions was 1–2 dB higher �at most� than that
observed by bilateral CI users �see panels �D� and �J�, open
symbols in Fig. 2�, but the monaural advantage observed in
NH listeners with the speech interferers was roughly the
same as that observed in the bilateral CI users �see panels
�D� and �J�, filled symbols in Fig. 2�. Finally, the binaural
advantage observed in NH listeners �see Fig. 2, panel �L��
was about 2–6 dB higher than that observed in bilateral us-
ers �see Fig. 2, panel �F��. In all, it is clear that the total
advantage observed in bilateral users due to the interferer-
target spatial separation is dominated by the unilateral ben-
efit, i.e., access to the implant with a more favorable SNR.
This benefit persists even when multiple �three� interferers
are present �see Fig. 2, panel �D��.

IV. GENERAL DISCUSSION

The present study was intended to assess the perfor-
mance of bilateral CI users in more complex and realistic
listening environments than previously studied. This was
achieved by measuring SRTs both unilaterally �one implant
alone� and bilaterally in four different spatial configurations
with one and three interferers. Experiments were designed to
answer the important question of how performance of bilat-
eral CI users is affected by multiple versus single interferers,
and whether there are notable effects of the type of interfer-
ers on the ability of the listeners to benefit from spatial sepa-
ration of target speech and interferers. The extent to which
performance was affected by the number, type, and location
of interferers was directly compared with data from NH lis-
teners, who were presented with the same test material and
the same simulated anechoic space �Hawley et al., 2004�.
The data were analyzed in terms of monaural and binaural
effects, with the intent of isolating the individual contribu-
tions of the monaural advantage �i.e., better-ear listening�
and binaural advantage. The data analysis revealed a number
of effects that are discussed next.

A. Monaural advantage

The monaural advantage �i.e., better-ear listening� re-
ceived by bilateral CI users was significantly better than
0 dB, ranging from 2 to 6 dB, and was largest when the in-
terferer�s� was �were� mostly energetic �speech-shaped
noise�. As shown earlier, the monaural advantage was not
affected by the type of interferer �speech versus noise� used.
Nonetheless, the monaural advantage was found to be robust

as it was maintained even when three interferers were
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present. It was comparable to that obtained by NH listeners
�Hawley et al., 2004� with the same test material and the
same HRTFs �i.e., the same simulated anechoic environ-
ment�. This suggests that in real-world settings, bilateral us-
ers receive significant benefit owing to having access to an
implant with a more favorable SNR.

The significant monaural advantage found in the present
study is consistent with that found in other studies investi-
gating similar issues in bilateral CI users �van Hoesel and
Tyler, 2003; Muller et al., 2002; Buss et al., 2008; Schleich
et al., 2004�. It should be pointed out that all other studies
reported head-shadow advantage, which is measured differ-
ently �see Sec. II G�, but nonetheless assessed the intelligi-
bility benefit incurred by better-ear listening. A 4 dB head-
shadow advantage was found in the study by van Hoesel and
Tyler �2003� for a single interferer �speech-shaped noise�
presented either to the left or right of the listener. Schleich et
al. �2004� reported a 6.8 dB head-shadow benefit in bilateral
users of the Med-El Combi 40 /40+ CI when presented with
a single interferer �speech-shaped noise�.

B. Binaural advantage

There is ample evidence in the binaural hearing litera-
ture suggesting that when both ears are available, NH listen-
ers are able to receive a 3–5 dB binaural advantage �Zurek,
1993; Hawley et al., 2004�. Much of this advantage is attrib-
uted to good ITD sensitivity, particularly in the low frequen-
cies �Bronkhorst and Plomp, 1988�. No such binaural advan-
tage was found, however, with bilateral CI users in the
present study. This is consistent with previous reports in
which the binaural-interaction effect was found to be very
small �1–2 dB� and marginally or nonsignificant �van Hoe-
sel and Tyler, 2003; Muller et al., 2002; Schleich et al., 2004;
Buss et al., 2008�. Specifically, a 2 dB binaural-interaction
benefit was reported for five bilaterally implanted Nucleus
CI users in the study by van Hoesel and Tyler �2003�. That
benefit, however, was found to be only weakly significant
�p=0.04� and was measured with a single interfering steady-
state noise source presented to the left �−90° � or to the right
�90°� of the listeners. Similarly, Muller et al. �2002� reported
a small, but statistically significant, contribution of the
binaural-interaction effect of 10.7 percentage points for sen-
tences presented in speech-shaped noise �at a fixed SNR
level of 10 dB� from either 90° or −90° azimuth to nine
Med-El bilateral users. A 0.9 dB benefit of binaural-
interaction effect was reported by Schleich et al. �2004� with
21 bilateral Med-El users when presented with a single in-
terferer �speech-shaped noise�. Litovsky et al. �2006b� re-
ported an average binaural-interaction effect of 1.95 dB. Al-
though this effect was overall statistically significant, there
was relatively large intersubject variability �SD=3.3 dB�.
Examination of individual subject performance suggested
that the overall group effect can be attributed to a few indi-
viduals with larger effect sizes with some of the subjects also
showing a decrement in the bilateral listening conditions. In
summary, the binaural-interaction benefit reported in most
studies is quite small, often not significant, and variable

across subjects.
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The lack of binaural interaction �binaural advantage� in
bilateral CIs can be attributed to several factors including
poor ITD sensitivity �van Hoesel and Tyler, 2003; Grantham
et al., 2007�, poor spectral resolution �small effective number
of frequency channels�, and difference/asymmetry in the
state of the binaural auditory pathways �Long et al., 2006;
Litovsky et al., 2006b�. Grantham et al. �2007� reported that
the best ITD threshold �among 11 bilateral Med-El users�
was about 400 �s, with only 5 of 11 subjects achieving
thresholds �1000 �s. Moderate ITD threshold values
around 100–150 �s were obtained by five nucleus bilateral
users in the study by van Hoesel and Tyler �2003�, but only
at low stimulation rates ��200 pps�. These ITD threshold
values are still appreciably larger than the ITD values
��70 �s� achievable by naive NH listeners �Wright and
Fitzgerald, 2001� and more than an order of magnitude larger
than the sensitivity of 10–20 �s reported in highly trained
listeners �Durlach and Colburn, 1978�. The fact that bilateral
CI users may not achieve benefits from binaural hearing may
be due to the fact that the etiology of hearing loss might
differ in the two ears. This is further complicated by possible
differences in electrode insertion depth in the two ears. Some
might argue that such a mismatch in insertion depth might be
beneficial in terms of providing complementary information
and contributing to a binaural summation effect �Schleich et
al., 2004; Buss et al., 2008�, but can be quite harmful to the
mechanisms involved in processing ITD information �Long
et al., 2003�. Finally, the lack of synchronization of the two
�independently run� speech processors worn by bilateral CI
users can affect the coding of ITD information in the fine
structure of the signal �Majdak et al., 2006�, at least for pulse
rates as high as 800 pulses /s. The outcome of the present
study, as well as those of others, highlights the importance of
developing strategies capable of preserving ITD information
in a way that will be perceived by bilateral CI users.

C. Informational and energetic masking

Energetic masking is typically present in noise interfer-
ers and is generally accounted for by peripherally based
models of the auditory periphery that take into account spec-
tral overlap of the target and the interferer. Unlike the noise
interferers, however, the speech interferers �e.g., competing
talkers� produce both energetic and nonenergetic components
of masking. The nonenergetic masking, often called informa-
tional masking, is attributed to confusion that may be caused
by content similarity between the target and the interferer. In
complex listening situations informational masking is
thought to be at least partly responsible for the difficulty that
listeners experience in teasing apart the content carried by
the target in the presence of the interferer �Brungart, 2001�.

There is evidence to suggest that informational masking
is reduced considerably when the target and interferer signals
are spatially separated, and the benefit of spatial separation
can be significantly larger in the presence of speech interfer-
ers compared with noise interferers �Peissig and Kollmeier,
1997; Kidd et al., 1998; Hawley et al., 2004�. That was not

found to be the case in the present study with bilateral CI
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users. The benefit from spatial separation was roughly the
same with either noise or speech interferers �Fig. 2�.

It is interesting to note that the total advantage as well as
the monaural advantage received by bilateral users were
comparable �within 1–2 dB� to that of NH listeners �Hawley
et al., 2004� in nearly all noise-interferer conditions for both
single and multiple interferers. In contrast, a large difference
�4–7 dB� was observed in nearly all speech interferer con-
ditions between bilateral CI users and NH listeners. We can-
not attribute this disparity to differences in the way that the
target was “glimpsed” during momentary dips in the ampli-
tude of the interferer since both speech and �modulated�
noise interferers contained “envelope dips” which provided
occasional favorable SNR segments. Rather, we consider the
possibility that the difference in performance with speech
interferers reflects the poorer ability of bilateral CI users to
take advantage of directional cues under conditions of infor-
mational masking. In NH listeners �e.g., Hawley et al.,
2004�, binaural cues are relied on more heavily to segregate
target and interfering sounds particularly when other cues for
source segregation are not available. That is, when the target
and interferers can be more easily confused with one another,
as is the case when the interferers consists of speech rather
than noise, binaural cues that provide differential spatial in-
formation for the target and interferers become particularly
salient �see also Freyman et al., 2001, 2007�. The bilateral CI
users tested here did not demonstrate such release, suggest-
ing that their weaker ability to integrate binaural cues re-
duced their experience of spatial advantage under conditions
of informational masking. In fact, although there were no
statistically significant effects regarding advantage of spatial
separation and interferer type, there was a slight trend for a
larger advantage in the presence of noise interferers rather
than speech.

Another indicator of informational masking would have
been higher SRTs in the conditions with speech interferers
compared with noise interferers. Several unilateral implant
studies �e.g., Stickney et al., 2004; Nelson et al., 2003; Nel-
son and Jin, 2004� have shown that CI users generally per-
form better with noise interferers �modulated or nonmodu-
lated� than with speech interferers, suggesting the presence
of informational masking. However, a different outcome
emerged in the present study. There was no significant dif-
ference in performance �in terms of absolute SRT values�
with the noise and speech interferers when either single or
multiple interferers were present. One factor that could ac-
count for the difference in outcome between prior studies
�Stickney et al., 2004; Nelson and Jin, 2004� and the present
study is that here we used a different-sex talker for the inter-
ferer, which may have reduced the extent of informational
masking �Brungart, 2001�. CI users in this study operated at
SNR levels generally above 0 dB �see Fig. 1�, a range over
which it may be unlikely for them to have successfully ex-
tracted information from the interferer, i.e., confused the in-
terferer at low SNRs. Thus, it is possible that the speech and
noise interferers resulted in similar degradation of informa-
tion in the target and that the large SRTs for the CI users
abolish the potential differences in interferer type as far as

energetic versus informational masking effects are con-
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cerned. Alternatively, in the present study, informational
masking may have occurred in the presence of both speech
and noise interferers. Given that degraded spectral informa-
tion occurs readily in CI users, it is possible that listeners
confounded the target and interferers just as readily in both
conditions and that the advantage of spatial separation seen
here was due to release from a combination of energetic and
informational masking regardless of the type of interferer.

In addition, although persons fitted with bilateral CIs
demonstrate measurable benefits from having a second CI
compared with listening unilaterally, the SNR at which they
are able to hear speech in the presence of interferers is mark-
edly higher than the levels at which NH listeners are able to
cope with in the same challenging situation. In the presence
of a single speech interferer �Fig. 1, panels �A�–�D��, bilat-
eral CI users consistently require target speech that is several
decibels higher than the interferer, compared with NH listen-
ers who can perform the task at negative SNRs �Fig. 1, pan-
els �E�–�H��. This result is consistent with anecdotal reports
by CI users that everyday noisy situations are challenging
even with a second CI.

V. CONCLUSIONS

Unlike previous bilateral studies �van Hoesel and Tyler,
2003; Schleich et al., 2004; Buss et al., 2008� which consid-
ered only one interferer �steady-state noise� emanating from
a single location in space, the present study considered more
realistic listening situations wherein multiple interferers were
present, and in some cases originating from both hemifields.
Aside from noise interferers, speech interferers which are
known to contain informational masking were also consid-
ered. This was done to examine whether bilateral CI users
receive any release of informational masking when the target
and interferer are spatially separated, as found in the NH
literature �e.g., Kidd et al., 1998�. SRTs were measured both
unilaterally �one implant alone� and bilaterally in four differ-
ent spatial configurations with one and three interferers. The
data were analyzed in terms of binaural benefits including
better-ear listening and binaural advantage �binaural interac-
tion�. After comparing the present data with those by NH
listeners �Hawley et al., 2004� who were presented with the
same test material in the same listening environment, we can
draw the following conclusions.

• The SRT values obtained by bilateral CI users are signifi-
cantly higher �worse�, by about 10 dB in the noise-
interferer condition �one interferer� and by about
15–20 dB in the speech interferer condition �one inter-
ferer�, than those obtained by NH listeners in the same
listening conditions. This may have rendered the speech
and noise maskers equally difficult to ignore for this popu-
lation.

• The difference between NH and CI users in terms of the
overall spatial release of masking �total advantage� was
considerably smaller than the differences between groups
in raw SRTs.

• The overall total advantage �overall spatial release of
masking� of target-interferer separation ranged from

2 to 5 dB across all conditions. This advantage was main-
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tained even when multiple interferers were present. A
larger overall advantage �5–10 dB� was observed with NH
listeners �Hawley et al., 2004�, particularly with speech
interferers.

• The monaural advantage �i.e., better-ear listening� received
by bilateral CI users was large ranging from 1 to 6 dB and
was largest when the interferers were mostly energetic.
This benefit was comparable �within 1–2 dB� to that ob-
tained by NH listeners �Hawley et al., 2004� in nearly all
conditions.

• No binaural advantage �binaural interaction� was found in
the present study with either type of interferer �speech or
noise�.

• The total advantage as well as the monaural advantage
received by bilateral users were comparable �within
1–2 dB� to that of NH listeners �Hawley et al., 2004� in
nearly all noise-interferer conditions for both single and
multiple interferers. In contrast, a large difference
�4–7 dB� was noted in nearly all speech interferer condi-
tions between bilateral CI users and NH listeners. This
difference is due to the fact that there was no effect of
interferer type for the CI users, and suggests that bilateral
users are less capable of taking advantage of binaural cues
for source segregation under conditions of informational
masking compared with NH listeners. In fact, there is little
evidence that bilateral users experience informational
masking in a way that is akin to that experienced by NH
listeners. This outcome also indicates that the use of
steady-state noise interferers �which are utilized exten-
sively in bilateral studies� does not adequately reflect the
difficulties bilateral implant users experience in real-life
noisy situations.

The present study extended the findings of prior bilateral
studies to complex listening settings �cocktail party� and
showed that bilateral implants can yield substantial benefit
when the target and interferers are spatially separated. This
benefit is dominated for the most part by better-ear listening,
i.e., access to an implant with a favorable SNR. Compared to
NH listeners who receive a moderate benefit �3–5 dB� from
binaural interaction �Zurek, 1993�, bilateral users do not re-
ceive such benefit. A highly plausible reason for the lack of
binaural interaction is the poor ITD sensitivity of bilateral
users �van Hoesel and Tyler, 2003; Grantham et al., 2007�,
particularly at high ��1000 pulses /s� stimulation rates com-
monly used in commercial implant devices. Further research
is warranted to develop signal processing strategies that pre-
serve ITD information �even at high stimulation rates�. Such
strategies will hold promise for introducing binaural advan-
tage in bilateral CIs.
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