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Previous work@Nelson, Jin, Carney, and Nelson~2003!, J. Acoust. Soc. Am113, 961–968#
suggested that cochlear implant users do not benefit from masking release when listening in
modulated noise. The previous findings indicated that implant users experience little to no release
from masking when identifying sentences in speech-shaped noise, regardless of the modulation
frequency applied to the noise. The lack of masking release occurred for all implant subjects who
were using three different devices and speech processing strategies. In the present study, possible
causes of this reduced masking release in implant listeners were investigated. Normal-hearing
listeners, implant users, and normal-hearing listeners presented with a four-band simulation of a
cochlear implant were tested for their understanding of sentences in gated noise~1–32 Hz gate
frequencies! when the duty cycle of the noise was varied from 25% to 75%. No systematic effect
of noise duty cycle on implant and simulation listeners’ performance was noted, indicating that the
masking caused by gated noise is not only energetic masking. Masking release significantly
increased when the number of spectral channels was increased from 4 to 12 for simulation listeners,
suggesting that spectral resolution is important for masking release. Listeners were also tested for
their understanding of gated sentences~sentences in quiet interrupted by periods of silence ranging
from 1 to 32 Hz as a measure of auditory fusion, or the ability to integrate speech across temporal
gaps. Implant and simulation listeners had significant difficulty understanding gated sentences at
every gate frequency. When the number of spectral channels was increased for simulation listeners,
their ability to understand gated sentences improved significantly. Findings suggest that implant
listeners’ difficulty understanding speech in modulated conditions is related to at least two~possibly
related! factors: degraded spectral information and limitations in auditory fusion across temporal
gaps. © 2004 Acoustical Society of America.@DOI: 10.1121/1.1703538#

PACS numbers: 43.71.Ky, 43.66.Ts, 43.72.Dv, 43.66.Dc@PFA# Pages: 2286–2294
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I. INTRODUCTION

Cochlear implant users commonly report difficulty u
derstanding speech in noisy situations. It may be that de
limitations, weak temporal pitch cues, the nature of pulsa
cochlear implant processing itself, or the lack of good sp
tral representation of speech results in difficulty segrega
a target signal from a background noise. Nelson, Jin, Car
and Nelson~2003! reported that listeners with cochlear im
plants did not demonstrate masking release from modul
maskers. Normal-hearing listeners obtain between 5 and
dB improvements in masked speech recognition when lis
ing in gated noise compared to steady-state maskers o
same intensity~e.g., Baconet al., 1998!. Implant listeners, in
contrast, showed no difference in masked speech recogn
performance when maskers were steady or gated noise,
cating that they did not take advantage of temporal gap
gated noise. In addition, normal-hearing listeners who
tened to four-band simulations of implant processing~after

a!Send correspondence to Peggy Nelson, Ph.D., 115 Shevlin Hall, Mi
apolis, Minnesota 55455; Phone:~612! 625-4569; Fax:~612! 624-7586;
E-mail: nelso477@umn.edu
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Shannon, Zeng, Kamath, Wygonski, and Ekelid, 1995, wh
greatly reduced speech spectral information! also failed to
demonstrate masking release. These findings were in s
contrast to well-established results from normal-hearing
teners~e.g., Gustafsson and Arlinger, 1994!, who show sig-
nificant masking release for gated maskers. Results from
plant listeners were significantly poorer than those repor
for listeners with cochlear hearing loss as well~e.g., Bacon,
Opie, and Montoya, 1998!. Nelsonet al. ~2003! reported that
listeners with implants were significantly affected by bac
ground noise, even at favorable signal-to-noise rat
~SNRs!, and did not demonstrate a benefit from short tem
ral ‘‘glimpses’’ of the quiet signal at any gate frequency, ev
when those temporal gaps in the noise were as long as
ms. Specific implant device-related processing characte
tics ~e.g., CIS versus SPEAK processing! did not seem to
explain this finding, as listeners with three different proce
sor types all showed the same reduced masking release
authors proposed several possible explanations for the fi
ings, including modulation masking, reduced auditory stre
segregation or fusion abilities, and limited spectral resolut
abilities of implant and simulation listeners. Some eviden
in the literature suggests that implant listeners may sh

e-
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significant modulation masking when speech signals are
sented in background noise. Others have proposed that
plant listeners have a difficult time segregating signals
cause of their reduced spectral resolution.

Kwon and Turner~2001! showed that normal listener
identifying consonant-vowel~CV! stimuli processed by im-
plant simulations display increased susceptibility to hig
frequency modulation masking when CV syllables are p
sented in gated noise. They hypothesized that coch
implant users may be negatively affected by modulat
masking because listeners with reduced spectral resolu
have increased perceptual weighting for natural amplit
modulations in speech recognition~e.g., Hedrick and Jest
eadt, 1996; Hedrick and Carney, 1997!. In these studies, the
amplitude cues were more important for hard-of-hear
~Hedrick and Jesteadt, 1996! and cochlear implant~Hedrick
and Carney, 1997! listeners than for normal-hearing listener
Thus, the modulated noise may directly interfere with t
listener’s perception of amplitude envelope cues at both
syllabic and segmental levels. Kwon and Turner evalua
the effects of modulated noise on listeners’ understandin
spectrally impoverished signals using 12-band implant sim
lations. They found that under certain conditions, listen
obtained some masking release. However, a modulated h
frequency masker sometimes reduced consonant identi
tion when compared to identification with an unmodulat
masker. They concluded that high-frequency modula
maskers can cause interference in consonant recognition
may offset any benefit provided by the masking release.
parently in the presence of high-frequency modulated no
modulation masking caused consonant recognition error
simulation listeners, and this effect may hold true for c
chlear implant users.

In addition to their proposed susceptibility to modul
tion masking, implant listeners may demonstrate redu
ability to segregate auditory streams. Chatterjee and Ga
~2002! have shown that implant listeners can perform sim
auditory stream segregation tasks. Implant listeners in t
study were able to segregate rhythmic sequences prese
on two electrodes. Greater electrode separation resulte
improved stream segregation, but listeners were able
stream sequences presented to the same electrode pair
those sequences had differing temporal envelopes. Re
suggested that implant listeners can segregate streams
formation when they differ in place~frequency! and/or
modulation rate.

Grimault, Bacon, and Micheyl~2002! showed that
normal-hearing listeners can segregate auditory stream
the basis of temporal fluctuations alone, in the absenc
other spectral or temporal cues. Listeners generally se
gated sequences into two streams when the difference in
plitude modulation~AM ! rate between their noise carrie
was greater than an octave. These results suggest that li
ers ~including cochlear implant users! may be able to suc
cessfully segregate sound streams based on the AM ch
teristics of each stream, regardless of the spectral conte
the two sound stream carriers, as long as the modula
frequencies of the two sounds streams are at least an oc
apart.
J. Acoust. Soc. Am., Vol. 115, No. 5, Pt. 1, May 2004 P. B. N
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Qin and Oxenham~2003! recently reported that implan
simulation listeners have significantly less making rele
when understanding speech in modulated versus ste
noise. They compared normal-hearing listeners’ speech
ognition in steady speech-shaped noise, modulated spe
shaped noise, and single-talker speech interference u
conditions of 4-, 8-, and 24-band implant simulations~after
Shannonet al., 1995!. They found that increasing the num
ber of spectral channels significantly improved simulati
listeners’ performance in modulated noise, but that even
simulation signals with 24 bands of spectral information, l
tener performance was significantly poorer than for the or
nal speech signals. They hypothesized that spectral infor
tion is critical for segregation of speech from modulat
noise, and that low-frequency pitch cues~that are reduced in
simulation speech signals! are important for speech segreg
tion.

In the current set of experiments, the various factors t
may be related to reduced masking release in implant u
were investigated, including informational masking, spec
resolution, and auditory fusion/segregation. Informatio
masking has been defined as threshold elevation due to
energetic factors such as signal uncertainty, masker–stim
similarity, or distraction from extraneous sounds~informa-
tional maskers! that do not physically mask the target signa
~see Wightmanet al., 2003 and Durlachet al., 2003!. If im-
plant users perceive the modulated maskers and speech
nals as similar, the maskers may provide significant inform
tional, rather than energetic, masking. The role of spec
resolution in masking release was proposed by our prev
study and was investigated further by Qin and Oxenh
~2003!. Both studies hypothesize that reduced spectral in
mation is related to reduced masking release from modula
noise. Auditory fusion and segregation of sentences fr
noise have also been proposed as important factors in un
standing masking release. Qin and Oxenham also theor
that a strong pitch cue is necessary for normal segregatio
speech from noise, and that implant listeners may not p
ceive the needed strong pitch cue.

These hypotheses are tested further with groups of n
mal and implant listeners. Listeners in the current expe
ments included cochlear implant users as well as listen
with normal hearing sensitivity who were tested for the
understanding of speech that has been modified to red
spectral cues~after Shannonet al., 1995!. We first investi-
gated the roles of informational versus energetic masking
gated noise tasks~Experiment 1!. In Experiment 1a, listeners
were tested for their understanding of speech in gated n
~as in Nelsonet al., 2003! as the duty cycle of the noise wa
varied from 25% to 50% to 75%. Punch~1978! demonstrated
that normal-hearing listeners show a systematic increas
masking as masker duty cycle increases from 25% to 50%
75%, corresponding to the physical increase in the dura
of the masker. Nelsonet al. ~2003! hypothesized that the
spectrally impoverished signals experienced by implant
simulation listeners caused listeners to rely on amplitude
velope cues that were easily disrupted by gated noise.
disruption from gated noise might be due to the energ
masking of the gated masker~as observed in Punch!, but the
2287elson and S.-H. Jin: Gated interference with cochlear implants
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disruption may be exaggerated in implant and simulation
teners who use the amplitude envelope cues for underst
ing. If listeners’ performance in gated noise is directly rela
to the proportion of time that the gated noise is ‘‘on,’’ the
performance is likely determined by the physical masking
the speech by the noise~energetic masking!. If in the current
study, however, the duty cycle of the noise has little effect
the amount of masking release, then it is likely that the eff
of the gated masker was to disrupt the fusion of the audit
stream of information~causing ‘‘informational masking’’!,
rather than to physically mask the energy of the speech.
sults of the investigation of masker duty cycle may sh
some light on the role of informational masking in cochle
implant users.

An additional experiment using gated noise~Experiment
1b! tested the hypothesis that greater spectral resolu
leads to increased masking release. Our previous work~Nel-
sonet al., 2003! showed that normal listeners obtain little
no masking release when they are listening to speech tha
reduced spectral information. The relationship between
amount of spectral information and the amount of mask
release is still unknown, however. If listeners with grea
numbers of spectral channels are more successful in un
standing speech in gated noise, it may be presumed
masking release in gated noise is directly related to
amount of signal spectral information available to the liste
ers. Qin and Oxenham~2003! recently demonstrated that in
creasing the number of spectral channels of implant sim
tions improves, but does not fully restore, masking relea
In the current study this is explored further. Listeners w
normal hearing sensitivity were presented with original fu
spectrum speech stimuli, or with 12- or 4-band simulatio
of implant processing.

Experiment 2 focuses on the ability of implant and sim
lation listeners to understand interrupted sentences. W
sentences are gated or interrupted by periods of silence
stead of noise, listeners who understand key words in s
tences in the presence of the silent interruptions are
sumed to have successfully grouped or fused the audi
information into a continuous speech stream. Research
understanding interrupted sentences was done by Miller
Licklider ~1950! and by Bashford and Warren~1987!, who
showed that words and sentences interrupted by silent
were less intelligible than continuous speech. It was p
sumed that this task reflects auditory grouping or fusion~also
called ‘‘induction’’ by Warren, 1999.! In Experiment 2, lis-
teners were tested for their ability to understand sentence~in
quiet! that had themselves been gated, or interrupted by
lence. Listeners in Experiment 2a included implant use
normal-hearing listeners, and simulation listeners.

If listeners are more successful at fusing interrupted s
tences with increasing spectral information, we presume
auditory fusion by implant listeners can be improved by
creasing the amount of spectral information, or the num
of spectral channels, available to the implant simulation
teners. In Experiment 2b, normal-hearing listeners w
tested for their understanding of gated sentences using
plant simulations with either 4 or 12 spectral bands.
2288 J. Acoust. Soc. Am., Vol. 115, No. 5, Pt. 1, May 2004
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II. METHODS

A. Stimuli

Speech stimuli consisted of IEEE sentence mater
~IEEE, 1969! spoken by five male and five female talker
Stimuli were recorded and digitized using a 20 kHz sampl
rate. In addition, noise-vocoded simulations of the IEEE s
tences were generated~after Shannonet al., 1995! that simu-
late the processing strategies of cochlear implants. For
initial four-band implant simulations in Experiment 1
speech stimuli from two talkers were filtered into four fr
quency bands~100–300, 300–500, 500–1700, and 170
6000 Hz!. The amplitude envelope was extracted from ea
band using the envelope extraction algorithm provided
Cool Edit Pro™. That envelope was then used to modu
the amplitude of narrowband noises having the same ba
widths. The resulting amplitude-modulated noise bands w
recombined with their original relative amplitudes.

For Experiment 1, noise maskers were generated on
fly using the Tucker–Davis waveform generator~TDT
WG1!. The noise was passed through a Rane 30-band eq
izer so that the spectrum of the resulting noise matched
long-term spectrum of the IEEE sentences. Noise mas
were presented either continuously~steady!, or gated using 2
ms cos2-ramped gating that was also implemented on
fly.1 Gate frequencies ranged from 1 to 32 Hz, while the d
cycle of the noise was systematically altered. Three d
cycle conditions were tested: 75%~the noise was on 75% o
each cycle, followed by 25% silence!, 50% ~noise and si-
lence each comprised 50% of each cycle!, and 25%~the
noise was on for only 25% of each cycle, followed by a 75
silent interval!. The duration of the resulting noise burs
ranged from 8 ms~32 Hz gate frequency, 25% duty cycle! to
750 ms~1 Hz gate frequency, 75% duty cycle!. Whereas the
75% condition provided the most physical masking of t
stimuli, all three duty cycles produced noise bursts that p
sumably disrupt the envelope of the speech signal. Signa
noise ratios~SNRs! were 116, 18, 0, 28, or 216 dB, de-
pending upon the listener and condition. Stimuli f
Experiment 1b were either full-spectrum natural speech
speech processed through implant simulators~after Shannon
et al., 1995! that consisted of 4 to 12 bands. Filter settin
are given in Table I. All stimuli for Experiment 1b wer
presented at24 dB SNR.

For Experiment 2, sentences in quiet were gated wit
50% duty cycle using 4 ms cos2-ramped square gating. N
noise was present for this experiment. Gate frequen
ranged from 1–32 Hz, resulting in regular bursts of spee
that ranged in duration from approximately 14~32 Hz gate
frequency! to 500 ms ~1 Hz gate frequency!. Stimuli for
Experiment 2b were either full-spectrum natural speech
speech processed through implant simulators with 4 and
bands, as shown in Table I.

B. Procedures

For all experiments, listeners were seated in the ce
of a sound-treated chamber. Speech signals were deliv
diotically through two Bose 301 speakers~placed at645°
azimuth! at an overall level of 65 dBA. Speech stimuli we
P. B. Nelson and S.-H. Jin: Gated interference with cochlear implants
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presented in blocks of ten sentences, using all ten talker
random order for each list. Sentences contained an ave
of five key words per sentence. All conditions were rando
ized prior to the beginning of each subject’s testing. T
listeners responded verbally to each sentence, and the ex
menter scored the key words correct for each sentence,
cling the correct answers on an answer form. Each listen
results~percent correct keywords! for each condition were
later entered into computer database files.

For Experiment 1, keyword identification was evaluat
in steady and gated noise. On each trial, the masking n
started first. The sentence began after a random delay
ranged from 10 to 100 ms. The noise was either stead
modulated, as described above. The level of the noise va
depending upon the condition being tested. The listener
the implant and simulation groups heard the noise at18- and
116-dB SNR.~Pilot testing with three very successful im
plant listeners indicated that performance was near 0% fo
gate conditions at 0-dB SNR and lower.! Listeners in the
normal group heard the noise at 0-,28-, and216-dB SNR.
All listeners also completed two blocks of sentences in qu

For Experiment 2, key-word identification was evaluat
for the gated sentences without noise. The sentences
presented either continuously, or were gated on and off
described above.

C. Subjects

Subjects for the simulation experiments included t
groups of eight young adult listeners with normal hear
sensitivity who were not familiar with the stimuli or the im
plant simulation algorithm. None of the normal-hearing l
teners had participated in the previous experiments fr
Nelsonet al. ~2003!. All were between the ages of 19 and 3
years and each participated in only one experiment.

Nine postlingually deafened users of cochlear impla
were also tested. These were the same nine listeners

TABLE I. Filter cutoffs for 4- and 12-band simulations used in Experime
1b and 2b.

4-band simulations:
Band Low-pass cutoff~Hz! High-pass cutoff~Hz!

1 327 648
2 677 1341
3 1400 2773
4 2898 5739

12-band simulations:
Band Low-pass cutoff~Hz! High-pass cutoff~Hz!

1 192 356
2 356 550
3 550 775
4 775 1036
5 1037 1342
6 1342 1700
7 1700 2116
8 2116 2602
9 2602 3169

10 3169 3830
11 3830 4600
12 4600 5500
J. Acoust. Soc. Am., Vol. 115, No. 5, Pt. 1, May 2004 P. B. N
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participated in the previous experiments~Nelson et al.,
2003!. A detailed description of the implant users is shown
Table II. Their mean age was 49 years~range: 34 to 64
years!, and their average length of deafness prior to impla
tation was 16 years~range 1 to 44 years!. All listeners ob-
tained significant open-set speech recognition from their
plants and had worn their implants for more than 2 ye
~mean: 5 years, range 2 to 11 years!. Three listeners used th
Nucleus 22 device with the SPEAK processor, three used
Clarion 1.2 device with CIS processing, and three used
Clarion HiFocus device with the CIS processing strate
Listeners in the implant group used their regular speech p
cessors set to typical sensitivity with no noise reduction.
the beginning of each session, the users set the sensit
while listening to practice lists, and they were instructed n
to change the sensitivity setting.

III. RESULTS AND DISCUSSION

A. Experiment 1a: Understanding speech in gated
noise with varying duty cycles

Figure 1 shows the normal-hearing listeners’ und
standing of sentence keywords in gated noise at duty cy
of 25%, 50%, and 75%. Performance is plotted in perc

TABLE II. Summary of implant subject characteristics.

Listener CI/Processor
Age at

test
Age at

onset of deafness
Age at

implantation

N12 Nucleus 22/SPEAK 53 32 42
N14 Nucleus 22/SPEAK 58 49 50
N32 Nucleus 22/SPEAK 34 5 29
C02 Clarion 1.2/CIS 42 18 37
C03 Clarion 1.2/CIS 53 22 49
C05 Clarion 1.2/CIS 47 42 43
C14 Clarion HiFocus/CIS 64 16 60
C15 Clarion HiFocus/CIS 42 33 40
C16 Clarion HiFocus/CIS 48 29 43

FIG. 1. Normal-hearing listeners’ understanding of sentence key word
gated noise. Mean performance~61 s.d.! is plotted in percent keywords
correct as a function of gate frequency for noise presented at216 dB ~filled
symbols! and28-dB SNR. Gate frequencies range from 1 to 32 Hz. Perf
mance in quiet is shown with a ‘‘1’’ symbol. Performance in steady noise i
shown with a filled triangle at216-dB SNR and with a filled circle at
28-dB SNR. A systematic effect of increasing duty cycle is seen.
2289elson and S.-H. Jin: Gated interference with cochlear implants
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key words correct as a function of gate frequency for no
presented at216 dB ~filled symbols! and28-dB SNR~open
symbols!. Gate frequencies range from 1 to 32 Hz. For bo
SNRs, a predictable relationship between duty cycle and
cent correct can be seen, demonstrating the energetic m
ing that occurs as the noise duty cycle increases from 2
onto 75% similar to the results from Punch~1978!.

Normal-hearing listeners identify approximately 10%
keywords at 4 and 8 Hz gate frequencies at216-dB SNR
when the noise duty cycle is 75%. When the duty cycle
changed to 50%, they identify approximately 60% correc
the same gate frequencies. For the 25% duty cycle condi
they identify nearly 90% of the keywords correctly. Th
same trend is seen for the18-dB SNR conditions, but the
observed difference between 50% and 25% duty cycle
restricted presumably because performance approa
100%. A repeated measure analysis of variance~ANOVA !
indicated a significant difference in performance betwe
each duty cycle for both SNRs (F@2,10#5168.8,p
,0.0001). All Bonferroni corrected pairedt tests were sig-
nificant ~at p,0.01). There is a clear systematic relationsh
between the energy of the masker and listeners’ performa
suggesting that the energetic masking has a significant e
on performance in gated noise. Normal-hearing listen
performance was best in noise with 25% duty cycle, mod
ate in noise with 50% duty cycle, and poorest in noise w
75% duty cycle. At the fastest modulation rates for216-dB
SNR, performance in the 50% duty cycle noise decrea
compared to the slower rates. We presume this is due to
effects of forward masking, as noted in Nelsonet al. ~2003!.
At these fast rates and the highest noise levels, the g
noise may perceptually fill the silent interval, causing a sh
reduction in recognition.

In contrast, Figs. 2 and 3 show simulation and impla
listeners’ understanding of sentence keywords in gated no
respectively. Performance is plotted in percent keywords

FIG. 2. Four-band simulation listeners’ understanding of sentence keyw
in gated noise. Mean performance~61 s.d.! is plotted in percent keywords
correct as a function of gate frequency for noise presented at116 dB ~filled
symbols! and18-dB SNR. Gate frequencies range from 1 to 32 Hz. Perf
mance in quiet is shown with a ‘‘1’’ symbol. Performance in steady noise a
116-dB SNR is shown with a filled hourglass; performance in steady n
at 18-dB SNR is shown with an open hourglass. No systematic effec
masker duty cycle is noted.
2290 J. Acoust. Soc. Am., Vol. 115, No. 5, Pt. 1, May 2004
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rect as a function of gate frequency for noise presented
116-dB ~filled symbols! and 18-dB SNR ~open symbols!.
Gate frequencies again range from 1 to 32 Hz. There is
apparent systematic effect of the noise duty cycle for impl
or simulation listeners for either18- or 116-dB SNR. Per-
formance for the 25% duty cycle condition is slightly bett
than performance at 50% or 75% for the simulation listen
at 18-dB SNR (F@2,22#534.3,p,0.01). Bonferroni-
corrected pairedt tests (t@11#50.04,p.0.05) indicated that
there is no significant difference in performance for 50% a
75% duty cycle noise. The implant listeners’ performance
also slightly better for the 25% than for the 50% and 75
duty cycles. Bonferroni-corrected pairedt tests (t@17#
52.1,p.0.05) indicated that there is no significant diffe
ence in performance for 50% and 75% duty cycle noi
Performance only differs by approximately 10% when t
noise duty cycle varies from 25% ‘‘on’’ to 75% ‘‘on.’’

The data are summarized more clearly by collaps
across gate frequencies from 4 to 16 Hz, as shown in F
4~a! ~normal-hearing listeners! and 4~b! ~simulation and im-
plant listeners!. Because there was no significant effect
gate frequency (F@2,16#53.78,p.0.05), the data could be
collapsed across these gate frequencies to more clearly i
trate the effect of the noise duty cycle.

Figure 4~a! ~top panel! shows the mean performance
the normal-hearing listeners as a function of duty cycle~25%
on, 50% on, 75% on, and steady! at two SNRs. Error bars
represent one standard deviation. The clear trend for redu
performance with increasing duty cycle can be seen. Sim
the greater the amount of time the noise is on, the more
masking that occurs, suggesting that the effect of the ga
noise is primarily energetic masking.

Figure 4~b! ~lower panel! shows the mean performanc
of implant~black bars! and simulation~gray bars! listeners as
a function of duty cycle~25% on, 50% on, 75% on, an
steady! at two SNRs. Error bars represent one standard

ds

-

e
f

FIG. 3. Implant listeners’ understanding of sentence keywords in ga
noise. Mean performance~61 s.d.! is plotted in percent keywords correct a
a function of gate frequency for noise presented at116 dB ~filled symbols!
and18-dB SNR. Gate frequencies range from 1 to 32 Hz. Performanc
quiet is shown with a ‘‘1’’ symbol. Performance in steady noise at116-dB
SNR is shown with a filled hourglass; performance in steady noise at18-dB
SNR is shown with an open hourglass. No systematic effect of masker
cycle is noted.
P. B. Nelson and S.-H. Jin: Gated interference with cochlear implants
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viation. Implant listeners performed better on the task th
did the four-band simulation listeners. However, no cle
trend for increased masking with increasing duty cycle c
be seen for either group. Instead, there is little change
performance for implant and simulation listeners from t
condition of steady noise to any of the masker duty cy
conditions, especially for the116-dB SNR condition. The
fact that the SNR was quite favorable for the implant a
simulation listeners~18 and 116 dB!, and the lack of
change with duty cycle suggest that the effect of the no
may not be so much energetic masking of the signal,
informational masking, possibly caused by the fluctuation
the noise masker being misinterpreted as part of the sig
In contrast, the normal-hearing listeners showed clear e
getic masking at28- and216-dB SNR.

The results of Experiment 1a demonstrate that the in
ference caused by gated noise maskers for implant~and
simulation! listeners is not only related to energetic maskin
For these stimuli and maskers, there is no systematic r
tionship between the percentage of time the maske
present and keyword recognition. Instead, the gated n

FIG. 4. In Panel~a! ~top!, mean performance of normal-hearing listeners
shown as percent keywords correct as a function of duty cycle~25% on,
50% on, 75% on, and steady! at two SNRs. Error bars represent one sta
dard deviation. A clear trend for increased masking with increasing d
cycle can be seen. In~b! ~bottom!, mean performance of four-band simula
tion ~black bars! and implant~gray bars! listeners is shown as percent key
words correct as a function of duty cycle~25% on, 50% on, 75% on, and
steady! at two SNRs. Error bars represent one standard deviation. No c
trend for increased masking with increasing duty cycle can be seen.
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masker used in Experiment 1 seems to disrupt the flow
information for simulation listeners and implant users.

B. Experiment 1b: Understanding speech in gated
noise with increasing spectral channels

In Experiment 1b, normal-hearing listeners identifi
keywords from sentences in gated noise when the stim
were full-spectrum, 12-band simulations, or 4-band simu
tions. Participants were eight additional normal-hearing c
lege students who had not previously participated in any
periments. The duty cycle of the noise remained constan
50%. It was hypothesized that the differences in spectral
formation present in the three sets of stimuli would ha
significant effects on listener performance. The results
shown in Fig. 5.

Figure 5 demonstrates the performance of norm
hearing listeners for their understanding of sentences
gated noise when the stimuli were full-spectrum~open
circles!, 12-band simulations~open triangles!, and 4-band
simulations~open squares!. Mean percent correct keyword
is shown as a function of noise gate frequency while
SNR remained constant at24 dB. All three types of stimuli
were highly intelligible in quiet~72% correct for 4 bands
83% correct for 12 bands!, but were almost completely un
intelligible ~5% and 12%, respectively! in steady noise.

The current listeners showed no release from maskin
the four-band simulation condition, as was demonstrated
viously in Nelsonet al. ~2003!. In this condition, the identi-
fication of keywords in gated noise was not significantly d
ferent from identification in steady noise. The results fro
the 12-band simulations are quite different, however. List
ers showed significant release from masking when
stimuli had 12 bands of spectral information. A two-fact
repeated measures ANOVA indicated a significant differe
among spectral conditions~full-spectrum, 12-band and
4-band:F@2,16#5409.5,p,0.0001). There was also a sig
nificant difference among gate frequencies (F@3,24#
514.6,p,0.0001) and a significant gate frequency by sp

y

ar

FIG. 5. Performance of normal-hearing listeners is shown for their un
standing of sentences in gated noise when the stimuli were full-spec
~open circles!, 12-band simulations~open triangles!, and 4-band simulations
~open squares!. Mean percent correct keywords~61 s.d.! is plotted as a
function of noise gate frequency. All stimuli were presented at24-dB SNR.
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y
th
a

uc

l a
n

an
,
in
an
th
n

th
et
-
se
f t

u
io
no
t

te
na
ep

su
n

e
e
re
e
re
ke

lis

or
s
e

0%
c

nc
sig
d
H

ec
er
a

rs
e-
im-
sk.
n,

ind
nce
ack
ion
rs.
is-

the
ula-
d
ight
of

s

ig-

cies
-

rec-
li.
nt

ate
ll-
as
-

by

rrect
trum interaction (F@6,48#59.3,p,0.01). For the 12-band
simulation stimuli, for which the results were not limited b
ceiling or floor effects, the faster the gate frequency,
greater the release from masking. Performance for 12-b
gated noise conditions improved~over steady noise! by ap-
proximately 40% for slow gate frequencies, and by as m
as 60% for the fastest gate frequency~32 Hz!. These results
suggest that sentence stimuli with greater spectral detai
more easily segregated from gated background noise tha
stimuli with poor spectral representation.

The results of Experiment 1 suggest that when impl
listeners attempt to understand speech in gated noise
fluctuations in the noise appear disruptive and confus
more than energetically masking. Performance of impl
and simulation listeners was not significantly better for
50% duty cycle condition compared to the 75% conditio
which would be expected if the disruption were due to
energy of the noise. In addition, it is presumed that energ
masking at116-dB SNR should be minimal. We hypoth
esize that the envelope disruptions reduce masking relea
least partially because there is not a clear segregation o
speech signal from the noise. As Qin and Oxenham~2003!
hypothesize, the weak representation of pitch may contrib
to the lack of segregation. As a result, implant and simulat
listeners are not able to listen in the dips of the noise,
because the target speech in the dips is inaudible when
speech is 65 dBA and the noise 49 dBA, but because lis
ers do not group consecutive glimpses of the quiet sig
Masking release is facilitated by improving the spectral r
resentation of the speech signal, presumably because
greater spectral representation of the signal allows more
cessful grouping of the speech signals and segregatio
speech from noise.

C. Experiment 2a: Understanding gated sentences

In Experiment 2, listeners identified sentences that w
themselves gated, or interrupted by periods of silence. Id
tifying gated speech was considered to be a direct measu
auditory fusion of the speech signal. The more that listen
are able to fuse the interrupted speech signal into a cohe
stream, the more successful they may be at identifying
words in gated sentences.

Figure 6 shows the performance of normal-hearing
teners~open squares!, implant listeners~open circles! and
four-band simulation listeners~open triangles! for under-
standing gated sentences in quiet. Mean percent keyw
correct is shown as a function of the gate frequency. A
reference point, recall from Figs. 2 and 3 that the quiet p
formance of the implant listeners was approximately 8
correct, and for the simulation listeners’ quiet performan
was approximately 60% correct.

Normal-hearing listeners showed improved performa
with increasing gate frequencies above about 4 Hz, with
nificantly better performance at 16 and 32 Hz than at 2 an
Hz. Their identification of gated sentences at 16 and 32
gate frequency was very good, approximately 80% corr
Thus, original full-spectrum speech stimuli that were int
rupted with brief periods of silence were easily fused into
intelligible sentence.
2292 J. Acoust. Soc. Am., Vol. 115, No. 5, Pt. 1, May 2004
e
nd

h

re
are

t
the
g,
t

e
,
e
ic

at
he

te
n
t

he
n-
l.
-
the
c-
of

re
n-
of

rs
nt
y

-

ds
a
r-

e

e
-
4
z
t.
-
n

In contrast, implant and four-band simulation listene
performed surprisingly poorly on this task at all gate fr
quencies. There was no significant difference between
plant and the four-band simulation listeners on this ta
They rarely scored above 10% correct for any conditio
suggesting that they did not tolerate interruptions of any k
in the continuous speech signal. They showed little evide
of fusing across the brief silent periods. Presumably, the l
of fusing might be due to the sparse spectral informat
available to the implant and four-band simulation listene
In addition, it may be because the periods of silence d
rupted the temporal envelope of the speech signal.

D. Experiment 2b: Understanding gated sentences
with increasing spectral channels

Experiment 2b tested the hypothesis that improving
spectral representation of speech would improve the sim
tion listeners’ ability to fuse~and consequently understan!
interrupted speech. Figure 7 shows the performance of e
additional normal-hearing listeners for their understanding
gated sentences when the stimuli were full-spectrum~open
circles!, 12-band simulations~open triangles!, and four-band
simulations~open squares!. Mean percent correct keyword
is shown as a function of sentence gate frequency.

A two-factor repeated measures ANOVA indicated a s
nificant difference among spectral conditions~full-spectrum,
12-band and 4-band:F@2,16#5452.4, p,0.0001). There
was also a significant difference among gate frequen
(F@3,24#5181.5,p,0.0001) and a significant gate fre
quency by spectrum interaction (F@6,48#576.6,p
,0.0001). At faster gate frequencies, interrupted speech
ognition improved for the 12-band and full-spectrum stimu

As in Experiment 2a, the listeners in this experime
showed improved keyword recognition with increasing g
frequency. The performance of listeners identifying fu
spectrum stimuli interrupted by 32 Hz silent intervals w
not significantly different from their identification of con
tinuous sentences. Natural speech that was interrupted
brief silent gaps~16 ms! was highly intelligible, although

FIG. 6. Performance of normal-hearing listeners~open squares!, implant
listeners~open circles!, and four-band simulation listeners~open triangles!
for understanding gated sentences in quiet. Mean percent keywords co
~61 s.d.! is shown as a function of the gate frequency.
P. B. Nelson and S.-H. Jin: Gated interference with cochlear implants
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listeners reported that it sounded ‘‘rough.’’ In contra
speech that was interrupted by longer silent gaps had mis
phonemes and syllables that caused a reduction in intel
bility. Performance for the four-band stimuli in this stud
was very poor and was equivalent to that reported in Exp
ment 2a above. Simulation listeners with only four bands
modulated noise were unable to understand more than a
10% of keywords in interrupted sentences at any gate
quency. Listener performance for the 12-band simulat
condition was significantly better than for the 4-band con
tions, and was significantly poorer than the full-spectru
condition. This result implies that spectral information is im
portant for fusing interrupted sentences. As the amoun
spectral information increases, listeners improve in th
ability to integrate across silent intervals in gated speech

IV. GENERAL DISCUSSION

Results from this investigation and from the previo
related work~Nelsonet al., 2003! suggest that cochlear im
plant users are significantly and negatively affected by fl
tuating signals and by fluctuating background noise. E
when temporal gaps in noise are as long as 500 ms, liste
do not show significant release from masking when co
pared to their performance in steady noise. Backgro
noises as low as116-dB SNR cause significant disruption
speech perception. The amount of masking caused by
tuating noise seems to be only weakly related to the mo
lation frequency or the duty cycle of the noise. The fluctu
ing nature of the noise appears to serve as a disruption an
informational masker, rather than as an energetic maske

Implant users not only show limited improvement fro
temporal gaps in fluctuating maskers, they also do not d
onstrate successful auditory fusion of interrupted speech
nals. Normal-hearing listeners presented with natural spe
show improving word recognition performance with increa
ing rate of fluctuation. Implant and simulation listeners d
not. It has been proposed by McKay and Carlyon~1999! and
others~e.g., Guerts and Wouters, 2001; Xu, Tsai, and Pfin

FIG. 7. Performance of normal-hearing listeners is shown for gated
tences when the stimuli were full-spectrum~open circles!, 12-band simula-
tions ~open triangles!, and 4-band simulations~open squares!. Mean percent
correct keywords~61 s.d.! is shown as a function of sentence gate fr
quency.
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2002; Green, Faulkner and Rosen, 2002! that implants have a
relatively weak temporal pitch that does not convey vo
fundamental frequency in a robust manner. The current
sults are consistent with the idea that implant listeners’ p
ception of voice pitch is not strong enough to aid in seg
gating speech from noise, or in fusing interrupted spee
Implant and simulation listeners do not appear to succe
fully segregate speech signals from gated background no
and do not fuse interrupted speech signals into a cohe
speech stream.

The nature of the impairment seems to be that impl
listeners receive a signal with reduced spectral cues, wh
then results in greater perceptual importance of the am
tude envelope of incoming signals for word and sente
identification ~as in Hedrick and Carney, 1997!. The enve-
lopes of the signals, however, are affected by the fluctuati
introduced by gating the speech or the background noise,
thus they are unreliable cues. Improving the spectral rep
sentation of speech, as shown in Experiments 1b and 2b
in the work of Qin and Oxenham~2003!, seems to improve
simulation listeners’ understanding of sentences, and th
fore improves their resilience to fluctuations in backgrou
noise or speech. Increasing the number of simulation ch
nels does not, however, restore performance to that obta
with natural speech. If improved spectral resolution is imp
tant for implant listeners, then the ‘‘best’’ implant listene
would presumably be those who have better spectral~spatial!
resolution, better word recognition in quiet, and better ma
ing release and auditory fusion of interrupted sentences. T
issue warrants further investigation. It seems logical t
those listeners with the best spectral resolution would h
the highest word identification scores~as in Henry and
Turner, 2003!, but it is unknown whether those better liste
ers have the greatest masking release and/or best ident
tion of gated sentences. To test the hypothesis at a first
proximation, correlations between the keyword identificati
score~percent correct in quiet! and amount of masking re
lease~expressed as the difference between performanc
gated and continuous noise in percent correct! were calcu-
lated. Similarly, we obtained correlations between perc
correct words in quiet and auditory fusion~calculated by the
average percent correct gated sentence score!. We observed a
moderate correlation (r 50.5) between keywords correct i
quiet and masking release for these nine cochlear imp
users, and no apparent correlation (r 50.1) between key-
words correct in quiet and gated sentence performance
may be, as Qin and Oxenham~2003! hypothesized, that im-
proved spectral representation of speech signals is not s
cient for full masking release and/or auditory fusion of inte
rupted speech. Instead, they hypothesize that a stro
representation of voice pitch may be necessary for imp
and simulation listeners to approach normal performance
such tasks. An additional investigation of the role of spec
resolution versus voice pitch strength is needed.

Zeng ~2002! has proposed future cochlear implan
algorithms that might improve implant listeners’ pitch res
lution and range. The work of Qin and Oxenham~2003!
supports the premise that an improved representation o
may help implant users significantly. Those proposed pot

n-
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tial solutions include: increasing the physical number
electrodes, introducing virtual channels between electro
~e.g., McDermott and McKay, 1994!, and restoring stochasti
electric responses~e.g., Zeng, Fu, and Morse, 2000!. The
current findings support the premise that improvements
implant processing could improve implant listeners’ mask
release and auditory fusion, provided that the underly
~neural! spatial resolution is adequate.

V. SUMMARY AND CONCLUSIONS

Cochlear implant users are significantly affected by flu
tuating signals and by fluctuating background noise. Ba
on the results of Experiment 1, we conclude that implant a
simulation listeners show limited improvement from temp
ral gaps in fluctuating maskers, and do not demonstrate
cessful auditory fusion of interrupted speech signals. Imp
listeners apparently receive a signal with reduced spec
information that results in listeners’ reliance on fluctuatio
in the amplitude of incoming signals. However, the amp
tude of the signal is affected by the fluctuations introduc
by gating the speech or the background noise. Based on
periment 2, we conclude that implant and simulation liste
ers do not appear to successfully fuse interrupted speech
nals into a coherent speech stream. Improving the spe
representation of speech seems to improve listeners’ str
segregation and resilience to fluctuations in backgro
noise or speech. Speech processing strategies that co
voice pitch more successfully may be better for providi
masking release and fusion of interrupted speech.
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1The quiet speech signals were processed and later mixed with noise
considered mixing the speech and noise prior to processing during the
stages of our experiments, but found that the number of stimuli~60 lists of
10 talkers! and conditions~five SNRs, three sets of simulation channe
three duty cycles! was unwieldy for preprocessing and storage of proces
stimuli. In addition, the fact that the noise would be ‘‘frozen’’ for eac
stimulus was undesirable. As a comparison, we mixed a few sentences
several talkers with gated noise at18-dB SNR and processed the mixe
stimuli. Those stimuli were compared visually and via listening with tho
that were used~the processed sentences plus noise.! We could not detect a
difference between the stimuli, and the results of pilot listening show
very similar recognition. In addition, the results obtained from the exp
ments are very similar to other reports from the literature regarding imp
simulations. Results from the four-band simulations are quite simila
those from our actual implant listeners, as has also been noted by othe
such, we decided to process all the sentences prior to mixing them
noise in real time. We recognize that this is not exactly what implant
teners would experience, but believe that the results are revealing abo
nature of implant listening in noise.
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