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ABSTRACT

We investigated potential cues to sound segregation
by cochlear implant (CI) and normal-hearing (NH)
listeners. In each presentation interval of experiment
la, CI listeners heard a mixture of four pulse trains
applied concurrently to separate electrodes, preced-
ed by a “probe” applied to a single electrode. In one
of these two intervals, which the subject had to
identify, the probe electrode was the same as a
“target” electrode in the mixture. The pulse train
on the target electrode had a higher level than the
others in the mixture. Additionally, it could be
presented either with a 200-ms onset delay, at a lower
rate, or with an asynchrony produced by delaying
each pulse by about 5 ms 7¢ those on the nontarget
electrodes. Neither the rate difference nor the
asynchrony aided performance over and above the
level difference alone, but the onset delay produced
a modest improvement. Experiment 1b showed that
two subjects could perform the task using the onset
delay alone, with no level difference. Experiment 2
used a method similar to that of experiment 1, but
investigated the onset cue using NH listeners. In one
condition, the mixture consisted of harmonics 5 to
40 of a 100-Hz fundamental, with the onset of either
harmonics 13 to 17 or 26 to 30 delayed re the rest.
Performance was modest in this condition, but could
be improved markedly by using stimuli containing a
spectral gap between the target and nontarget harmon-
ics. The results suggest that (a) CI users are unlikely to
use temporal pitch differences between adjacent chan-
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nels to separate concurrent sounds, and that (b) they
can use onset differences between channels, but the
usefulness of this cue will be compromised by the
spread of excitation along the nerve-fiber array. This
deleterious effect of spread-of-excitation can also
impair the use of onset cues by NH listeners.

Keywords: cochlear implants, grouping, pitch,
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INTRODUCTION

Although many cochlear implant (CI) users under-
stand speech well in quiet, performance is severely
degraded in the presence of competing sounds
(Skinner et al. 1994; Stickney et al. 2004). Some
insight into the reasons for this poor performance
has come from speech studies that manipulated the
nature of the interfering sounds. For example, when
the masker is a noise, then, unlike normal-hearing
(NH) listeners, CI users do not perform better when
the masker is amplitude-modulated at rates between
2 and 8 Hz, compared to when it is steady (Nelson
et al. 2003). This suggests that, over a range of
modulation rates, they are unable to exploit por-
tions of the stimulus where the signal-to-masker
ratio is momentarily high. In addition, when the
masker is a single talker, CI patients do not benefit
from differences between the sex of the target and
masker (Stickney et al. 2004), suggesting that they
do not effectively exploit differences in fundamental
frequency (“FO0”) and/or vocal-tract length.

In contrast to speech studies such as those de-
scribed above, there has been relatively little psycho-
physical research on the cues that CI users can and
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cannot use for concurrent sound segregation. This is
perhaps surprising, given that experiments using
psychophysical techniques and/or highly simplified
stimuli have been useful in refining our understand-
ing of sound segregation by NH listeners. Such
studies allow one to differentiate between processes
related to the organization of sounds over time (e.g.,
auditory streaming) and those involved in assigning
concurrent frequency components to the appropriate
source (“concurrent sound segregation”) (Bregman
1990; Carlyon and Gockel in press). They also reveal
not only which cues are most important for sound
segregation, but also the conditions under which
those cues will and will not be effective. For example,
a review of the literature reveals that, for sounds that
overlap in time, the most powerful cues for segrega-
tion are differences in onset time and in FO between
the two sources (Darwin and Carlyon 1995). However,
onset differences do not appear to be useful when the
two sources excite the same region of the cochlea
(Carlyon 1996a, b), and FO differences (AF0Os) are
relatively ineffective when conveyed by harmonics
that are unresolved by the peripheral auditory system
(Darwin 1992; Carlyon 1996a; Darwin and Carlyon
1995).

This article investigates the potential usefulness of
two cues to concurrent sound segregation by CI users.
One of these relates to differences in FO between
sources. NH listeners primarily extract FO from the
auditory nerve (AN) responses to individual, low-
numbered harmonics, each of which excites a more-
or-less discrete set of fibers. For such stimuli, the
frequency of each harmonic could be conveyed by a
temporal (phase locking) code, and/or by place-of-
excitation. Furthermore, the phase-locking to a given
frequency is conveyed by AN fibers tuned close to that
frequency, a fact that may be important for the analysis
of pitch by more central processes (Moore 1982). In
contrast, most ClIs encode FO by the rate of envelope
modulation applied to a fixed-rate pulse train on
each channel. Such modulations do not convey
place-of-excitation cues, and modulations of a few
hundred Hertz may be conveyed by AN fibers tuned
to frequencies of several thousand Hertz (Ketten et
al. 1998; Oxenham et al. 2004). To investigate the use
of this “purely temporal” code to FO, we studied
simplified stimuli in which each stimulated channel
of a CI conveyed a periodic pulse train consisting of a
single pulse per period. Our results show that CI
listeners cannot exploit pulse-rate differences be-
tween electrodes to perceptually segregate a pulse
train applied to one channel of a four-channel
stimulus.

The second cue that we studied relates to onset
differences between sources. Unlike FO, there is no
qualitative difference between the way onset time is
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encoded by ClIs compared to NH. Hence, a priori,
one might expect onset cues to be more easily
exploited by CI users. To test this idea, we required
subjects to perceptually segregate a pulse train
applied to one channel of a four-channel stimulus,
in which the target channel started 200 ms later than,
and stopped at the same time as, the others. Results
obtained with five CI users showed that they could
achieve a modest benefit from the onset cue.
Experiment 2 studied the onset cue using analogous
stimuli with NH listeners. It is concluded that the
usefulness of onset cues depends strongly on the
extent to which the target and nontarget channels
excite discrete regions of the cochlea.

EXPERIMENT 1
Rationale

The choice of paradigm to be used to study concur-
rent sound segregation by CI listeners is somewhat
constrained compared to those previously employed
with NH listeners. One approach to studying segre-
gation in NH has been to manipulate the influence of
a component or subset of components on the
pitch, timbre, or phonetic identity of a complex
sound, by varying some physical parameter such as
their onset times or frequencies (Bregman and
Pinker 1978; Darwin 1981; Darwin and Sutherland
1984; Darwin and Gardner 1986; Darwin and Ciocca
1992; Hukin and Darwin 1995). Such an approach
requires a good understanding of what the perceptu-
al effect of removing those component or compo-
nents would be. Unfortunately, we do not have such a
priori knowledge when considering the effects of
removing or segregating one channel of electrical
stimulation.

A second approach, which has been used profit-
ably in NH, is to require subjects to determine
whether an isolated “probe” tone is also present as a
component of a complex tone (e.g., Hartmann et al.
1990). We adapted this approach by requiring CI
listeners to compare stimulation on a single channel
of their implant to that applied concurrently to four
channels. We then introduced manipulations, such as
differences in onset times and pulse rate between the
“target” and “nontarget” channels in the mixture,
and investigated whether, by improving segregation of
the target, these manipulations increased perfor-
mance on the task. This increase was measured
relative to a baseline task in which these additional
cues were absent. Because we did not want our CI
subjects to be faced with an impossible task in any
condition, we increased the current applied to the
target channel, relative to that of the others, in all
conditions including the baseline.
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Subjects

Five adult postlingually deafened users of the Nucle-
us CI24 implant took part. Their details are given in
Table 1.

Experiment 1a: overview of conditions

Experiment la consisted of a “baseline” condition
and several experimental conditions. The baseline
condition is illustrated schematically in Figure la.
Each half of each two-interval trial consisted of a
400-ms “mixture” preceded, 200 ms earlier, by a
400-ms “probe.” The two halves of the trial were
separated by 2 s. The mixture consisted of four
100-pps-pulse trains, each presented concurrently to
one of four electrodes. We will refer to the four
electrodes as A, B, C, and D, where A is the most
apical and D the most basal, as the electrodes used
differed from subject to subject. Each electrode in
the mixture except one was presented at the same
percentage of the dynamic range (DR) for that
electrode when presented alone. One electrode—the
“target”—was presented at a higher percentage of its
DR than the rest. This is indicated in Figure la by
the “taller” pulses on channel B. The target electrode
was always B or C and was the same for the two
presentations in each trial. In one presentation in a
trial the probe was identical to the pulse train
presented on the target electrode in the mixture.
This presentation was termed the “signal” interval. In
the “standard” interval, the probe was the same as the
pulse train applied to the other possible target
electrode (i.e., C or B) and had the same level as on
those trials in which that other electrode was the
target.

It is worth pointing out two important features of
the above design. First, although the target electrode
was presented at a higher current level than the
others, subjects could not perform the task simply by
comparing the two mixtures on each trial, in a way
analogous to “profile analysis” in NH (Green 1988),
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FIG. 1. (a) A schematic representation of the stimuli in two halves
of a two-interval forced choice trial in the baseline condition of
experiment 1, for a trial where the target is on channel B. The
“taller” pulses of the target channel in the mixture represent their
enhanced amplitude re those on the nontarget channels. Fewer
pulses per stimulus are shown than were actually presented. (b) A
representation of the stimuli in the Arate condition. The difference in
pulse rate between the target and nontarget channels has been
exaggerated for clarity. (c) A representation of the stimuli in the
Delay condition.

because the two mixtures were identical on each trial.
Second, although the probes differed between the
two halves of the trial, subjects could not perform the
task by identifying the “signal” probe, because this
differed from trial to trial. Rather, the subject had to
compare the probe to one channel in the mixture:
they were instructed to identify that interval where
the probe was most clearly present in the subsequent

TABLE 1

Details of the CI users who took part in the experiments

Subject ID Age (years) Etiology HLD (years) Cl (years) BKBq (%) BKBn (%) Channels (A,B,C,D)
CI1 75 Otosclerosis/noise 51 2 90 69 7,11,15,19
Cl2 61 Unknown 22 1 98 87 8,12,16,20
Cl3 46 Measles/unknown 29 2 75 41 8,12,16,20
Cl4 56 Unknown 41 3 90 85 8,12,16,20
Cl5 67 CSOM >50 4 79 45 7,11,15,19

Cl indicates the number of years since Cl activation. BKBq indicates performance with Bench-Kowal-Bamford sentences (Bench and Bamford 1979) in quiet;
BKBn indicates that with the sentences presented in pink noise at a signal-to-noise ratio of 10 dB. Each channel is specified in terms of the more apical electrode
comprising the bipolar pair. The electrodes are numbered 1 to 22 in basal-to-apical direction.

HLD = hearing loss duration, BKB = Bench-Kowal-Bamford, CSOM = chronic serous otitis media.
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mixture. A practice run was performed before each
test condition, but no feedback was given during the
tests.

The “Arate” condition is illustrated in Figure 1b. It
differed from the baseline condition in that the pulse
rate applied to the target electrode was reduced from
100 to 77 pps. We wished to determine whether this
rate difference helped the listener to “hear out” the
target in the mixture, thereby improving performance
relative to the baseline condition. Because we wished
to maximize the chances of subjects being able to
exploit rate differences, we chose to introduce a
difference between two quite low rates, where sensi-
tivity in a sequential rate discrimination task is quite
good, and to avoid higher rates where performance
in sequential tasks often deteriorates (Shannon 1983;
Tong and Clark 1985; Townshend et al. 1987; McKay
etal. 2000; Zeng 2002). It is also worth noting that, at
least for sequential tasks, discrimination of these low-
rate pulse trains is better than that of the modulation
rate applied to high-rate carriers, such as those used
in some CI speech-processing strategies (Baumann
and Nobbe 2004). By choosing stimuli that are
discriminable in a sequential task, we hoped to
maximize our chances of observing any effect of
Arate in the segregation of concurrent stimuli. In this
Arate condition, the current level on all channels was
kept the same as in the baseline condition, because
the function relating loudness to pulse rate is flat
between 77 and 100 pps (McKay and McDermott
1998).

Figure Ic illustrates one trial in the “Delay”
condition. It was identical to the baseline condition
except that the pulse train presented to the target
electrode started 200 ms after that applied to the
others, and ended at the same time as them. We
wished to determine whether this onset delay helped
listeners to “hear out” the target in the mixture,
thereby improving performance relative to the base-
line condition. Because this reduced the duration of
the pulse train on the target channel from 400 to
200 ms, the duration of the probe was also reduced
to 200 ms.

Two further experimental conditions were includ-
ed. As Figure 2 shows, introducing a rate difference
also introduces a large and time-varying asynchrony
between the pulses in the target and nontarget
channels. To determine whether any effect of the
rate difference was due to this asynchrony, we
included the “Asynch” condition, in which the pulses
in the target channel were delayed by 5 ms (Fig. 2).
We also included an “AsynchDelay” condition, which
was a combination of the “asynchrony” and “delay”
cues. It was identical to the Asynch condition, except
for the introduction of a 200-ms onset delay and
reduction of the probe duration to 200 ms.

CARLYON ET AL.: Sound Segregation

/\ Rate Condition

AT

SRR
S RRRRRRARRRR
ENRRRERRRRRE

Asynch Condition

AL

o [TTETTERTET
SERRRRNRRERRE

o [TTTTTTTTTTI

TIME--—->

FIG. 2. Schematic of the timing of the pulses in the different
channels of the mixture in the Arate and Asynch conditions of
experiment 1a. Fewer pulses per stimulus are shown than were
actually presented. The example shows a case where the target was
on channel B.

Each biphasic pulse in each channel consisted of
two 100-us phases of opposite polarity separated by a
gap of 43 ps. All presentation was in so-called “BP+1”
mode, with the return electrode being separated
from the stimulating electrode by a single “unused”
contact. The timing of pulses within each period in
the baseline condition is shown schematically in
Figure 3, for the case where the target was on
channel B. There was a 50-us gap between subse-
quent pulses, and, in all conditions, the order was
basal to apical except that the last pulse in each
period was always on the target channel. The four
pulses were repeated every 10 ms, to give a rate of
100 pps per electrode, except for the target channel
in the Arate condition, where the rate was 77 pps. To
check that subjects were not performing the task by
attending to the very last pulse in the stimulus,
which was also always on the target channel, we
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FIG. 3. Schematic showing a close-up of the relative timing of the
pulses in the different channels comprising the mixture in the
baseline condition for a trial in which the target was on electrode B.

included an additional baseline condition, “BaseDrop,”
in which this final pulse was dropped.

Experiment 1a: preliminary measures

Prior to the start of the experiment, we selected the
subset of electrodes to be tested for each subject.
This choice was guided by the requirements that
none of the electrodes in the set had abnormal
impedances or were deactivated in clinical use for
any other reason. The positions of electrodes A, B, C,
and D are indicated separately for each subject in the
last column of Table 1. The spacing between electro-
des in the Nucleus CI24 device is 0.75 mm. Because
each electrode was separated from its nearest neigh-
bor by four electrode positions, the spacing between
adjacent electrodes was 3 mm.

Once the electrode set had been selected, pretests
confirmed that pulse trains on electrodes B and C
were easily discriminable when presented on their
own. Threshold (“T”) and most-comfortable (“C”)
levels were obtained for each electrode and are
shown in Table 2a. Thresholds were obtained using
a two-interval forced-choice task and a 2-up l-down
adaptive procedure (Levitt 1971). Thresholds were
estimated from the mean of the last eight turn-points
in the procedure, for which the step size was five
clinical units (CUs). C levels were obtained by
presenting the stimulus at a moderate level and then
increasing the level on subsequent presentations until
it reached the maximum level that the subject said
he/she would be comfortable listening to intermit-
tently for 2 or 3 h.

We then performed a set of pilot measures to
identify the levels to be used for each electrode and
subject. The current level on the targets and non-
targets in a mixture were set so that they did not
exceed a comfortable level when presented together.
We also aimed to choose levels that produced

123

performance which, when averaged across the two
target electrodes, was neither at ceiling nor at
chance. The number of measures needed to con-
verge on this solution differed across subjects, but in
all cases, the following procedures were adopted: (1)
The current levels applied to each electrode of a
four-electrode mixture were set to the same percent-
age of the subject’s DR for that electrode alone,
defined as C-T in linear microamperes. These levels
were then covaried using a loudness-balancing pro-
cedure (see below) so that the mixture’s loudness
was the same as that of electrode B presented at 65%
of DR. The resulting value, termed x% DR, was always
less than 65 due to loudness summation across
electrodes. (2) We then confirmed that electrodes B
and C, presented at 65% of DR, had equal loudness.
(3) The stimulus level for each target electrode was
initially set to 70% DR, and that of the nontarget
electrodes to x% DR. However, these target and
nontarget levels sometimes had to be adjusted in
order to avoid excessive loudness and/or to ensure
that performance in the baseline condition was
between chance and ceiling. The final levels chosen
for each subject are shown in Table 2b. Because the
target in each mixture had the same amplitude as the
probe, and because the nontargets had current levels
greater than zero, the loudness of the mixture was
greater than that of the probe. Note that for one
subject, CI5, the nontarget electrodes were set to
—-10% DR, meaning that each nontarget electrode
was each stimulated at a level below the threshold for

TABLE 2

Part a shows the shows the T and C levels for each electrode
and subject, expressed in CUs. Part b shows the levels
applied to the target and nontarget electrodes, expressed as a
percentage of the DR for each electrode presented alone

Subject

Cl1 crz2 cs3 c4 db5

a
A
T 151 202 211 164 194
C 179 238 245 228 222
B
T 180 158 168 152 196
C 204 228 236 228 224
C
T 163 154 200 164 186
C 203 234 234 224 224
D
T 132 134 182 128 180
C 182 220 226 216 230
b
Nontarget level (% DR) 32 25 27 25 -10
Target level (% DR) 51 48 60 70 70
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that electrode alone. These nontarget electrodes
were, however, almost certainly audible when pre-
sented together; the threshold for all four electrodes
presented together at the same percent DR was
—42%. It therefore appears that this subject showed
a large amount of loudness summation. Our re-
search software specified levels in CUs, which we
converted to microamperes using the formula
pA =10 x (175"(CU/255)). This formula, provided
by Cochlear, was verified using a test implant and
digital oscilloscope.

When loudness balancing was performed, the two
stimuli to be balanced were presented in random
order, and the subject indicated which one was the
louder. The level of the variable stimulus was then
adjusted on the next trial by an amount that was
initially 10% DR. When the direction of change in
the variable stimulus had reversed twice, the step size
was reduced to 5% DR, and the procedure continued
until 10 reversals had taken place. The current levels
at the last eight reversals were then averaged. This
procedure was performed four times, twice with the
variable stimulus starting at a low level and twice at a
level that was louder than that of the fixed stimulus.
These four estimates were then averaged. When a
multielectrode stimulus was varied, the levels applied
to each electrode were varied by the same percentage
of the DR, as measured for that electrode when
presented alone.

Methods: experiment 1b

Experiment 1b investigated whether CI listeners can
use rate, onset, or asynchrony cues in the absence of
any additional current level boost applied to the target
channel. The methods for experiment 1b were the
same as for experiment la except that there was no
level increment on the target channel; instead, all
channels in the mixture were stimulated at the same
percentage of their DR. Similarly, the probe was always
presented at the same level as the corresponding
channel in the mixture. There were no baseline
conditions as, in the absence of onset, rate, or
asynchrony cues, there was no a priori reason to expect
the target channel to differ from any of the others. Two
subjects, CI1 and CI2, were tested on all the con-
ditions of experiments la and 1b. These subjects were
selected for experiment 1b because they had shown a
relatively large effect of onset delay in experiment la.

Procedure

In the main part of experiments la and 1b, each
block of 20 trials consisted of a single condition with
the target on electrode B on half of those trials and
on electrode C on the other half. Subjects completed
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one practice (10-trial block) and two blocks of each
condition (40 trials) in turn before repeating the
sequence of blocks in reverse order. The order was
not formally counterbalanced but differed across
subjects. This procedure was completed until there
were at least 160 trials per condition. The results were
analyzed both with the data averaged across the two
targets and with the two target electrodes considered
separately. Our discussion of the results will start with
the former analysis.

Results: experiment 1a

Data averaged across the two target electrodes. Percent-
correct scores averaged across the two target electro-
des are shown for each subject in Figure 4a.
Performance in the two baseline conditions (“base”
and “BaseDrop”) did not differ significantly from
each other, indicating that the final pulse of the
stimulus did not have an effect on performance. In
the following discussion, we compare the effects of
each manipulation relative to the baseline condition
and consider whether any such effects are greater
than would be expected from random variation.
Performance in the Arate condition did not differ
significantly from that in the baseline condition
(t=0.37, df=4, p=0.73), suggesting that subjects
could not use rate differences to “hear out” one
channel in a mixture. This is consistent with our
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FIG. 4. (a) Performance for each subject and condition for
experiment 1a. (b) The change in performance for various conditions
relative to the baseline condition. In both cases, percent correct is
averaged across trials when the target was on electrode B and when
it was on electrode C.
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previous finding, using simulations of CI hearing
presented to NH listeners, that across-channel differ-
ences in rate do not provide a useful cue for
concurrent sound segregation (Deeks and Carlyon
2004). Performance in the Asynch condition also did
not differ significantly from baseline (1=0.67, df=4,
p=0.54). However, there is some evidence that these
two negative findings did not simply arise from a null
effect or from random variation. Figure 4b shows
performance in each condition with that in the
baseline condition subtracted out; it can be seen
that, when an asynchrony changed performance in a
particular direction, a change in rate produced a
change in the same direction. This relationship is
reflected by a significant correlation between the
change in performance re baseline in these two
conditions (r=0.84, df=4, p<0.05). In principle, such
a correlation between two difference scores could
simply arise from the fact that the two differences have
one score—that in the baseline condition—in com-
mon. Hence, even if scores were randomly distributed
across conditions and subjects, then those subjects who
happened to have a high score in the baseline
condition would, on average, show a lower score when
this baseline performance was subtracted out. However,
the correlation between the two difference scores
reported here remained significant when the correla-
tion between each of these two difference scores and
the baseline condition was partialed out (partial
correlation=0.97, (=6.13, df=2, $<0.05). Our inter-
pretation is that an asynchrony can either enhance or
impair performance, and that any effect of a rate
difference is driven by the across-channel asynchrony
that it produces (cf. Fig. 2). A caveat is that, in common
with many CI experiments, we tested a fairly small
number of subjects and that correlations obtained with
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low numbers of observations should be treated with
some caution.

The only condition to provide a significant im-
provement re the baseline condition was the Delay
condition, in which there was a 200-ms onset delay on
the target channel (¢=3.87, df=4, p=0.018). This
condition also differed significantly from the Base-
Drop condition (¢=3.13, df =4, p=0.035). However, it
should be noted that this improvement was generally
modest, ranging from 2 to 11 percentage points. The
small size of the improvement is perhaps surprising,
given the important role for onset delays that has
been reported in several experiments with NH
listeners (Darwin and Carlyon 1995). The remainder
of the experiments reported here focus on the
usefulness of such onset delays.

Data analyzed separately for the two target electrodes.
The percentage-correct scores are shown separately
for each target and for each subject and condition in
Table 3a. It can be seen that, for a given subject,
performance could differ between the two types of
target. When this happened, the difference in
performance was usually consistent across condi-
tions—for example, subject CI 3 always did better
with the target on electrode C, whereas CI 5 usually
did better with the target on electrode B. These
differences in performance between the two target
electrodes may have been due to a simple response
bias, or to the “partial loudness” of the two targets
not being equal. Differences in partial loudness
could arise if partial masking produced by adjacent
electrodes were not equal for the two targets.

Table 3a also shows that, although performance in
the baseline condition was always below ceiling when
averaged across the two electrodes (Fig. 4a), this was
not always the case for each electrode when analyzed

TABLE 3

Results of experiments 1a (part a) and Tb (part b) shown separately for trials where the target was on channel B and on channel C

cli Cl2 Cl3 Cl 4 Cls
B c B c B C B c B C
a
Base 68.8 98.8 90.0 86.3 44.7  98.8 724 99.0 87.5 67.5
BaseDrop 65.0 98.8 90.0 73.8 50.6 98.8 67.1 100.0 86.3 75.0
ARate 43.8 87.5 85.0 88.8 57.5 88.8 90.0 97.5 87.5 71.3
Asynch 475 96.3 94.1 81.2 76.3  96.3 85.6  98.9 85.1 82.4
Delay 85.7 98.8 91.1 97.8 65.9 100.0 78.8 98.8 79.0 81.0
AsynchDelay 73.8 100.0 99.0 98.0 70.0 98.9 96.8 96.8 77.5 68.8
b
ARate 2.5 788 56.3 58.8
Asynch 25 775 56.3 53.8
Delay 18.8 98.8 66.3 78.8

AsynchDelay 13.8 925 76.5 96.5
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separately. This raises the possibility that the near-
ceiling performance for some electrodes could have
obscured differences between conditions. To test this
idea, we repeated the analyses described in the
previous section, taking into account only the data
for the target electrode yielding the worst perfor-
mance for each subject—electrode B for CI 1, CI 3,
and C4, and electrode C for the other two subjects.
The general pattern of results was the same as when
the data were averaged across electrodes. Specifically,
paired-sample ¢ tests revealed no significant improve-
ment re baseline in the Arate (p=0.77) and Asynch
(p=0.50) conditions, but a significant improvement
in the Delay condition (p<0.01). Performance in the
AsynchDelay condition was also marginally (p=0.05)
better than that in the baseline condition.

Results: experiment 1b

Data averaged across the two target electrodes. Figure 5
shows the results for the two subjects, CI 1 and CI 2,
who took part in experiment 1b. Because, in this
experiment, there was no consistent level cue to the
target channel, we would expect that, in the absence
of any additional cue, performance would be at
chance (50%). It is therefore instructive to compare
the scores obtained in each condition and for each
subject to the chance level of 50%. Instances where
scores differ significantly from chance are indicated
by asterisks in the figure. A significant difference was
defined as one where chance performance (50%) did
not fall between the 95% confidence limits surround-
ing a given score.

The effects of the Arate and Asynch cues were
consistent with those obtained for the same subjects
in experiment la. For subject CI 1, performance in
the Asynch and Arate conditions was worse than
baseline in experiment 1 and significantly worse than
chance in experiment 2. For subject CI 2, perfor-
mance in these two conditions was similar to baseline

100

%0 1| B ARate
80 +— @ Asynch
| | WDelay
| | BAsynchDel

0 -
50 - 7
40
30

% Comect

ci ci2
Subject

FIG. 5. Performance for two subjects in experiment 1b. Asterisks
indicate conditions where performance differed significantly from
chance (50%). Percent correct is averaged across trials when the
target was on electrode B and when it was on electrode C.
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in experiment 1 and close to chance in experiment 2.
The fact that, for each subject, the effect of Arate and
of an asynchrony was similar is consistent with our
conclusion that the effect of a rate difference is
driven by the asynchrony that it produces.

The effect of the 200-ms onset delay was also
consistent with experiment la in that performance
was significantly above chance for both subjects. No
other differences were significant, except for subject
CI 2 in the AsynchDelay condition. Performance for
this condition and subject was also significantly above
baseline in experiment la.

Data analyzed separately for the two target electrodes.
Performance analyzed for the two targets separately is
shown in Table 3b. It can be seen that listener CI 1
shows a large difference in performance between the
two targets, being below chance for electrode B and
above chance for electrode C. This could be due to a
response bias, or to the partial loudness for electrode
C being higher, causing it to “pop out” of the mixture
even when there was no additional cue to make it do
so. The effect of this asymmetry would be to reduce
the overall percentage correct when averaged across
the two electrodes; an extreme asymmetry would limit
performance to 50% in all conditions, even if the
subject were sensitive to the cues introduced in
particular conditions. Hence, the average scores
shown in Figure 5 probably underestimate this
subject’s underlying sensitivity. However, the asym-
metry would strongly affect our interpretation of the
pattern of results only if it varied markedly across
conditions. To test this idea, we calculated a new
measure in which we first defined a “hit” as the case
where the subject correctly identified an interval
when the target and probe were on electrode B,
and a “false alarm™ as the case when the target was on
electrode C but the subject picked the interval when
the probe was on electrode B. We then calculated a
measure of asymmetry, or “bias,” in a way similar to that
used to calculate the criterion “c” in a yes—no task:
bias=—0.5[z(H) + z(FA)] (Macmillan and Creelman
1991). The absence of any bias would yield a score of
zero. The resulting values were similar across con-
ditions for both subjects: for CI 1 they varied between
1.24 and 1.48 across conditions, and for CI 2 they
ranged from —0.03 to +0.52.

EXPERIMENT 2: INVESTIGATING THE ROLE
OF ONSET CUES WITH NH LISTENERS

Rationale and conditions

Although experiment 1 showed that CI users can
exploit onset differences in concurrent sound segre-
gation, the small size of the advantage conveyed by
onset delays is perhaps surprising, given that onset
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cues provide one of the strongest cues for segrega-
tion by NH listeners (Darwin and Carlyon 1995).
Experiment 2 probed the use of onset difference by
NH listeners using a task that was roughly analogous
to that performed by the CI listeners of experiment
1. By manipulating various stimulus parameters, and
observing the effect on performance, we aimed to
identify the aspects of peripheral stimulation that
strongly influence whether listeners can or cannot
exploit onset differences.

The stimuli used in two example trials of the
“Pulse” condition are shown schematically in Figure 6.
As in experiment 1b, each half of a two-interval forced-
choice trial consisted of a “probe” followed by a
“mixture.” The mixture consisted of harmonics 5—40
of a 100-Hz FO, with a duration of 400 ms, and where
the onsets of harmonics 13-17 or 26-30 were delayed
by 200 ms. These “target” harmonics are all unre-
solved by the peripheral auditory system, and, because
they were summed in sine phase, auditory filters
centered on them had outputs that resembled filtered
100-Hz pulse trains. We have previously reported
analogous results obtained with pulse trains produced
from unresolved harmonics and presented to NH
listeners, and electric pulse trains presented to CI
users (McKay and Carlyon 1999; Carlyon et al. 2002;

Trial A

1700
1300

Trial B

3000
2600

FREQUENCY-->

TIME-->

FIG. 6. Schematic spectrogram of the stimuli in two trials in the
Pulse condition of experiment 2. The signal is in interval 1 of trial A
and in interval 2 of trial B.

127

van Wieringen et al. 2003). The only difference in the
paradigm, compared to experiment 1b, was that the
target band of harmonics was not constrained to be
the same on the two halves of each trial. The choice of
which band was delayed was taken independently for
each half of the trial, and the probe was selected to
match the delayed band in only one half.

The pulsatile stimuli used in experiment 1 would
have produced coherent amplitude modulation
(AM) in the responses of neurons tuned to each
electrode. Such coherent AM may have caused the
responses of those neurons to have been grouped by
the central auditory system, and this grouping may
have partially counteracted any effect of onset
asynchrony. A similar phenomenon may have oc-
curred in the Pulse condition of experiment 2. To
reduce this AM we included a “Noise” condition, in
which the FO of the harmonic complex was reduced
to 2.5 Hz and the harmonics were summed in
random phase. The spectral regions of the complex
and of the two target bands were the same as in the
Pulse condition, but the waveform at the output of
each auditory filter resembled a band of noise
instead of a filtered pulse train.

Many of the previous experiments demonstrating a
strong role for onset asynchronies in concurrent
sound segregation have used low-frequency compo-
nents of harmonic complexes (Darwin and Sutherland
1984; Darwin and Ciocca 1992; Carlyon 1994; Hukin
and Darwin 1995). Such harmonics, being well-resolved
by the peripheral auditory system, excite discrete sets of
AN fibers. In contrast, the broad spread of excitation
often observed with electrical stimulation may have
caused the excitation produced by the four electrodes
in experiment 1 to have overlapped. To test the role of
such overlap, we included the “PulseGap” condition;
this was identical to the “Pulse” condition except that
harmonics adjacent to the target bands (numbers 10—
12, 18-19, 24-25, and 31-34) were absent.

Finally, four conditions were included in which
the complex consisted of four well-resolved partials,
and where the targets and probes were either the
2nd- or 3rd-highest partial. These conditions were
included to test the influence of spectral region and
of harmonicity on the ability of listeners to use onset
differences in concurrent sound segregation. In the
“LowHarm” condition, the partial frequencies were
400, 800, 1,200, and 1,600 Hz. The “LowLog” condi-
tion was similar except that the complex was inhar-
monic, with adjacent partials separated by a factor of
1.5, so that they were equally spaced on a log scale;
their frequencies were 533, 800, 1,200, and 1,800 Hz.
The HiLog condition was similar except that the
partial frequencies were a factor of 2.63 higher than
in the LowLog condition, and so were 1,401, 2,102,
3,153, and 4,370 Hz. Finally, as an additional test of
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the role of spectral overlap, another high-frequency
inharmonic condition was included, in which the ratio
between adjacent partials was reduced from 1.5 to
1.236. In this “HiNarrow” condition, the partial
frequencies were 1,700, 2,102, 2,600, and 3,215 Hz.

Stimulus generation

The probes and mixtures were generated digitally
and played out at a sampling rate of 20,000 Hz from
one DAC of a CED1401 laboratory interface. They
were then lowpass filtered (Kemo VBF25.01; cut
off=8,600 Hz, attenuation rate=100 dB/octave),
attenuated (TDT PA2), and passed to one input of
a headphone amplifier. A continuous pink noise,
produced by passively filtering a white noise (TDT
WGI1), was attenuated and mixed with the other
stimuli by feeding it to another input of the
headphone amplifier. The spectrum level of the pink
noise at 1 kHz was 10-dB sound pressure level (SPL).
The stimuli were presented at a level of 50 dB SPL
per component, except in the Noise condition where
the overall level was the same as in the Pulse and
PulseGap conditions. This level was 65.6 dB SPL
during those times when all components were
present in the mixture. All components were turned
on and off with 10-ms raised-cosine ramps, except in
the LowHarm and LowlLog conditions where the
ramp duration was increased to 26.3 ms in order to
minimize the effects of spectral splatter. All frequen-
cy components in any given stimulus had the same
amplitude, and those in each probe had the same
amplitude per component as in the mixtures used in
the corresponding condition.

Procedure

Five NH subjects took part and were tested individ-
ually in a double-walled sound-insulating booth. Each
listened through one earpiece of a Sennheiser
HD250 headset. Each experimental run consisted of
25 trials of a single condition. No feedback was
provided. Subjects were told to identify the interval in
which the probe was present in the mixture. Con-
ditions were presented in a counterbalanced order
until each subject had completed 200 runs per
condition. Results were expressed in terms of the
percentage of trials in which the subject correctly
identified the interval in which the probe corre-
sponded to the delayed component(s).

Results

Pulse, Noise, and PulseGap conditions. Figure 7a shows
performance in the Pulse, Noise, and PulseGap
conditions of experiment 2, with mean performance
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plotted in the right-most cluster of bars. Performance
in the “Pulse” condition was modest, with a mean
score (black bar) of 73%. Hence, even in NH
listeners, the presence of a 200-ms onset delay is not
always sufficient to produce good sound segregation.
The results obtained in the Noise condition are
shown by the white bar. On average, performance
was similar to that in the Pulse condition, although
subject NH3 showed performance that was substan-
tially better. The similar average performance in the
two conditions suggests that the relatively low level of
performance in the Pulse condition was not due to
the pulsatile nature of the auditory-nerve response to
the target bands. In contrast, introducing a spectral
gap between the target and nontarget bands (Pulse-
Gap condition, gray bars) produced a substantial
improvement in performance that is consistent across
subjects. Figure 7b shows that performance was also
good in the remaining conditions, where the stimuli
consisted of four concurrent pure tones.

The above trends were supported by a one-way
ANOVA, based on all seven conditions, followed by
a series of planned comparisons. The ANOVA
revealed a highly significant main effect of condi-
tion [F(6,24) =4.77; p<0.01; Huynh-Feldt sphericity
correction]. Planned comparisons showed no differ-
ence between the Noise and Pulse conditions but
that, compared to the Pulse condition, there was a

110 ~  mPuse 0 Noise @ PukeGap

% Correct
& &8 8 38 8
[ —— |
]
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|

NH1 NH2 NH3 NH4 NH5 MEAN
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FIG. 7. The five left-most clusters of bars in (a) show performance,
measured in percent correct, for five NH listeners in the Pulse,
PulseGap, and Noise conditions of experiment 2. The right-most
cluster of bars shows performance averaged across listeners. (b) is
similar to (@) but shows performance in those conditions where the
targets consisted of single frequency components.
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significant performance elevation in the PulseGap
condition.

Conditions involving four resolved components. Perfor-
mance for those conditions involving four tonal
components is shown in Figure 7b. Generally speak-
ing, performance in this latter group of conditions
was close to ceiling for at least some subjects, a
finding which may have obscured any true differ-
ences between them. Planned comparisons revealed
that performance in the LowHarm and LowLog
conditions was superior to that in the Pulse condition.
However, performance in these two conditions did
not differ significantly from that in the other con-
ditions involving four tonal components (HiHarm
and HilLog).

The main conclusion to be drawn from experi-
ment 2 is that a major factor limiting the usefulness
of onset cues is the spectral separation between the
target and nontarget components, and that other
factors—such as overall frequency region or the
pulsatile nature of AN responses—do not appear to
impose such a major limitation.

DISCUSSION
Use of onset-time cues by NH and CI listeners

The results of experiment 1 showed that CI users
obtained a small but modest improvement in con-
current sound segregation when stimulation applied
to the target electrode started 200 ms later than that
applied to the others. Experiment 2 showed that a
similarly modest improvement could be obtained
with NH listeners and acoustic stimulation, and that
performance could be improved markedly by intro-
ducing a spectral gap between the target and
nontarget bands. The results of the latter experiment
suggest that overlap between the internal excitation
patterns of target and nontarget stimuli can reduce
the effectiveness of onset cues. One way in which this
could happen is that, to the extent that neurons
tuned to the target stimulus will already be stimulated
by nontarget stimuli, the increase in their response
produced by the target onset will be reduced. This is
illustrated in Figure 8, which shows the excitation
patterns in the Pulse condition calculated according
to the method described by Moore et al. (1997). The
solid line shows the case where all harmonics are
present, whereas the dashed line shows the excitation
pattern when the upper target band (2,600-3,000
Hz) is absent. It can be seen that the maximum
change of excitation produced by the target is about
9 dB, which, although easily detectable (Green 1988),
is substantially less than the 22 dB occurring in the
PulseGap condition (not shown). If there were
substantial overlap between the excitation patterns
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FIG. 8. Excitation patterns, derived from the procedure described
by Moore et al. (1997), for the Pulse condition of experiment 2. The
solid line shows the case where all components are present. The
dotted line shows the case where harmonics 26-30 have not yet
been turned on; there is a 9-dB dip in the excitation pattern relative
to the solid line. A similar but larger dip occurred when the lower
target harmonics (13-17) were absent.

produced by the four electrodes in experiment 1,
then a similar phenomenon could account for the
modest size of the improvements observed in that
experiment. Measures of spread-of-excitation,
obtained by forward-masking patterns, in CI listeners
vary across subjects, but there is evidence of significant
amounts of masking between electrodes separated by
the 3 mm used in the present study (Chatterjee et al.
2006; Kwon and van den Honert 2006). We feel that
this is the most likely explanation for the modest size
of the advantage obtained from onset cues by CI
users. We should note, however, that comparisons of
the spread-of-excitation in NH and CI are hampered
by a number of factors. These include the difficulty in
equating, across electric and acoustic hearing, the
ordinate to be used when plotting excitation patterns
(Kwon and van den Honert 2006), and the level-
dependent asymmetrical spread of masking in NH,
which does not occur consistently in Cls.

Our discussion so far has focused on the use of
onset cues to segregate a target band of stimulation
that starts later than nontarget bands. In real life,
onset differences will also be useful because the
sound one wants to listen to may start before other,
interfering, sounds. This may allow two benefits.

First, it could allow the listener an uninterrupted
“glimpse” of the target sound. Nelson et al (2003)
measured speech perception in the presence of
speech-shaped noise that was either steady or modu-
lated at rates of between 1 and 32 Hz. NH listeners
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performed substantially better at all modulation rates
compared to steady noise. However, neither CI users
nor NH listeners listening to a “vocoder” implant
simulation showed a consistent advantage, although
the CI users did show some small improvement at the
lowest and highest modulation rates tested. Nelson
et al. suggested that the absence of a consistent
advantage could be due to the CIs not preserving
sufficient spectral detail for the listeners to distin-
guish between the modulated noise and the speech.
Evidence in support of this interpretation comes
from a recent study by Fu and Nogaki (2005). In one
set of conditions, they measured speech reception
thresholds (SRTs) in steady and modulated maskers
for NH subjects listening to vocode simulations. By
varying the number of channels and amount of
spectral smearing in the simulations, they showed
that the reduction in SRT produced by modulating a
masker depended strongly on the amount of spectral
resolution preserved by different noise-vocoder sim-
ulations. The results of Nelson et al. and of Fu and
Nogaki suggest that, for the perception of sentences
in modulated noise, as for the paradigm tested here,
the usefulness of timing differences between the
target and the masker depends strongly on them
exciting separate neural populations.

Second, when the target starts before other com-
ponents, the listener might obtain a better estimate of
which neurons’ responses “belong” to the target
sound, so that this neural excitation can be subse-
quently subtracted from the mixture (Dannenbring
and Bregman 1978). However, at least for a pitch
perception task, this strategy does not appear to be
useful for NH listeners when the target and interfer-
ing sounds excite the same neural population
(Carlyon 1996b). So, even under these circumstances,
the use of onset cues may depend strongly on the
extent to which the target and nontarget sounds
excite discrete populations of AN fibers.

Use of temporal pitch differences by CI users

Experiment 1 showed that CI users were not consis-
tently better at sound segregation when the target
band was stimulated at a different rate to the others,
compared to when they were stimulated at the same
rate. This result is consistent with the findings of
Deeks and Carlyon (2004), who modified the popular
“noise vocoder” simulation of CIs so that the
envelope in each frequency band modulated a
filtered acoustic pulse train, whose rate was such that
all of its harmonics were unresolved by the peripheral
auditory system. In one condition, a speech signal
and a time-reversed speech masker were split into
nonoverlapping “analysis” bands, and the envelope
in each band modulated a pulse train that was
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filtered in the same way as the analysis band.
Performance was not consistently better when the
pulse trains conveying the target speech had a
different rate from those conveying the masker,
compared to when all pulse trains had the same rate
(instead, performance depended primarily on the
pulse rate used for the target speech, with a rate of
140 pps being better than an 80-pps rate). These
results are also consistent with Darwin’s (1992)
finding that FO differences between one formant of
a speech sound and the rest did not influence the
integration of that formant into the sound’s phonetic
identity when its harmonics were unresolved by the
peripheral auditory system. Overall, it seems that
differences in FO have a strong effect on concurrent
sound segregation only when conveyed by resolved
harmonics in NH. This could be simply because such
harmonics produce a stronger pitch percept than other
sounds (Hoekstra 1979; Houtsma and Smurzynski
1990; Shackleton and Carlyon 1994; Gockel et al.
2004), or perhaps because the auditory system exploits
a deviation from spectral regularity, which does not
occur when FO differences are encoded purely by the
temporal response of the AN (Roberts 2005).

Effects of across-channel asynchrony

Experiment 1 showed that a 5-ms asynchrony be-
tween the target and non target channels could
sometimes help and sometimes hinder performance.
This finding was consistent across experiments la and
1b, and the effect across listeners was similar to that
produced by a rate difference. We concluded that the
effect of a rate difference was driven by the asynchrony
that it produced, and it appears that the effects of an
aysnchrony are reliable but idiosyncratic. The results
may be due to two competing factors, both of which
can be illustrated with reference to the model
described by (McKay et al. 2001; McKay et al. 2003),
and which calculates the specific loudness within
groups of AN fibers tuned to similar frequencies. An
asynchrony could increase the specific loudness of a
target band by reducing refractory effects produced
by neighboring electrodes stimulating fibers tuned to
the target. Conversely, because the excitation pro-
duced by adjacent pulses is summed over a 2-ms
window, then the specific loudness produced by
target pulses will be augmented by that of non target
pulses, and this effect will be reduced by a 5-ms
asynchrony.

Implications for the development of Cls

The results and discussion presented here have some
implications for the development of future Cls, and
for which developments are most likely to improve
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sound segregation by implant users. One aim of
much contemporary CI research is to improve the
encoding of FO. Much of this effort has been directed
towards modifying the existing way of encoding F0 so
as to enhance the perception of the FO-rate modu-
lations imposed on the pulse trains presented to each
channel. Modest improvements in pitch perception
have been achieved by increasing modulation depth,
aligning the modulations across channels, and chang-
ing the shape of the modulator (McDermott et al.
1992; Green et al. 2004; Laneau et al. 2006). The
present results suggest that this approach will not
improve the segregation of simultaneous portions of
competing voices. It may, however, improve the
enjoyment of music and the perception of prosody
when the stimulus is dominated by a single sound
source. It is also possible that such an approach could
aid sequential sound segregation: measures of audito-
ry streaming by NH listeners show that it can be
enhanced by differences in F0, even when these are
conveyed by “purely temporal” aspects of the periph-
eral response (Vliegen et al. 1999; Vliegen and
Oxenham 1999; Grimault et al. 2000). An alternative
would be to try to “reproduce” the encoding of resolved
harmonics in a CI. However, this may involve aspects of
the NH neural response that would be difficult to
replicate in a CI. These may include a close match
between place and rate of stimulation (Oxenham et al.
2004; Moore and Carlyon 2005), a reliable phase
transition around the peak of the traveling wave
(Kim et al. 1980; Shamma 1985; Loeb 2005; Moore
and Carlyon 2005), and the ability to convey perio-
dicities of up to a few thousand Hertz, despite
evidence that most CI users do not exploit temporal
cues to pitch at rates above about 300 Hz (Shannon
1983; Townshend et al. 1987; McKay et al. 2000).

A different approach to improving concurrent
sound segregation has been, instead of concentrating
on FO encoding, to modify either the electrode
design or stimulation mode in an attempt to improve
channel selectivity (Bierer and Middlebrooks 2004;
Snyder et al. 2004). The results presented here
suggest that a successful application of that approach
would produce substantial improvements in concur-
rent sound segregation. Similar advantages would
occur for sequential sound segregation, because
auditory streaming is often greatest when the com-
peting sounds excite separate populations of AN
fibers (Hartmann and Johnson 1991; Vliegen et al.
1999; Grimault et al. 2000). However, advantages of
improved channel selectivity have not yet been
comprehensively demonstrated in human patients.
For example, although bipolar and tripolar stimula-
tion can produce more restricted excitation than
monopolar stimulation in animal physiological
recordings (Bierer and Middlebrooks 2004; Snyder
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et al. 2004), such advantages have not yet been
observed using behavioral measures in humans.
Kwon and van den Honert (2006) reported that the
widths of forward-masked excitation patterns do not
differ consistently between equally loud maskers
presented in monopolar compared to bipolar mode.
They suggested that although the spread of current
may be narrower for bipolar than for monopolar
maskers of the same level, the increase in level
needed to make the bipolar masker equally loud
may increase the spread of current that it produces.
Hence, the challenge may be to design a form of
stimulation that, in neurons close to the active elec-
trode, causes a firing rate that is sufficiently high to
produce a loud percept without requiring the level to
be so high as to produce a wide current spread.

SUMMARY

CI listeners could not use across-channel differences
in pulse rate (100 vs 71 pps) to perceptually segregate
stimulation on one “target” channel of a four-channel
stimulus. CI listeners could use differences in onset
time, although the benefit conferred by a quite large
onset time differences of 200 ms was quite modest. NH
listeners also obtained a modest level of performance
when required to segregate a delayed band of
unresolved harmonics from a complex tone consisting
of harmonics 5 to 40 of a 100-Hz FO. The ability of NH
listeners to exploit onset differences improved mark-
edly when a spectral gap was introduced between the
target and nontarget harmonics. Greatly superior
performance was observed in a range of conditions
in which the complex was replaced by four well-
separated components, and where subjects had to
segregate one of these from the rest. It is suggested
that the use of onset time differences for concurrent
sound segregation depends strongly on the target and
nontarget stimuli exciting discrete populations of AN
fibers, and can be impaired in CI users by a spread of
current along the cochlea.
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