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This study examined the ability of cochlear implant users and normal-hearing subjects to perform
auditory stream segregation of pure tones. An adaptive, rhythmic discrimination task was used to
assess stream segregation as a function of frequency separation of the tones. The results for
normal-hearing subjects were consistent with previously published observations �L.P.A.S van
Noorden, Ph.D. dissertation, Eindhoven University of Technology, Eindhoven, The Netherlands
1975�, suggesting that auditory stream segregation increases with increasing frequency separation.
For cochlear implant users, there appeared to be a range of pure-tone streaming abilities, with some
subjects demonstrating streaming comparable to that of normal-hearing individuals, and others
possessing much poorer streaming abilities. The variability in pure-tone streaming of cochlear
implant users was correlated with speech perception in both steady-state noise and multi-talker
babble. Moderate, statistically significant correlations between streaming and both measures of
speech perception in noise were observed, with better stream segregation associated with better
understanding of speech in noise. These results suggest that auditory stream segregation is a
contributing factor in the ability to understand speech in background noise. The inability of some
cochlear implant users to perform stream segregation may therefore contribute to their difficulties in
noise backgrounds. © 2006 Acoustical Society of America. �DOI: 10.1121/1.2204450�
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I. INTRODUCTION

Auditory stream segregation is the process used to sepa-
rate a complex sound into different perceptual streams, often
corresponding to the different individual sources from which
the sound is derived �Bregman, 1990�. For example, it is
used when people selectively listen to the melodies �streams�
played by different instruments �sources� in the presence of
an orchestral accompaniment. It also allows people to listen
in on different conversations �streams� with different people
�sources�, one at a time, at a cocktail party. Compared to
normal-hearing individuals, cochlear implant patients have
tremendous difficulty accomplishing the tasks described in
both of the preceding examples; cochlear implant recipients
perform significantly worse than normal-hearing individuals
on tests of complex song recognition �Gfeller et al., 2005�
and speech recognition in steady and modulated noise �Fu et
al., 1998; Nelson et al., 2003; Stickney et al., 2004�. Thus, a
better understanding of auditory stream segregation in im-
plant users may be relevant for improving their ability to
hear in complex acoustic environments.

The study of auditory streaming is commonly performed
in the laboratory with sequences composed of two different
tones �tones A and tone B� that alternate rapidly in time.
When these tones are close together in frequency, they are
often heard in a single perceptual stream �fusion� fluctuating
between tones A and B. As the frequencies become farther
apart, this percept changes to that of two different streams
�fission�, one composed of repeating tone A’s and the other of
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repeating tone B’s. Such a dependence of auditory stream
segregation on frequency separation has been observed in
both normal-hearing �Miller and Heise, 1950; Van Noorden,
1975� and hearing-impaired individuals �Rose and Moore,
1997; Mackersie et al., 2001�.

Van Noorden �1975� varied the frequency separation be-
tween tones A and B and found that the boundary between
fusion and fission varied depending on the instructions given
to the subjects. If the subjects were asked to listen for a
single stream, and the frequency difference between the
tones was gradually increased until this was no longer pos-
sible, one boundary was measured which was termed the
temporal coherence boundary. If the subjects instead were
asked to listen for two streams, with the frequency difference
between tones decreased until this was no longer possible, a
different boundary was defined called the fission boundary.
In analyzing the data, van Noorden also found a region of
frequency separation of the tones between the two bound-
aries where either fusion or fission could be perceived �de-
pending on the instructions given�; this has been referred to
as the ambiguity region.

Studies of auditory streaming comparing the ability of
normal-hearing and hearing-impaired subjects to stream pure
tones have demonstrated that, in general, the hearing-
impaired subjects have a reduced ability to perform stream
segregation. Rose and Moore �1997� and Mackersie et al.
�2001� examined the frequency separation for pure tones at
the fission boundary and determined that hearing-impaired
ears require a greater frequency separation than normal-
hearing ears at this boundary, though there were a few ex-

ceptions. A number of studies have been performed in an
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attempt to explain the reason for this difference in perfor-
mance between normal-hearing and hearing-impaired listen-
ers. One theory proposed by Beauvois and Meddis �1996� is
that auditory streaming can be explained by the degree of
overlap of excitation patterns in the cochlea in response to an
acoustic stimulus, with less overlap leading to greater stream
segregation. This theory implies that the broader auditory
filters of hearing-impaired individuals are responsible for
their reduced ability to perform stream segregation. How-
ever, Rose and Moore �1997� and Mackersie et al. �2001�
found that frequency selectivity alone is not a good predictor
of auditory streaming ability in hearing-impaired subjects.
Another theory suggests that it is the clarity of pitch sensa-
tions evoked by the pure tones that determines if streaming
occurs. It has been suggested that because hearing-impaired
individuals have poorer pure-tone frequency discrimination
than normal-hearing subjects, they have a weaker pitch sen-
sation associated with pure tones, and thus are less able to
stream pure tones �Rose and Moore, 2005�. Rose and Moore
�2005� found evidence of statistically significant correlations
between frequency discrimination and fission boundary in
hearing-impaired subjects. However, these correlations were
not particularly strong, suggesting that differences in fre-
quency discrimination are also not enough to fully explain
much of the variation in streaming ability in the hearing-
impaired. The previous studies suggest that frequency selec-
tivity and frequency discrimination ability can contribute to a
person’s ability to perform pure-tone stream segregation, but
are not sufficient for a good prediction of streaming ability.
This is not particularly surprising given that central pro-
cesses, such as attention, are also thought to be important in
stream segregation �Carlyon et al., 2001�, suggesting that
subject-to-subject variation in such central processes is also
important to consider in predicting streaming ability.

Cochlear implant recipients have poorer frequency se-
lectivity and frequency discrimination ability via their speech
processors than normal-hearing subjects �Dorman et al.,
1996; Gfeller et al., 2002�. Therefore, we would expect that
as a group, their pure-tone stream segregation ability would
be “worse” than that of normal-hearing subjects, assuming
that the relevant central processing abilities of both groups
are similar. �By “worse” streaming ability, we mean that if,
for a given frequency difference between two rapidly alter-
nating pure tones, subject 1 hears one perceptual stream but
subject 2 hears two streams, then subject 1 has “worse”
streaming ability because he cannot utilize the frequency dif-
ference cue to segregate the tones into different streams.� We
may also see some cochlear implant subjects who have simi-
lar �or even better� stream segregation abilities than the
worst-streaming normal-hearing subjects. One can imagine
that a cochlear implant patient with extremely good central
processing abilities could overcome a degradation of fre-
quency cues �if the cues are not too degraded� and outper-
form a normal-hearing subject with poor central processing
but intact frequency cues.

In the present study, we examined the ability of normal-
hearing and cochlear implant subjects to perform stream seg-
regation of acoustically presented pure tones as a function of

frequency separation. The cochlear implant subjects listened
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through their cochlear implant speech processor. This al-
lowed a direct comparison with normal-hearing subjects,
who also listened in the sound field. Furthermore, the co-
chlear implant subjects in this study performed all experi-
ments with the MAPs they used on an everyday basis. This
permitted us to determine if their performance on the stream
segregation task was related to their everyday ability to un-
derstand speech in background noise, which was also mea-
sured. Additionally, streaming ability was assessed at mul-
tiple base frequencies �200, 800, and 2000 Hz� to determine
if streaming abilities varied within a subject, as might be
expected if there were uneven patterns of nerve survival
across the cochlea in cochlear implant users. This also al-
lowed us to determine if the ability to stream in lower fre-
quency regions, such as those corresponding to the funda-
mental frequency of talkers, was more strongly related to the
ability to understand speech in noise than streaming at higher
frequencies. This might be expected because fundamental
frequency differences between the target and masker speech
are thought to be important cues for talker segregation.

II. EXPERIMENT 1. PURE-TONE STREAM
SEGREGATION

A. Participants

Seven normal-hearing subjects �ages 21–35� and eight
cochlear implant subjects �ages 39–78� participated in this
study. All normal-hearing subjects had pure-tone thresholds
of less than 20 dB HL across octave audiometric frequencies
�0.25–8.0 kHz�, with the exception of one subject who had a
threshold of 50 dB HL at 8000 Hz. All cochlear implant sub-
jects were tested using their everyday signal processing strat-
egies and had at least 1 year of experience with their device
at the time of testing. The age, implant type, signal process-
ing strategies, and stimulation modes of the cochlear implant
subjects who participated in experiment 1 are shown in Table
I. This study received prior approval from the Institutional
Review Board at the University of Iowa.

B. Stimuli and procedures

In this study, we use a rhythmic discrimination task
based on the one introduced by Roberts et al. �2002� to as-
sess auditory stream segregation. We will refer to this task as
the streaming rhythm task. In this method, subjects are pre-
sented two sequences of rapidly alternating tones and asked
to identify which sequence has an irregular rhythm. The task
is based on the premise that the irregular rhythm is most
easily identified when tone A and tone B are heard together
in the same stream, as opposed to individually in different
streams. Thus, this task measures stream segregation at the
temporal coherence boundary, which is the boundary as-
sessed when subjects are asked to hear all tones in the same
stream.

The sequences used in this experiment are identical in
rhythm to those described by Roberts et al. �2002�. All
stimuli were pure tones of 60-ms duration, which included
10-ms linear onset and offset ramps. Subjects were presented
with two sequences of tones alternating in an AB fashion,

with each sequence containing 12 AB cycles. In one se-
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quence, tone A and tone B alternated back and forth regu-
larly, separated by a 40-ms silence between each tone. In the
other sequence, tone A and tone B alternated such that the
first six AB cycles were regularly spaced �identical to the
first sequence�, the next four AB cycles �transition region�
had an increasing delay �with the magnitude of the increase
in delay being equal from one cycle to the next� imposed on

TABLE I. Cochlear implant subject demographics. The age, device, signal
processing strategy, and stimulation mode �MP=monopolar; BP=bipolar� of
each of the 16 cochlear implant subjects who participated in this study are
shown. Also indicated are the specific experiments �Exp. 1, 2, and/or 3� in
which each participated.

Experiment no.

Subject Age Device Strategy Mode 1 2 3

CI1 49 Nucleus CI24M ACE MP x x
CI2 51 Nucleus CI24R CIS MP x x x
CI3 78 Nucleus CI24M ACE MP x x
CI4 39 Nucleus CI24R ACE MP x x
CI5 75 Nucleus CI24R ACE MP x x
CI6 76 Nucleus CI24M ACE MP x x
CI7 65 Clarion CII HF HiRes MP x x
CI8 48 Clarion CI �spiral� CIS MP x x
CI9 78 Clarion CII HF HiRes MP x x
CI10 33 Clarion 90K HiRes MP x x
CI11 64 Clarion CII HF HiRes MP x
CI12 58 Nucleus CI22 SPEAK BPa x
CI13 67 Clarion CII HF HiRes MP x
CI14 46 Clarion CII HF HiRes MP x
CI15 54 Clarion CI �spiral� CIS MP x
CI16 44 Clarion CII HF HiRes MP x

aElectrode 3 served as the ground for all electrode pairs in bipolar configu-
ration.

FIG. 1. Test stimuli used in rhythmic discrimination task to assess auditor
alternating pure tones in the ABAB format. Tones A and B are always separ
tones that are evenly spaced over the first six cycles, have a progressively in
delay over the final two cycles. The time delay used to calculate threshold me

accumulated delay section of that sequence.

362 J. Acoust. Soc. Am., Vol. 120, No. 1, July 2006 R.
the onset of tone B, and the final two AB cycles maintained
the accumulated delay. The length of each sequence was
2.4 s. In Fig. 1, with “*” � tone A and “#” � tone B, the
components of the regular and irregular rhythm sequences
are shown.

In the streaming rhythm task, it was to the listener’s
advantage to hear all the tones in the same perceptual stream,
because the delay in the irregular rhythm sequence was more
difficult to detect when they were heard in different streams.
Thus, as the two tones in the sequence became further apart
in frequency, if a listener experienced stronger segregation of
the two tones into different streams, then the rhythmic dis-
crimination task became more difficult.

Subjects were presented a two-interval forced choice
task �2IFC� task with feedback in which they were asked to
identify which of two sequences of alternating tones results
in a rhythm that sounds “unsteady and irregular.” The irregu-
lar sequence was randomly presented in either the first or
second interval from trial to trial. Each sequence was num-
bered according to the order presented �“1” or “2”� and dis-
played as labeled buttons on a touch-screen �MicroTouch�.
The task measured the smallest delay in tone B that resulted
in a detectable irregularity of rhythm �Fig. 1�, utilizing a
three-down one-up adaptive staircase to converge on the
79.4% correct point on the psychometric function for time
delay �Levitt, 1971�. The maximum delay that was imposed
on tone B to avoid overlap of the tones was 40 ms. The
initial size of the accumulated delay was 32 ms. The adap-
tive step size for the first two reversals was a step size of
8 ms. The last four reversals used a step size of 4 ms. The
time delay threshold for each run was taken as the mean of
the last four reversals. Thresholds for subjects who made
four total incorrect identifications at the maximum time de-

am segregation. �a� The regular rhythm is composed of 24 evenly spaced,
y 40 ms of silence. �b� The irregular rhythm is composed of 24 alternating

ing delay in tone B over the next four cycles, and maintain the accumulated
ments for detection of the irregular rhythm is the delay in tone B in the final,
y stre
ated b
creas
asure
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lay were nominally taken as the 40-ms maximum delay, and
the adaptive procedure was terminated in those cases.

The stimuli were grouped into three conditions, based
upon the frequency of tone A: �1� low base frequency, with
tone A=200 Hz; �2� medium base frequency, with tone A
=800 Hz; and �3� high base frequency, with tone A
=2000 Hz. For each base frequency �tone A�, tone B was
chosen to give a Weber fraction ��frequency B–frequency
A� / frequency A� of 0, 0.01, 0.1, 0.5, 1.0, and 3.0. The
exception was that for the 2000-Hz base frequency, a Weber
fraction of 3.0 was approximated with a tone B of 7800 Hz
instead of the calculated 8000 Hz, because 8000 Hz is above
the frequency range presented by signal processing strategies
to cochlear implants. Normal-hearing subjects were tested at
all Weber fractions for each base frequency. Cochlear im-
plant subjects were tested at the Weber fractions that ap-
peared to be most relevant for defining the shape of the psy-
chometric function at each base frequency.

Testing was completed for one base frequency condition
before proceeding to the next. The order of conditions was
randomized across subjects. At each base frequency condi-
tion, the first Weber fraction tested was 0 �frequency of tone
A=tone B�. The order of presentation of all other Weber
fractions was randomized within each condition. Prior to the
collection of data, each subject was given three practice runs
at the first base frequency condition to be tested, with one
run corresponding to a Weber fraction of 0, and the other two
runs corresponding to a Weber fraction of 0.01. If a subject
was not able to obtain an average time delay threshold below
15 ms with the two tones equal in frequency �Weber
fraction=0�, the subject was excluded from further testing,
since this suggested a lack of ability to perform rhythmic
discrimination exclusive of stream segregation. One normal-
hearing subject was unable to meet this criterion at any of the
base frequencies. Additionally, one cochlear implant subject
�subject CI8� was able to meet this criterion for two base
frequencies �200 and 2000 Hz� but not the third �800 Hz�,
and was excluded from testing at 800-Hz base frequency
only. At each Weber fraction for each base frequency condi-
tion, subjects were tested with three consecutive adaptive
runs. A fourth run was added if the standard deviation of the
average of the three trials was greater than 6 ms, or if the
standard deviation of the reversals of any run was greater
than 8 ms. For each subject, the value for time delay thresh-
old at a particular Weber fraction and base frequency was
taken as the average of all three �or four� runs performed at
that test condition.

All stimuli were generated digitally using MATLAB and
stored on a Macintosh G4 computer. Stimuli were output
through a 16-bit digital-to-analog converter �Audiomedia III,
Digidesign, Inc.� at a sampling rate of 44.1 kHz and
smoothed by a 20-kHz antialiasing low-pass filter. The
stimuli were presented via a loudspeaker situated directly in
front of the listener in a double-walled sound-attenuated
booth. For normal-hearing subjects, all stimuli were pre-
sented at 80 dB SPL, with their right ear plugged with an ear
plug. For cochlear implant subjects, the low base frequency
set was presented at 95 dB SPL, and the medium and high

base frequency sets were presented at 90 dB SPL. The ear
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without the cochlear implant was plugged. Cochlear implant
subjects were allowed to adjust their microphone settings so
that the sound was at a comfortable level.

C. Results and discussion

1. Streaming abilities of normal-hearing and cochlear
implant subjects

The normalized results of both normal-hearing and co-
chlear implant subjects on this task are shown in Fig. 2 for
three different base frequencies �tone A=200, 800, or
2000 Hz�. Our approach to eliminating any possible effects
of a subject’s basic ability to discriminate rhythms upon the
question of interest �ability to separate frequencies into dif-
ferent streams� was to normalize the raw scores by dividing
each value by the threshold at Weber fraction=0 �i.e., when
all of the tones are identical�. This particular method of nor-
malization was selected, because performance on temporal
tasks in normal-hearing subjects �such as gap discrimination
or detection� has been shown to be relatively linear with
respect to frequency separation �of the tones bordering the
gap�, when both factors are plotted on a logarithmic scale
�e.g., Neff et al., 1982; Formby and Forrest, 1991�. �We also
tested an alternative method of normalization wherein the
values of threshold at Weber fraction=0 were subtracted
from the raw scores. This method yielded similar conclu-
sions �data not shown�.� Thus, the normalized thresholds
may be interpreted as a relative measure of auditory stream
segregation, measuring how many times more difficult the
streaming rhythm task became compared to baseline �when
all the tones were identical� as the frequency difference be-
tween alternating tones was increased.

The average normalized results of six normal-hearing
�NH� subjects on the task are indicated by the heavy line in
Fig. 2. As shown in the figure, the smallest average threshold
for normal-hearing subjects was achieved when there was no
frequency difference between the tones, which is as expected
since all of the tones were identical in frequency and thus
heard in the same stream. As the frequency separation in-
creased between tone A and tone B, thresholds increased,
suggesting that subjects more strongly heard two streams. A
single value for the overall streaming ability of normal-
hearing subjects was derived from the slope of a regression
line with a y intercept at 1 �since at a frequency difference of
0, normalization by the threshold at Weber fraction=0 results
in a value of 1� that was fit through the data shown in Fig. 2.
Data where ceiling effects were reached at larger frequency
differences �i.e., when subjects were unable to identify the
irregular rhythm at the largest time delay possible� were not
included in the regression analysis, since inclusion of such
data may result in underestimation of the slope. Higher val-
ues for the slope correspond to larger increases in difficulty
of the task as the frequency difference between alternating
tones is widened; thus, larger slopes correspond to more au-
ditory stream segregation with increasing frequency separa-
tion. The value of the slope for the average normal-hearing
�NH� subject at each of the three base frequencies and the
95% confidence interval for each slope distribution �±2 stan-

dard deviations about the mean� are shown in Fig. 3. As can
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be seen from this figure, there is a relatively large range of
pure-tone streaming abilities among normal-hearing subjects
as measured by this task.

Figure 2 also shows the individual data from eight co-
chlear implant �CI� subjects on the streaming rhythm task.
With cochlear implant recipients, the baseline performance
�Weber fraction=0� was generally comparable to that of
normal-hearing subjects on the task, but there was variation
in performance among cochlear-implant subjects with in-
creasing frequency separation. Statistical analysis was again
performed by fitting a regression line in a similar manner as
discussed for normal-hearing subjects through the data for
each cochlear implant subject. To determine the performance
of cochlear implant relative to normal-hearing subjects, we
compared the regression slopes of each cochlear implant sub-
ject with that of the average normal-hearing subject at each
of the three base frequencies �Fig. 3�. Values for individual
cochlear implant subjects that fall outside the dotted lines
�representing the 95% confidence interval for the normal-
hearing slope distribution� are interpreted as significantly dif-
ferent from those of the average normal-hearing subject. At a
base frequency of 200 Hz, four cochlear implant subjects
have slopes that are significantly lower than the average
normal-hearing subject, while at 800 and 2000 Hz, two and
three cochlear implant subjects, respectively, have slopes that
are significantly lower. These results suggest that a number
of cochlear implant subjects experience significantly less au-
ditory stream segregation with increasing frequency separa-

tion than normal-hearing listeners. The effect of base fre-
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quency on streaming was also analyzed via repeated-
measures ANOVA for the regression slopes, with no
significant differences observed within cochlear implant sub-
jects between base frequencies �F1.17,6=4.08 �Greenhouse-
Geisser adjustment for lack of sphericity�; p�0.05�.

2. Influence of electrode separation „place pitch cues…
on streaming

The influence of electrode separation on the streaming
rhythm task was also examined for the six Nucleus CI24
cochlear implant recipients. The goal of this analysis was to
determine if performance on the task could be explained pri-
marily by the distance between the electrodes presenting
tones A and B; if this were the case, for example, we would
expect two tones presented by adjacent electrodes to result in
similar streaming performance whether the base frequency
was 200, 800, or 2000 Hz. We focused on the Nucleus sub-
jects because we wanted our measure of electrode separation
to reflect the role of place pitch cues for auditory streaming.
The low-pass temporal envelope cutoff frequency for the sig-
nal processing strategies of the Nucleus subjects was
�125 Hz �personal communication with Bom-Jun Kwon,
Cochlear Corporation�, which was below the lowest fre-
quency tested �200 Hz�, suggesting that temporal pitch cues
would not confound our analysis. In contrast, for the Clarion
subjects, the low-pass envelope cutoff frequency was high
enough that temporal pitch cues may have been available to

FIG. 2. Normalized performance on
the streaming rhythm task for normal-
hearing and cochlear implant subjects.
The average performance of six
normal-hearing subjects �NH� is
shown in the heavy line at various fre-
quency differences between tone A
and tone B, with the error bars repre-
senting one standard deviation above
and below the mean. The individual
performance of seven to eight cochlear
implant �CI� subjects is also shown.
Measures are made at each of three
base frequencies �tone A=200, 800, or
2000 Hz�. The time delay thresholds
are normalized by baseline perfor-
mance, giving a normalized threshold
that represents the factor by which the
task increases in difficulty at different
frequency separations of the alternat-
ing tones. A larger value of normalized
threshold is consistent with greater au-
ditory stream segregation.
these subjects.
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To analyze the role of electrode separation on streaming,
the values for frequency difference shown in Fig. 2 were
replotted as electrode separation on separate graphs for each
individual subject �with two such examples shown in Fig. 4�.
To convert frequency difference to electrode separation, each
stimulus tone �tone A or tone B� was assigned to the single
electrode that was programmed to represent that stimulus
frequency in the patient’s clinical MAP �according to the
cutoff frequencies for each electrode�. Then, the number of
electrodes separating the stimulating electrodes correspond-
ing to tone A and tone B was determined. This conversion
only provided an estimate of the electrode separation for two
tones, since the slope of each filter at the cutoff frequency
was not infinite. Nevertheless, this was useful in providing a
general picture of the influence of electrode separation on
streaming. The conversion was performed for each subject at
all three base frequencies, with the resulting values plotted
versus normalized threshold onto a single graph for each
subject. Linear regression was then performed for the data
across all three base frequencies for each subject. A statisti-
cally significant value for the slope of the regression line was

FIG. 3. Overall streaming ability in normal-hearing and cochlear implant sub
a common y intercept� fit through the data for the streaming rhythm task at e
average slope of six normal-hearing subjects, with the 95% confidence inte
mean� denoted by the dashed lines. The slopes of each individual cochlear
interpreted as evidence that performance on the streaming
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rhythm task could be explained by electrode separation, re-
gardless of the region of the cochlea that the stimuli were
presented.

Four cochlear implant subjects �subjects CI4, CI1, CI5,
and CI2� showed evidence of a similar streaming ability
based on electrode separation across all frequency ranges.
Figure 4�a� shows the data for one of these four subjects,
subject CI4. As depicted by the figure, the linear regression
line for the normalized time delay thresholds versus elec-
trode separation across the three base frequency conditions
was statistically significant �p�0.001�, with slope=0.278
and r=0.655. The linear regressions for the other three sub-
jects �not shown in figure� were also statistically
significant—subject CI1 �slope=0.117; r=0.396; p�0.005�,
subject CI5 �slope=1.388;r=0.841; p�0.001�, and subject
CI2 �slope=0.339; r=0.792; p�0.001�—suggesting that
electrode separation could also explain a significant portion
of their performance on the streaming rhythm task in differ-
ent stimulus frequency ranges.

In contrast, the other two cochlear implant subjects �sub-

Overall streaming ability is indicated by the slopes of regression lines �with
f three base frequencies �tone A=200, 800, or 2000 Hz�. NH represents the

for the normal-hearing slope distribution �±2 standard deviations about the
nt �CI� subject are shown by the other bars.
jects.
ach o
rval
impla
jects CI3 and CI6� appeared to have different streaming
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abilities across electrodes in different regions of the cochlea.
Figure 4�b� shows an example of one subject �subject CI3�
who appeared to have different streaming abilities in differ-
ent frequency ranges, after accounting for electrode separa-
tion, since a single regression line fit the data very poorly
�r=0.140; p�0.1�. In fact, if two regression lines are drawn
through the data, one through the 200-Hz base frequency
data points and the other through the 800- and 2000-Hz base
frequency points, the correlations are statistically significant
�for 200 Hz line, slope=0.268, r=0.570 and p�0.02; for the
800–2000-Hz line, slope=0.113, r=0.714 and p�0.001�.

FIG. 4. Performance on streaming rhythm task with respect to electrode
separation in cochlear implant subjects. Data from all three base frequencies
of the streaming rhythm task are converted into electrode separation and
plotted on the same graph for each subject. The resulting graphs of two
subjects, which represent the two general types of data patterns observed,
are shown. �a� Subject CI4 has a moderate, statistically significant correla-
tion between task performance across all frequency ranges and electrode
separation �r=0.655; p�0.001�. �b� Subject CI3 shows no evidence of a
correlation between task performance and electrode separation for data com-
bined across all three base frequencies �r=0.140; p�0.1; regression line not
shown�. However, correlations were significant when one regression line
was drawn through the 200-Hz data �r=0.570; p�0.02�, and a different
regression line was drawn through the combined 800- and 2000-Hz data
�r=0.714; p�0.001�.
The data for subject CI6 also fit a single regression line
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poorly �r=0.053; p�0.5�. Two regression lines were again
required to better describe the data, with one line for the 800-
and 2000-Hz base frequencies �slope=0.176; r=0.723; p
�0.001� and another for the 200-Hz base frequency �r
=0.264; p�0.1�, though the latter correlation was not statis-
tically significant.

3. General discussion

The results from Fig. 3 suggest that there is a range of
streaming abilities for both normal-hearing and cochlear im-
plant users. Nevertheless, despite the variability in perfor-
mance on the streaming rhythm task within the normal-
hearing group, this study demonstrates that some cochlear
implant users stream significantly worse than normal-hearing
subjects. These differences in pure-tone streaming between
cochlear implant subjects likely represent a combination of
differences in peripheral �frequency resolution� and central
processing. The results from Fig. 4 suggest that in some
cases, within a cochlear implant subject, streaming ability
based on place pitch cues can vary from one region of the
cochlea to another. Within a subject, the contribution of cen-
tral processing to streaming is presumably similar across all
stimulus frequencies, and thus differences in streaming for
different electrode locations reflect differences in peripheral
processing. One possible explanation for why some subjects
may have different streaming abilities for electrode separa-
tion in different regions of the cochlea is that there may be
different amounts of nerve survival throughout the cochlea,
leading to differences in the perceptual distance of pitch at-
tributed to adjacent electrodes and thus differences in pure-
tone streaming.

There is a possibility that differences in loudness, as
opposed to differences in pitch, could be responsible for
some of the auditory stream segregation observed in this
experiment. All of the stimuli were presented at equal dB
SPL and thus were not loudness balanced. We believe that
the effects of loudness differences in streaming in our experi-
ment were minimal for a number of reasons. First, for
normal-hearing listeners, there are minimal differences in
loudness across much of the intensity and frequency range
tested �ISO 226: 2003 �Normal equal-loudness-level con-
tours� of the International Organization for Standardization�.
Second, the presence of any loudness cues for all subjects
was minimized by the presentation of stimuli in a free field,
because the head position of listeners was not fixed with
respect to the speaker, which allowed for potential random
variations in sound intensity over a few decibels with spo-
radic changes in head position during the course of testing.
Third, none of the subjects reported that loudness differences
hindered performance on the task. Fourth, there is no clear
evidence that loudness differences can be used to obligatorily
segregate sounds in the same powerful way as frequency
differences �Bregman, 1990, pp. 126–127�. Finally, it is in-
teresting to note that even if loudness cues were present,
there were clearly some cochlear implant subjects that had
little ability to stream at any frequency difference based on
either loudness or frequency cues �e.g., subject CI1 or CI3 in
Fig. 3�. For the other cochlear implant subjects with better

streaming abilities, if they were able to use loudness as a cue
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for streaming, this would suggest that our results may over-
estimate their ability to segregate pure tones into different
streams.

There is also the possibility that age differences between
the normal-hearing and cochlear implant groups in this ex-
periment may be a confounding factor in the analysis of the
results with respect to streaming. The cochlear implant sub-
jects were older than the normal-hearing subjects �ages
39–78 compared to ages 21–35�, and there is evidence in the
literature that performance on temporal tasks declines with
age �for a review, see Pichora-Fuller, 2003�. However, there
are a number of reasons why we believe that differences in
age between the two groups did not affect our overall con-
clusions. First, as stated earlier, the time delay thresholds
from the streaming rhythm task used in our analysis of
streaming ability were all normalized with respect to each
individual subject’s baseline ability to discriminate rhythms
�baseline assessed at Weber fraction=0�. By doing this, we
attempted to control for differences in basic temporal percep-
tion ability between individuals, including those due to dif-
ferences in age. Second, we did not find any statistically
significant correlations between age and performance on the
streaming rhythm task �for normalized thresholds and regres-
sion slopes�, both within and across subject groups. Finally,
assuming that temporal ability differences due to age were
responsible for differences in performance on the task, we
would expect that the older cochlear-implant group would
have higher thresholds than the younger normal-hearing
group. However, our results indicated the opposite: the time
delay thresholds of the cochlear-implant group tended to be
lower than those of the normal-hearing group. Thus, it does
not appear that age differences between the two groups con-
founded our conclusion that the streaming ability of many
cochlear implant subjects was worse than that of normal-
hearing individuals.

III. EXPERIMENT 2. AUDITORY STREAM
SEGREGATION OR GAP DISCRIMINATION?

A. Rationale

It is possible that the results obtained on the streaming
rhythm task may not reflect auditory streaming, but merely
gap discrimination. For example, one can imagine a subject
who performs the streaming rhythm task by focusing only on
the end of the alternating-tone sequence to determine the
sequence with the irregular rhythm. Taken to the extreme, it
is possible that the subject may ignore the entire sequence
except for the final three tones of the sequence, where the
largest and smallest gaps are present, turning the task into
one that looks very similar to gap discrimination.

It is difficult to determine based on the results of experi-
ment 1 whether gap discrimination or stream segregation is
the dominant phenomenon. Studies of gap detection and
stream segregation in normal-hearing subjects have demon-
strated that both are affected similarly by differences in fre-
quency between tones: it becomes more difficult to perceive
a gap and more difficult to hear tones in the same stream as
the frequency separation widens between different tones

�Neff et al., 1982; Phillips et al., 1997�. If we presume that
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the increasing frequency separation affects performance by
increasing the perceptual pitch distance between tones, then
a similar relationship might also be seen with gap detection
in cochlear implants. It has been found that gap detection in
cochlear implants worsens with increasing electrode distance
�place pitch effects� and increasing rate differences �temporal
pitch effects� between the two tones which border the gap to
be detected �Hanekom and Shannon, 1997; Chatterjee et al.,
1998; van Wieringen and Wouters, 1999�. Furthermore, any
correlations found in this study �described in experiment 3�
between the streaming rhythm task and performance on a
speech perception in noise task also will not lend insight into
whether the streaming task measures stream segregation or
gap discrimination. While correlations between speech per-
ception in noise have been found with auditory streaming
�Mackersie et al., 2001�, correlations have also been found
between gap detection and speech perception in noise �Tyler
et al., 1982; Dreschler and Plomp, 1985�, although such cor-
relations with gap detection are not universally present
�Strouse et al., 1998; Snell and Frisina, 2000�.

Although there are a number of similarities between au-
ditory stream segregation and gap discrimination, there are
also a number of ways to distinguish the two. First, auditory
stream segregation is affected by the presentation rate of the
alternating tones, whereas gap discrimination is not �Neff et
al., 1982�. If performance on a task designed to assess audi-
tory streaming varies with presentation rate, this lends sup-
portive evidence that the task measures streaming ability.
Second, auditory streaming is known to build up over time
for alternating tones of moderate frequency separation, such
that increasing amounts of segregation are seen over the first
10–30 s of listening to such tones �Anstis and Saida, 1985�.
This observation can also be used to obtain supportive evi-
dence that differences in performance on the streaming
rhythm task employed in this study reflect differences in
streaming ability, and this latter approach is the one that we
chose to take in experiment 2.

The goal of experiment 2 is to determine if the stream-
ing rhythm task used in experiment 1 measures auditory
stream segregation. For this experiment, we use shortened
versions of the alternating-tone sequences presented in the
streaming rhythm task and again measure the time delay
threshold required to hear the irregular rhythm. We refer to
this task as the short rhythm task. If there is no difference in
relative performance between the short rhythm task and the
streaming rhythm task when the frequency separation in
tones is increased, this suggests that the streaming rhythm
task is merely a measure of gap discrimination. However, if,
as we hypothesize, subjects perform relatively worse on the
streaming rhythm task, then this suggests that the streaming
rhythm task measures streaming ability: the build-up of
streaming induced by the longer sequences in the streaming
rhythm task makes it more difficult to detect the irregular
rhythm.

B. Participants

Three normal-hearing subjects who participated in ex-

periment 1 also participated in this experiment. Additionally,
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three cochlear implant �subjects CI2, CI9, and CI10� subjects
were randomly selected to participate in this experiment,
with their demographics found in Table I.

C. Stimuli and procedures

The task in this experiment is identical in all respects to
the streaming rhythm task presented in experiment 1, except
for the stimuli. In this experiment, the rhythmic sequences
are shortened so that they contain only three pure tones �in-
stead of 24 pure tones�. The three pure tones of the regular
rhythm sequence in this experiment are derived from the first
three tones of the regular rhythm sequence of the streaming
rhythm task. The three pure tones of the irregular rhythm
sequence in this experiment are identical to the first three
tones of the “accumulated delay” region �described in Fig. 1�
of the irregular rhythm sequence of the streaming rhythm
task. The time delay used for rhythmic discrimination thresh-
old measurements is thus the same for the two experiments.
As with the streaming rhythm task, subjects listened to two
sequences and are asked to identify the irregular, unsteady
rhythm in a 2-IFC adaptive task that converges on the 79.4%
correct point for time delay threshold. Subjects were tested at
each of three base frequencies �200, 800, and 2000 Hz� at
conditions corresponding to a Weber fraction=0 and Weber
fraction=0.5. Overall thresholds were determined from the
average of the thresholds from three �or four� runs at each
test condition. These specific conditions were chosen be-
cause they were the ones where correlations were subse-
quently performed between the streaming rhythm task and
speech perception in noise �described in experiment 3�, al-
lowing insight into whether any correlations observed at
those specific frequency differences reflected stream segre-
gation or gap discrimination.

D. Results and discussion

The baseline ability �Weber fraction=0� of each listener
to perform the streaming rhythm task and the short rhythm
task at each of three base frequencies �200, 800, and
2000 Hz� is shown in Fig. 5 for both normal-hearing �Fig.
5�a�� and cochlear implant �Fig. 5�b�� subjects. In every case,
when all of the tones were identical in frequency, it was
easier to detect the irregular rhythm in the streaming rhythm
task �24-tone sequences� than in the short rhythm task �three-
tone sequences�, suggesting that the streaming rhythm task is
a fundamentally easier task �irrespective of streaming con-
siderations�. There are a number of possible reasons to ex-
plain this result. First, the 24-tone sequences contain three
repetitions of the irregular rhythm used in the short rhythm
task, which may provide more chances for the subject to hear
the irregular rhythm in the streaming rhythm task, making
the task easier. Second, the 24-tone sequences contain a re-
gion of progressively increasing delay in the rhythm �Fig. 1�
not present in the three-tone sequences. This may provide an
additional cue to subjects taking the streaming rhythm task
for detecting the irregular rhythm.

Figure 6 shows the performance of normal-hearing �Fig.
6�a�� and cochlear implant �Fig. 6�b�� subjects on the stream-

ing rhythm task and the short rhythm task at a Weber fraction
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of 0.5. The raw scores for time delay threshold have been
divided by baseline performance thresholds �i.e., threshold at
Weber fraction=0� for each test to give the resulting normal-
ized thresholds shown on the ordinate in Fig. 6. This normal-
ized threshold represents the performance on each task when
the frequency difference of the alternating tones is at a Weber
fraction of 0.5, after taking into account the baseline perfor-
mance on each task shown in Fig. 5. The normalization pro-
cedure allows us to directly compare the relative perfor-
mance on the streaming and short rhythm tasks at a Weber
fraction of 0.5 to determine if auditory stream segregation
plays a role in performance on the streaming rhythm task.
The reason that normalized thresholds as opposed to absolute
thresholds are compared between the two tasks is that the
normalized threshold is the relevant measure used to assess
streaming in the streaming rhythm task; our goal is to deter-
mine if a measure derived from the short rhythm task in a
similar manner leads to similar results. If normalized perfor-
mance on the two tasks is the same, this suggests that the
difference in sequence length for the two tasks does not af-
fect performance and that the streaming rhythm task does not

FIG. 5. Baseline performance on streaming rhythm task versus short rhythm
task for normal-hearing and cochlear implant subjects. The baseline perfor-
mance �tone A� tone B� on the streaming rhythm task �filled bars� and short
rhythm task �hatched bars� is shown at all three base frequencies �200, 800,
and 2000 Hz� for �a� three normal-hearing and �b� three cochlear implant
subjects. Error bars represent one standard deviation.
measure stream segregation. In contrast, if normalized per-
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formance is worse with the streaming rhythm task, this sug-
gests that the longer sequence in the streaming rhythm task
has induced a build-up of stream segregation to make it more
difficult to detect the irregular rhythm in this task, and that
the streaming rhythm task does measure stream segregation.

The values of the normalized threshold for the short
rhythm task for both normal-hearing and cochlear implant
subjects across all base frequencies generally fell in the
range of 1 to 2, suggesting that increasing the frequency
separation of the tones from baseline �no difference in fre-
quency� to one corresponding to a Weber fraction of 0.5
resulted in either no change in difficulty of the task to a two
times increase in difficulty of the task. For the streaming
rhythm task, the normalized threshold values at a Weber
fraction of 0.5 ranged from 2.83 to 9 for normal-hearing
subjects and from 2.86 to 19 for cochlear implant subjects.
This suggests that the streaming rhythm task was at least 2.8
times more difficult for all subjects in this experiment when
the frequency separation was increased from baseline to one
corresponding to a Weber fraction of 0.5.

FIG. 6. Performance on streaming rhythm task versus short rhythm task for
normal-hearing and cochlear implant subjects. Normalized time delay
thresholds for the streaming rhythm �filled bars� and short rhythm �hatched
bars� tasks are shown, with the alternating tones separated by a frequency
difference corresponding to a Weber fraction of 0.5. Data are shown at all
three base frequencies �200, 800, and 2000 Hz� for �a� three normal-hearing
and �b� three cochlear implant subjects. Error bars represent one standard
deviation.
To determine the contribution of streaming to this in-
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creased difficulty, we compared the normalized thresholds of
the streaming rhythm task with those of the short rhythm
task. Figure 6 shows that in every case, for both normal-
hearing and cochlear implant subjects, the normalized
threshold was significantly higher for the streaming rhythm
task. For normal-hearing subjects, the mean of the threshold
on the streaming rhythm task was 4.69, compared to 1.23 for
the short rhythm task �tdf=8=4.85; p=0.001�. For cochlear
implant subjects, the mean of the threshold on the streaming
rhythm task was 5.96, compared to 1.54 for the short rhythm
task �tdf=8=2.62; p=0.03�. If subjects were performing the
streaming rhythm task by ignoring the first part of the 24-
tone sequence and only focusing on the end of the sequence,
such that streaming was irrelevant to the task, we would
expect the normalized thresholds for the two tasks to be
similar. This is not the case. Instead, the higher values of
normalized threshold for the streaming rhythm task suggest a
greater build-up of streaming with the longer sequence, mak-
ing the streaming rhythm task relatively more difficult than
the short rhythm task. Therefore, the results suggest that the
normalized threshold in the streaming rhythm task reflects
auditory stream segregation and not just gap discrimination
abilities.

Our findings are consistent with those in the literature
that suggest an increase in separation in pitch between the
tones bordering a gap may result in a more difficult gap
discrimination task for both normal-hearing �Neff et al.,
1982; Phillips et al., 1997� and cochlear implant subjects
�Hanekom and Shannon, 1997; Chatterjee et al., 1998; van
Wieringen and Wouters, 1999�. Furthermore, the differences
in performance we observed between the streaming rhythm
task and short rhythm task are consistent with the results of
Grose and Hall �1996�, who showed that the build-up of
auditory stream segregation through the use of longer se-
quences can make a gap discrimination task more difficult; in
our experiment, the greater difficulty of the streaming
rhythm task compared to the short rhythm task provides evi-
dence that the streaming rhythm task measures auditory
stream segregation. Further evidence for the streaming
rhythm task as a measure of streaming has been provided by
Roberts et al. �2002�. This study compared the results of the
streaming rhythm task with results from a different task that
has been used to assess streaming and found similar results
for both tasks, suggesting that the present task does measure
auditory stream segregation.

In conclusion, experiment 2 provides evidence that the
streaming rhythm task is a measure of auditory stream seg-
regation and not merely gap discrimination. Having exam-
ined this, we will now move forward to experiment 3 and
determine the implications of performance on our measure of
stream segregation on the understanding of speech in back-
ground noise for cochlear implant users.

IV. EXPERIMENT 3. AUDITORY STREAMING AND
SPEECH PERCEPTION IN NOISE

A. Rationale

A better ability to perform auditory stream segregation

should be associated with a better ability to understand
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speech in various backgrounds; to understand speech in
noise, it is helpful to segregate the target speech into one
attended perceptual group and the noise into a different, ig-
nored group. Such a relationship between streaming and
speech perception in noise has been found in hearing-
impaired individuals �Mackersie et al., 2001�, but, to our
knowledge, has yet to be studied in cochlear implant pa-
tients. We are interested in determining if a relationship ex-
ists between stream segregation and speech perception in
noise in cochlear implant patients, because such a relation-
ship would suggest that measures of stream segregation may
be useful for comprehending the problems that implant users
have in understanding speech in noise. Our hypothesis is that
cochlear implant patients who have difficulty segregating
pure tones into separate streams will have more trouble un-
derstanding speech in various backgrounds.

Additionally, we have chosen to study two different
types of noise—steady-state noise and two-talker babble—to
see if streaming ability is more strongly related to one or the
other. For example, studies have shown that in normal-
hearing subjects, the fundamental frequency of target speech
is an important cue for segregating it from background talk-
ers �Brokx and Nooteboom, 1982; Assmann and Summer-
field, 1990�. This leads us to hypothesize that the strongest
correlations may occur for cochlear implant subjects between
low-frequency pure-tone streaming ability and speech per-
ception in babble, assuming fundamental frequency is also
an important cue for talker segregation in cochlear implant
users. Furthermore, by studying both types of noise, we can
determine if the relative performance on speech perception in
steady-state noise versus two-talker babble is related to
streaming ability in cochlear implant users. Normal-hearing
subjects perform better on tasks of speech perception in a
competing talker background compared to steady-state noise
�Duqeusnoy, 1983; Festen and Plomp, 1990�. In contrast, co-
chlear implant subjects experience an increase in masking
with competing talker�s� compared to steady-state noise �Qin
and Oxenham, 2003; Turner et al., 2004�, which is the op-
posite of the trend seen for normal-hearing subjects. One
reason that cochlear implant subjects may have more trouble
understanding speech in a competing talker background is
that they may not be able to segregate the target from back-
ground speech in a way that allows them to correctly identify
the target speech. Thus, they are not able to take advantage
of the temporal and spectral gaps in the competing talker
noise to obtain additional glimpses of the target speech and
experience the release from masking observed in normal-
hearing listeners. This leads us to hypothesize that this in-
ability of cochlear implant subjects to experience a release
from masking may also be correlated to pure-tone streaming
ability.

B. Participants

All cochlear implant subjects who participated in experi-
ment 1 also participated in this experiment. All subjects were
tested on speech perception in steady noise and in multi-
talker babble. Eight additional cochlear implant subjects

�ages 33–78� were recruited to undertake an abridged version

370 J. Acoust. Soc. Am., Vol. 120, No. 1, July 2006 R.
of the pure-tone streaming task described in experiment 1 in
order to increase the sample size for the correlations of
streaming ability with speech perception in noise. All co-
chlear implant subjects had at least 1 year of experience with
their device at the time of testing. The age, type of implant,
signal processing strategy, and stimulation mode of each par-
ticipating cochlear implant subject are shown in Table I.

C. Stimuli and procedures

1. Pure-tone streaming task „abridged version…

The full version of the streaming rhythm task used in
experiment 1 allowed for the measurement of time delay
thresholds at many different frequency differences; these
data were subsequently fit with a regression line, with the
slope interpreted as an overall measure of streaming ability.
However, such testing was extremely time consuming, re-
quiring about 6 h per subject. To shorten testing time in
experiment 3, we opted to use an abridged version of the
streaming rhythm task, where the normalized value of the
time delay threshold at a Weber fraction of 0.5 was taken as
the streaming metric. This normalized threshold represents
how many times more difficult the streaming rhythm task
was at a Weber fraction of 0.5 than at baseline �Weber
fraction=0�. The use of this metric allowed us to more effi-
ciently increase the sample size for the correlation analysis
performed in this experiment. The abridged version of the
streaming rhythm task is identical to the full version de-
scribed in experiment 1, except the only conditions tested
were those where tones A and B differed by frequency dif-
ferences corresponding to Weber fractions of 0 and 0.5. The
frequency difference corresponding to a Weber fraction
=0.5 was chosen to be tested because from experiment 1, it
appeared that the results from cochlear implant subjects at
this condition demonstrated the largest variation across sub-
jects and exhibited minimal ceiling effects. Large variation
across subjects in the rhythmic discrimination threshold was
desirable because we wanted to subsequently correlate our
measure of streaming ability with speech perception in noise.
Furthermore, values for the regression slope streaming met-
ric used in experiment 1 were strongly correlated with nor-
malized thresholds at a Weber fraction of 0.5 in experiment 3
�200 Hz base frequency: r=0.881, p�0.005; 800 Hz base
frequency: r=0.830, p�0.025; 2000 Hz base frequency: r
=0.906, p�0.0025�, suggesting consistency between the two
measures of streaming in cochlear implant users.

Testing was once again performed at all three base fre-
quencies �200, 800, and 2000 Hz� in a randomized order. At
each base frequency, the first condition tested was that where
the Weber fraction was 0, followed by the condition where
the Weber fraction was 0.5. The exclusion criterion of an
average raw score time delay threshold below 15 ms with the
two tones equal in frequency �Weber fraction=0� was main-
tained for the abridged version of the test. Two subjects did
not meet this criterion at one out of three base frequencies:
both subjects CI11 and CI15 were unable to meet this crite-

rion at the 2000-Hz base frequency condition.
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2. Speech perception in steady-state noise and multi-
talker babble

The tasks of speech perception in steady-state noise and
multi-talker babble used in this study are the same as those
previously described by Turner et al. �2004�. The speech in
these tasks was presented via a loudspeaker situated directly
in front of the listener at 70 dB SPL. The most pertinent
details of these tasks will be described in the following para-
graph. For a more complete description of the tasks, the
reader may refer to Turner et al. �2004�.

Subjects were asked to identify a randomly chosen, pre-
viously recorded spondee from a fixed set of 12 homoge-
neously difficult spondees. The spondee was spoken by a
female talker �fundamental frequency range: 212–250 Hz�
in the presence of varying levels of background sound. Two
different backgrounds were employed. In the first task, the
background was a steady-state white noise, low-pass filtered
at −12 dB per octave above 400 Hz to resemble the long-
term spectrum of speech. In the second task, the background
was two simultaneously presented sentences from the SPIN
test �Bilger, 1984�, with one sentence spoken by a male

FIG. 7. Correlations between streaming rhythm task and speech in noise fo
rhythm task at a Weber fraction of 0.5 at each of three base frequencies �200
noise and �b� speech in two-talker babble.
talker �fundamental frequency range: 81–106 Hz� and the
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other sentence spoken by a female talker �fundamental fre-
quency range: 149–277 Hz�. Within each task, the same
noise sample was used for the background from trial to trial.
An adaptive procedure with 2-dB step sizes �for the varying
background level� was used to determine the 50%-correct
point �in terms of signal-to-noise ratio� for the speech recog-
nition threshold �SRT� for spondees in noise. Each run was
composed of 14 reversals, with the mean of the last ten re-
versals taken as threshold for that run. Each subject com-
pleted four or five runs, with the mean of the last three runs
taken as SRT for that subject.

D. Results and discussion

This experiment was designed to determine if a correla-
tion exists between pure-tone streaming ability and speech
perception in noise. The normalized time delay threshold
�calculated in the same manner as for experiment 1; see Fig.
2� for the rhythmic discrimination streaming task was corre-
lated using exponential fits with performance on speech in
steady-state noise and speech in multi-talker babble for all

hlear implant subjects. Normalized time delay thresholds for the streaming
, and 2000 Hz� are plotted against performance on �a� speech in steady-state
r coc
, 800
cochlear implant subjects. The results are shown in Fig. 7 for
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each of the three base frequencies of the rhythm streaming
task. Figure 7�a� shows the correlations with speech in
steady-state noise, and Fig. 7�b� shows the correlations with
speech in multi-talker babble. In each case, there was a nega-
tive correlation between performance on the streaming
rhythm task and speech in noise, suggesting that cochlear
implant subjects who had larger time delay thresholds �and
therefore better streaming abilities� performed better on
speech recognition in noise. The correlations were of mod-
erate strength, with r values ranging from 0.460 to 0.757, as
shown in Fig. 7. All of the correlations were statistically
significant �p�0.05�, except for the correlation between the
streaming rhythm task at 200-Hz base frequency and speech
in multi-talker babble �p=0.084�. Exponential fits were cho-
sen to better account for the one data point at the 200-Hz
base frequency on the streaming rhythm task that was much
higher than all of the others, with a value close to 18 for the
normalized threshold. However, all of the data were also fit
with linear regression curves �not shown�, which yielded
similarly moderate correlations and statistically significant
results. Additionally, statistical analysis performed to deter-
mine if the correlation coefficients were significantly differ-
ent from each other revealed no significant differences,
whether comparing r values within each speech perception in
noise task at different base frequencies �p�0.4�, or compar-
ing r values between the two speech perception tasks at the
same base frequency �p�0.5�.

The cochlear implant subjects in this study perform on
average 4.5 dB worse �standard deviation of 3.53 dB� on the
speech perception in two-talker babble task than the speech
perception in steady-state noise task. For comparison’s sake,
Turner et al. �2004� has reported for the same tasks that
normal-hearing subjects perform about 13 dB better on
speech perception in babble. Correlations performed between
the difference in speech recognition thresholds �i.e., examin-
ing the lack of masking release� for the two tasks and the
normalized time delay thresholds of the streaming rhythm
task at each of three base frequencies revealed no significant
correlations �p�0.35 for all correlations�.

The results of the streaming rhythm task may underesti-
mate the amount of stream segregation when the subject can-
not hear the irregular rhythm even at the largest possible time
delay. However, this problem occurred only in a few cases.
Of the 42 unique values for threshold obtained at a Weber
fraction=0.5 �across subjects and base frequencies�, only
four of them were assigned the nominal �ceiling� value of
40 ms for threshold. Thus, ceiling effects did not appear to
be a major problem with our task at the frequency difference
where the correlations with speech perception in noise were
performed.

The correlation between pure-tone stream segregation
and speech perception in noise found in cochlear implant
subjects is consistent with findings in the literature that sug-
gest that frequency resolution is an important determinant of
the ability to perceive speech in noise �Fu et al., 1998�. Di-
minished frequency resolution likely leads to both poorer
pure-tone auditory streaming and poorer speech perception
in noise. However, it is likely that other common factors,

beyond peripheral processes, are also involved in auditory
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stream segregation and speech perception in noise. For ex-
ample, common central processes such as selective attention
have been shown to influence auditory stream segregation
�Carlyon et al., 2001� and certainly also play a role in the
ability to understand speech in noise. We propose that the
normalized thresholds from the streaming rhythm task are a
measure of the summation of relevant peripheral and central
processing abilities within a subject. For example, a cochlear
implant subject with poor peripheral frequency resolution
and extremely good cognitive processing may perform
equally well on pure-tone streaming as a different cochlear
implant subject with better frequency resolution but poorer
cognitive processing. The shared importance of these periph-
eral and central processes with speech perception in noise
could thus explain why a correlation is observed between
streaming and speech perception in noise in cochlear implant
subjects.

The observation that the weakest correlation between
streaming and speech perception in noise occurred between
the 200-Hz base-frequency streaming condition and speech
perception in two-talker babble was unexpected. We had hy-
pothesized that we may find the strongest correlation here,
because the 200-Hz region is where the fundamental fre-
quencies of the different talkers are found, and the ability to
segregate talkers based on fundamental frequencies is
thought to be important for understanding speech in noise.
However, there may be a number of reasons for the discrep-
ancy between our hypothesis and our results. First, the ability
of cochlear implant users to stream pure tones �as measured
by the streaming rhythm task� may be different from their
ability to stream more complex, speechlike stimuli. This is
because cochlear implant users may have differing abilities
to extract the fundamental frequencies from more complex
tones. Thus, pure-tone streaming at a base frequency of
200 Hz may not be an accurate measure of streaming based
on fundamental frequency. Second, a number of recent stud-
ies have suggested that current cochlear implant users who
rely solely on electric hearing are deficient in or receive little
to no benefit from fundamental frequency cues for under-
standing speech in a competing talker background �Qin and
Oxenham, 2005; Kong et al., 2005�. This suggests that cues
other than fundamental frequency may currently be more im-
portant for talker segregation by cochlear implant users.
Thus, correlations between speech perception in noise and
streaming ability across all frequency regions may be similar,
because frequency cues in all regions may be used by co-
chlear implant users to segregate speech from noise. Finally,
the correlations between speech perception and streaming at
different base frequencies may be similar because they are
correlated with some common underlying factor. For ex-
ample, central processing abilities may be related to both
auditory stream segregation and speech perception in noise.

We also hypothesized that the increase in masking expe-
rienced by cochlear implant subjects with speech perception
in two-talker babble compared to steady-state noise may be
correlated with streaming ability. One possible reason for the
lack of such correlations in our results is that the ability to
stream speech from different talkers may be different from

the ability to correctly identify which speech belongs to the
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target and which to the masker�s�. In order to take advantage
of the temporal and spectral gaps in the competing talker
noise to understand speech, one must be able to do both.
Thus, variability in the ability to correctly identify the target
speech among subjects with similar streaming abilities may
account for the lack of correlation between streaming and
relative performance on the two speech in noise tasks.

V. CONCLUSIONS

�i� The results of this study suggest that the streaming
rhythm task �adapted from Roberts et al., 2002� is
a test paradigm that can be used to assess auditory
stream segregation in cochlear implant subjects.
The task is sensitive to detection of a range of
pure-tone streaming abilities that is present within
the cochlear implant population.

�ii� There is a range of streaming abilities both within
individual cochlear implant subjects �comparing
different regions of the cochlea� and between co-
chlear implant subjects. Some cochlear implant
subjects perform comparably to normal-hearing
subjects, while others experience much less
streaming than normal-hearing subjects as the fre-
quency separation of two alternating tones is in-
creased.

�iii� The variability in pure-tone streaming abilities
across a wide range of frequencies among different
cochlear implant users correlates moderately well
with their ability to perceive speech in both steady-
state noise and multi-talker babble.

�iv� For normal-hearing listeners, many cues other than
frequency have been shown to be available for
stream segregation, including those based on am-
plitude spectra �Iverson, 1995�, temporal envelope
�Grimault et al., 2002�, and spatial location �Dowl-
ing, 1973�. It will be important in the future to
determine which of these cues available to normal-
hearing individuals are also available to cochlear
implant users for auditory stream segregation, as
well as the utility of these additional streaming
cues for the perception of speech in complex
acoustical backgrounds.
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