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Understanding speech in modulated interference: Cochlear
implant users and normal-hearing listeners
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Many competing noises in real environments are modulated or fluctuating in level. Listeners with
normal hearing are able to take advantage of temporal gaps in fluctuating maskers. Listeners with
sensorineural hearing loss show less benefit from modulated maskers. Cochlear implant users may
be more adversely affected by modulated maskers because of their limited spectral resolution and by
their reliance on envelope-based signal-processing strategies of implant processors. The current
study evaluated cochlear implant users’ ability to understand sentences in the presence of modulated
speech-shaped noise. Normal-hearing listeners served as a comparison group. Listeners repeated
IEEE sentences in quiet, steady noise, and modulated noise maskers. Maskers were presented at
varying signal-to-noise ratios~SNRs! at six modulation rates varying from 1 to 32 Hz. Results
suggested that normal-hearing listeners obtain significant release from masking from modulated
maskers, especially at 8-Hz masker modulation frequency. In contrast, cochlear implant users
experience very little release from masking from modulated maskers. The data suggest, in fact, that
they may show negative effects of modulated maskers at syllabic modulation rates~2–4 Hz!.
Similar patterns of results were obtained from implant listeners using three different devices with
different speech-processor strategies. The lack of release from masking occurs in implant listeners
independent of their device characteristics, and may be attributable to the nature of implant
processing strategies and/or the lack of spectral detail in processed stimuli. ©2003 Acoustical
Society of America.@DOI: 10.1121/1.1531983#

PACS numbers: 43.66.Dc, 43.66.Mk, 43.66.Ts, 43.64.Me@CWT#
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I. INTRODUCTION

Many natural background noises are temporally fluc
ating, such as clattering dishes or background conversat
Listeners with normal hearing sensitivity take advantage
gaps in these fluctuating or modulated maskers. They
able to ‘‘listen in the dips’’ of the modulated masker to e
tract information about the speech signal. These extra
pieces of the message, then, are often sufficient to pro
full understanding of the message. This improvement
speech recognition provided by modulated maskers c
pared to steady maskers is referred to as a ‘‘release f
masking.’’ The amount of release from masking in norm
hearing listeners ranges in published reports from less th
dB to as much as 20 dB, depending on the stimuli and
temporal characteristics of the maskers~e.g., Baconet al.,
1998!. For most speech stimuli, the optimal masker modu
tion rates for observing masking release fall between 10
32 Hz ~e.g., Gustafson and Arlinger, 1994!. At slower modu-
lation rates, whole syllables or words may occasionally

a!Electronic mail: nelso477@umn.edu
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masked by a cycle of noise. At faster modulation rates, f
ward masking may perceptually fill the nominal silent inte
val, resulting in performance similar to that of a continuo
masker.

Listeners with hearing loss are less able than norm
listeners to obtain release from modulated maskers~e.g., Fes-
ten and Plomp, 1990; Takahashi and Bacon, 1992; Eisen
et al., 1995; Baconet al., 1998!. Eisenberg and colleague
tested listeners with normal hearing and listeners with he
ing loss for their understanding of consonants in steady
fluctuating noise. Listeners with normal hearing were tes
with shaped noise designed to simulate the hearing sens
ity of the impaired listeners. Their results suggested that
teners with true hearing loss obtained far less release f
modulated maskers than did normal-hearing listeners with
without simulated hearing losses. Amplification restor
some, but not all, of the expected release from masking
impaired listeners. Eisenberg and colleagues concluded
audibility alone cannot explain the additional masking exp
rienced by listeners with sensorineural hearing loss.

In contrast, Trine~1995! hypothesized that the primar
problem for listeners with hearing loss was, in fact, reduc
961961/8/$19.00 © 2003 Acoustical Society of America
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audibility of signals that occurs in the dips of the fluctuati
maskers. He noted a high negative correlation betw
masking release and the degree of hearing loss of his
paired listeners. He also noted that when amplification w
provided to the impaired listeners, especially in the hig
frequency region, the amount of release from masking
creased, and approached that obtained by normal-hearin
teners. He postulated that if it were possible to amplify
signals, such that the temporal dips in the modulated mas
resulted in full audibility of the signals during that cycl
then impaired listeners might obtain normal release fr
masking.

Subsequently, Baconet al. ~1998! reported that some
listeners with hearing loss obtained less release from tem
rally fluctuating maskers than did normal-hearing listen
with and without simulated hearing loss. They evaluated
teners’ understanding of sentences in speech-shaped
that was modulated by the envelope of one of the followi
steady-state noise, multitalker babble, single-talker bab
and a 10-Hz square wave with 100% modulation depth. T
observed that for normal-hearing listeners, the square-w
modulation provided the greatest release from masking
addition, they found that the impaired listeners obtained s
nificantly less release from masking than did their norm
hearing counterparts. Noise-masked normal-hearing liste
obtained somewhat less masking release than they had
full access to the signals. However, six of the 11 impai
listeners obtained significantly less release from mask
than did their counterparts with simulated hearing loss. T
concluded that audibility accounts for some loss of mask
release, but additional factors, such as excessive forw
masking in impaired ears, may account for the additio
loss of masking release.

More recently, Dubno, Horowitz, and Ahlstrom~2002!
suggested that audibility explained only a small percent
of the variability in older and younger listeners’ identificatio
of consonants in modulated noise. Older and younger lis
ers with normal or near-normal hearing sensitivity we
matched for their thresholds using threshold-matching no
Significant differences in consonant identification betwe
groups were found. They further noted a significant corre
tion between forward masking and masking release in o
listeners with near-normal hearing sensitivity, suggesting
factors other than audibility can affect masking release.

Kwon and Turner~2001! investigated consonant ident
fication in normal-hearing listeners’ understanding of impla
simulations. They suggested that two opposing factors m
influence hearing-impaired listeners’ understanding
speech in modulated noise. First, these listeners may be
from the same release from masking that is observed
normal-hearing subjects. As a result, their performance m
improve when noise is modulated rather than constant. S
ond, listeners with hearing loss may be negatively affec
by modulation masking because listeners with reduced s
tral resolution rely on natural amplitude modulations f
speech recognition~e.g., Hedrick and Jesteadt, 1996; H
drick and Carney, 1997!. The modulated noise may actual
interfere with the acoustic envelope cues, at syllabic or s
mental levels, that are used by the listener with hearing l
962 J. Acoust. Soc. Am., Vol. 113, No. 2, February 2003
n
-

s
-
-

lis-
ll
rs

o-
s
-
ise
:
e,
y
ve
In
-

l-
rs
ith
d
g
y
g
rd
l

e

n-

e.
n
-

er
at

t
y
f
fit

in
y
c-
d
c-

g-
s.

Kwon and Turner~2001! evaluated the effects of modulate
noise on understanding spectrally impoverished signals~12-
band noise simulations!. Their listeners apparently exper
enced a mix of masking release and modulation mask
When the signals and/or the maskers were bandlimited, t
found that midfrequency modulated maskers provided
listeners some masker release, resulting in improved co
nant recognition when compared to unmodulated masker
contrast, a modulated high-frequency masker sometim
caused reduced consonant identification when compare
an unmodulated masker. They concluded that high-freque
modulated maskers can cause some interference in conso
recognition that may offset any benefit provided by t
masking release.

Listeners with cochlear implants have well-documen
difficulties understanding speech in steady noise~e.g., Fu
et al., 1998!. Most realistic noise, however, is fluctuating
nature, and a listeners’ ability to ‘‘listen in the dips’’ is im
portant for communication in these realistic environments
is not known whether listeners with cochlear implants obt
release from masking when listening in fluctuating noise
Kwon and Turner’s~2001! hypothesis is true, that modulate
maskers can cause both masking release and modul
masking~interference!, then listeners with cochlear implant
may not benefit from masker temporal fluctuations. Inste
implant listeners who use speech processors with envel
extracting processor algorithms may be adversely affected
fluctuating maskers like individual competing talkers. A la
of masking release might cause additional difficulty in da
to-day situations.

The current experiment was designed to evaluate
ability of cochlear implant listeners to take advantage of te
poral gaps in background noise. Listeners with implants w
compared to listeners with normal hearing sensitivity for t
understanding of sentences in background noise, when
noise was either steady or square-wave modulated acro
range of modulation frequencies.

II. METHODS

A. Subjects

Subjects were eight young adult listeners with norm
hearing sensitivity who listened to typical full-spectru
speech~normal group!, eight additional young adult listener
with normal hearing sensitivity who listened to impla
simulations~simulation group!, and nine adult listeners with
hearing loss who were cochlear implant users~implant
group!. Characteristics of listeners in the implant group a
shown in Table I. All implant users were postlingually dea
ened. Their mean age was 49 years~range: 34 to 64 years!,
and their average length of deafness prior to implantat
was 16 years~range 1 to 44 years!. All listeners had worn
their implants for more than 2 years~mean: 5 years, range
to 11 years! and derived significant benefit from their de
vices. As shown in Table I, three listeners used the Nucl
22 device with a spectral-peak~SPEAK! speech-processing
strategy, three used the Clarion 1.2 device with a continu
interleaved sampling~CIS! strategy, and three used th
Clarion HiFocus device with a CIS strategy. Listeners in t
Nelson et al.: Gated noise with cochlear implants
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implant group used their own speech processors with typ
sensitivity and volume settings, and no noise reduction.
the beginning of each session, the users set the sensi
and/or volume controls while listening to practice lists, a
they were instructed not to change the settings during the
session.

B. Stimuli

Speech stimuli consisted of IEEE~1969! sentence mate
rials spoken by five male and five female talkers. Stim
were recorded on digital audio tape at 44 kHz. They w
digitized, downsampled to 20k samples per second, and
malized for long-term rms amplitude usingCOOLEDIT PRO©.
Sentences contained an average of five key words. Block
ten sentences were presented, each block containing one
tence spoken by each talker, in random order.

Noise stimuli were generated in real time using t
Tucker-Davis waveform generator~TDT WG1!. The noise
was passed through a Rane 30-band equalizer so tha
spectrum of the resulting noise matched the long-term sp
trum of the IEEE sentences. Noise stimuli were presen
either continuously~steady!, or gated with 2-ms cosine
squared ramps. Gating was implemented with 50% d
cycles and 100% modulation depths. Six gate frequen
ranged from 1 to 32 Hz, resulting in noise bursts that ran
in duration from 16 ms~32 Hz! to 500 ms~1 Hz!. Signal-to-
noise ratios~SNRs! were computed based on the long-te
rms of the noise and the speech. SNRs were116,18, 0,28,
or 216 dB, depending upon the listener and the conditio

Sentences from two talkers were modified to create fo
channel simulations of implant processing. Sentences w
filtered into four narrow bands~after Shannonet al., 1995!:
100–300, 300–500, 500–1700, and 1700–6000 Hz. The
velope of each filter output was extracted and narrow-b
noises of the same frequency region were modulated by
respective envelope~low-pass filtered at 500 Hz!.

C. Test procedures

Listeners were seated in the center of a sound-tre
chamber. Speech signals were delivered diotically thro
two Bose 301 speakers at an overall level of 65 dBA. Spe
stimuli were presented in blocks of ten sentences, using
ten talkers in random order for each list. All SNR and gati
conditions were randomized prior to the beginning of ea
subject’s testing. The listeners responded verbally to e

TABLE I. Summary of 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
J. Acoust. Soc. Am., Vol. 113, No. 2, February 2003
al
t
ity

st

li
e
r-

of
en-

the
c-
d

ty
es
d

r-
re

n-
d

he

ed
h
h
ll

h
ch

sentence, and the experimenter scored the key words co
for each sentence, circling the correct answers on an ans
form. Each listener’s results~percent-correct key words! for
each condition were later entered into computer files.

Key word identification was evaluated in steady a
gated noise. On each trial, the masking noise started initia
with the sentence beginning after a random delay that ran
from 10 to 100 ms. The noise was either steady or gated.
level of the noise varied depending upon the condition be
tested. Listeners in the implant and simulation groups he
the noise at18 and116 dB SNR.~Listeners in the simula-
tion group also heard the noise at 0 dB SNR. Pilot test
with three high-performing implant listeners indicated th
performance was near 0% for all gate conditions at 0
SNR and lower.! Listeners in the normal group heard th
noise at 0,28, and216 dB SNR. All listeners also com
pleted two blocks of sentences in quiet.

III. RESULTS

A. Normal group

Results from listeners with normal hearing sensitiv
are shown in Fig. 1. These listeners were able to rep
nearly 100% of the key words in quiet. When the SNR wa
dB, they obtained scores of approximately 80% correct
steady noise, and near 100% for all gated noise conditio
When the SNR was28 dB, their performance in stead
noise was only 10% correct key words, while in gated no
their mean performance ranged from 70% to 90% corre
When the SNR was216 dB, they scored 0% correct i
steady noise, with average gated noise performance ran
between 15% and 65% correct. Performance was depen
upon the gate frequency. Although there was considera
variability among listeners in the normal group, release fr
masking was maximal for gate frequencies between 1 and
Hz, and was reduced at gate frequencies at or above 16

Figure 2 shows the normal group’s masking release
improvement in scores for gated vs steady noise, for
three SNR conditions. For SNR of 0 dB, improvement fro
gating was approximately 20% for all gate frequencies a

FIG. 1. Average percent-correct key word identifications are shown a
function of noise gate frequency for normal-hearing listeners at SNRs o
28, and216 dB. Error bars indicate one standard deviation from the me
963Nelson et al.: Gated noise with cochlear implants
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was limited by a ceiling effect for the gated conditions~see
Fig. 1!. The maximum release from masking occurred at
SNR of28 dB, with improvement ranging from 60%–80%
Masking release at28 dB SNR was relatively independen
of gate frequency, with a possible minimum at 2 Hz. F
216 dB SNR, release from masking ranged from 10%–6
and was strongly affected by gate frequency. Normal-hea
listeners’ release showed the same apparent minimum
Hz and was reduced for very fast~32 Hz! gate frequencies.

B. Simulation group

Results from listeners in the simulation group are sho
in Fig. 3. The stimuli for these listeners were 4-band mo
lated noise replicas of the IEEE sentences from one tal
Their mean key word identification score in quiet was a
proximately 55%, indicating that these listeners showed p

FIG. 2. Average percent improvement from steady noise is shown
function of noise gate frequency for normal-hearing listeners, at SNRs o
28, and216 dB. The amount of release from masking is especially la
for the SNR of28 dB.

FIG. 3. Average percent-correct key word identification is shown as a fu
tion of noise gate frequency for simulation group normal listeners for SN
of 0, 18, and116 dB.
964 J. Acoust. Soc. Am., Vol. 113, No. 2, February 2003
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formance somewhat typical of implant listeners. Mean sco
in steady noise dropped to approximately 30% correct for
SNR of116 dB, 25% for SNR of18 dB, and 5% correct for
SNR of 0 dB, suggesting that all levels of noise had a s
nificant negative effect on word understanding. When
noise was gated, mean scores for an SNR of116 dB were
near 40% correct for all gate frequencies, still poorer than
mean score correct in quiet and only slightly better than th
performance in steady noise. Mean scores in gated nois
18 and 0 dB SNR showed a similar pattern; scores in ga
noise were very close to those in steady noise and were
dependent of gate frequency.

The data from the simulation group are replotted in F
4 showing release from masking, or percent improvemen
scores for gated versus steady noise for their three SNR
ditions. For conditions with an SNR of116 and 0 dB, the
gated noise provided a slight benefit over the steady no
except perhaps for the fastest gate rates. For a18-dB SNR,
no masking release was observed. No effect of gate
quency was seen. An analysis of variance~ANOVA ! indi-
cated that there was a significant effect of SNR@F(1,10)
518.91,p,0.01#, but no significant effect of gate fre
quency@F(1,10)51.43,p.0.05#.

C. Implant group

Results from listeners in the implant group are shown
Fig. 5. Their mean key word identification score in quiet w
80%, indicating that these listeners were successful imp
users. Mean scores in steady noise dropped to 60% co
for an SNR of116 dB, and to 35% correct for an SNR o
18 dB, suggesting that both levels of noise had a signific
negative effect on word understanding. When the noise
gated, mean scores for an SNR of116 dB ranged from 55%
to 65% correct, still significantly poorer than the mean 80
correct in quiet and not different from their performance
steady noise.

a
0,
e

c-
s

FIG. 4. Average percent improvement from steady noise is shown a
function of noise gate frequency for simulation listeners, at SNRs of 0,18,
and116 dB. Little release from masking is seen for simulation listener
Nelson et al.: Gated noise with cochlear implants
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The data from the implant group are replotted in Fig
showing release from masking, or percent improvemen
scores for gated versus steady noise for their two SNR c
ditions. For conditions with an SNR of116 dB, the gated
noise provided little benefit over the steady noise, exc
perhaps for the fastest gate rates. For the18-dB SNR con-
dition, performance was slightly better for the slowest a
fastest gate frequencies than for the steady noise, wi
minimum in masking release seen at 2-, 4-, and 8-Hz g
frequencies.

The amount of masking release obtained by the differ
listener groups was compared using analysis of variance
determine whether normal listeners had significantly m
masking release than the other groups, results had to be
pared at different SNRs because normal listeners were te
at SNRs that were different from the other two group
Masking release results~pooled across gate frequencies b
tween 2 and 16 Hz! were compared at28-dB SNR for the

FIG. 5. Average percent-correct key word identification is shown as a fu
tion of noise gate frequency for listeners with cochlear implants for SNR
18 and116 dB.

FIG. 6. Average percent improvement from steady noise is shown
function of noise gate frequency for listeners with cochlear implants
SNRs of18 and116 dB. Little release from masking is seen for cochle
implant users.
J. Acoust. Soc. Am., Vol. 113, No. 2, February 2003
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normal group,18-dB SNR for the simulation group, an
18-dB SNR for the implant group. Results indicated th
normal listeners obtained significantly more masking rele
than did implant and simulation listeners@F(2,18)546.4,p
,0.0001#. More detailed comparisons were possible b
tween simulation and implant groups. Repeated meas
analysis of variance was applied to the masking release
for the two groups~simulation and implant!, two SNRs~18
and116 dB!, and six gate frequencies. No significant diffe
ence between groups was noted@F(1,12)50.3, p.0.05#,
suggesting that the implant and simulation listeners had s
lar release from masking. A significant effect of SNR w
noted@F(1,12)56.1, p,0.05# with no significant group by
SNR interaction@F(1,12)54.3, p.0.05#. A significant ef-
fect of gate frequency was also noted@F(4,48)57.6, p
,0.01#; however, there was a significant gate frequency
group interaction@F(4,48)53.6, p,0.05#. No higher-order
interactions were significant.

As noted in the previous section, for the simulatio
group, no significant effect of gate frequency was foun
Analysis of the implant group indicated that the effect of ga
frequency on masking release approached, but did not re
significance@F(1,10)54.68,p50.056# across both SNRs
Multiple regression analysis indicated that gate freque
accounted for 32% of the overall variance in implant liste
ers’ performance, while SNR accounted for 16%. Both g
frequency and SNR accounted for 47% of the variance
implant listeners’ masking release. When the gated noise
presented at18-dB SNR, mean scores ranged from 35%
50%. Some improvement over steady noise was seen a
slowest~1 Hz! and fastest~16 and 32 Hz! gate frequencies
but performance remained low at moderate gate frequen
~2 to 8 Hz!. Pairedt-tests for the data from the18-dB SNR
condition indicated that mean performance in 1-Hz ga
noise ~500-ms alternating cycles of noise and silence! was
significantly better than performance in steady noise (t@6#
522.72,p50.017). Performance in 16-Hz (t@7#
523.7, df57, p50.0037) and 32-Hz (t@7#523.26,p
50.007) gated noises were significantly better than per
mance in steady noise. When corrected for multiple comp
sons, these individual comparisons retain their significan

Figure 7 shows mean data for the subgroups of impl
listeners with different devices. This figure shows the i
provement in performance for listeners divided by impla
type for gated vs steady noise at an SNR of18 dB. Clearly,
although there were overall performance differences betw
listeners, the trend was that all listeners obtained minima
no benefit of gated noise over steady noise for all devic
with an apparent minimum in performance at gate frequ
cies around 4 Hz. This suggests that specific characteris
of a given implant device~Nucleus 22 vs Clarion 1.2! or
speech processing strategy~SPEAK vs CIS! were not prima-
rily responsible for implant listeners’ failure to demonstra
release from masking. Examination of individual data fun
tions revealed that only one implant listener didnot show the
characteristic minimum performance near the 4-Hz gate
quency. That listener showed a relatively flat performan
function for 1–8-Hz gate frequencies, with increased ma
ing release at 16 to 32-Hz gate frequencies. All other impl

c-
f

a
t
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ers with different implant devices. Us
ers with Clarion 1.2 processors usin
CIS strategy are shown with open tri
angles; users with Clarion Hi-Focu
processors are shown with ope
squares; users with Nucleus N22 pro
cessors using the SPEAK strategy a
shown with open circle symbols. The
overall mean performance for all im
plant users is shown with filled circles
No meaningful differences betwee
processor types can be seen.
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listeners showed a minimum in the performance function a
or 4 Hz, with improved performance at slower and fas
gate frequencies.

IV. GENERAL DISCUSSION

A. Normal group

As expected, listeners in the normal group obtained s
nificant release from masking from the gated maskers.
greatest amount of masker release was obtained for SNR
28 dB, at which the speech signals were an approximate
dB A and the noise was 73 dB A. At those levels, the wo
were very difficult to hear in steady noise, and mean per
mance was approximately 10% correct. When the noise
gated, however, performance improved considerably to m
levels of approximately 80% correct for gate frequencies o
Hz or higher. Presumably, some minimal amount of spe
information was audible in the presence of the steady n
because performance was better than chance~mean scores
were approximately 10% correct!. When parts of the signal
were made fully audible during silent intervals in the gat
noise, performance improved considerably. Clearly, listen
966 J. Acoust. Soc. Am., Vol. 113, No. 2, February 2003
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were using bits of information to fill in the message, and a
result they were understanding a majority of the key wor
The IEEE sentences that were used in this investigation h
been shown to have relatively small linguistic context effe
~Nittrouer and Boothroyd, 1990!. Nevertheless, the partia
acoustic and linguistic cues obtained by the normal gro
were used to understand most of the key words.

The results were somewhat different for the norm
group at an SNR of216 dB, when the speech and nois
signals were at 65 and 81 dBA, respectively. At these lev
none of the key words was identifiable in steady noise. Ga
noise maskers again provided listeners with signific
masker release, but in this case, the amount of release
related to the masker’s gate frequency. At the slowest g
frequencies~1–2 Hz, corresponding to alternating 500-
250-ms periods of noise and silence! approximately 40%–
50% of the key words were identified. In this conditio
whole words and syllables were presumably completely
audible, and listeners were unable to extract more than 5
of the information. However, at 4- and 8-Hz gate frequenc
~125- and 62-ms periods!, parts of many syllables and word
were probably audible. Listeners used these parts to iden
Nelson et al.: Gated noise with cochlear implants
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approximately 60% of the key words. At faster gate frequ
cies, the periods of silence were only approximately 30 a
15 ms in duration. Because the noise levels significantly
ceeded the level of the speech signals, we presume that s
forward masking occurred, at least partially obscuring
speech during these short silent intervals. At the gate
quency of 32 Hz, performance was greatly reduced to a m
score of 15%.

B. Implant and simulation groups

Listeners with cochlear implants and normal-hearing
teners responding to implant simulations were much m
affected by background noise than were normal-hearing
teners. Initial pilot results had suggested that none of the
implant users could understand any key words at a 0
SNR for either gated or continuous noise. As a result,
plant and simulation listeners were tested at SNRs that w
different from those used with the normal group. Ev
though the implant listeners demonstrated very good per
mance in quiet~around 80% for difficult stimuli!, they were
greatly affected by noise. Even at the favorable SNR of116
dB, performance dropped by more than 20%. At an SNR
18 dB, an SNR typical of many environmental situation
key word identification dropped by about 50%. These res
indicate that when context is low and speakers unfamil
even low levels of background noise affect implant listen
substantially.

Noise affected simulation listeners in a similar wa
Simulation group listeners understood approximately 55%
words in quiet, somewhat poorer than the implant group
sults, but typical of some implant listener performance.
the favorable SNR of116 dB, their performance als
dropped by more than 20%, indicating a significant effect
the steady background noise.

It seems likely that noise~modulated or steady! disrupts
the ideal amplitude envelope cues that are coded by the
plant processors. Even when the noise occurred 16 dB be
the speech signal, one can imagine that the random enve
of the noise could disrupt natural envelope cues extracte
the implant processor. This may explain the significant d
in performance from quiet to steady noise, even at an SNR
116 dB. However, this does not explain a lack of the abil
to use intervals of quiet speech within gated noise to ext
some key words.

Interestingly, the implant and simulation group listene
did not show significant masking release from temporal g
in noise. Simulation group listeners showed very little ma
ing release~10%! for SNRs of116 and 0 dB, and no mask
ing release for SNRs of18 dB. No effect of gate frequenc
was seen, suggesting that listeners responding to f
channel implant simulations do not take advantage of te
poral gaps in noise, even when that gap is as long as 500
For implant listeners at an SNR of116 dB, there was no
difference in performance between steady and gated nois
any gate frequency. For an SNR of18 dB ~a condition quite
typical of conversational settings!, there seems to be som
slight release from masking at extremely slow~1 Hz! and
fast ~16 and 32 Hz! modulation rates, with a minimum in
performance between 2 and 8 Hz.
J. Acoust. Soc. Am., Vol. 113, No. 2, February 2003
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We do not attribute the lack of masking release to eit
a lack of audibility in the ‘‘dips’’ nor to forward masking. At
the SNRs used by the implant and simulation groups
signal level greatly exceeded the level of the maskers.
plant listeners set the sensitivity of their devices so that
quiet sentences were at a comfortable and audible le
When noise was introduced, it was always at a level 8 or
dB below the level of the speech. Also, because the sim
tion group showed a lack of masking release similar to t
of the implant group, inaudibility cannot be the prima
cause. Clearly those normal-hearing listeners had full acc
to the sentence information in the temporal dips in noi
Thus, we do not expect that an inability to repeat key wo
was due to a lack of audibility of the quiet stimuli. Similarl
because of the low-level noise we did not expect, nor did
see, any decrement in performance at the fastest gate
quencies~like that observed at216 dB SNR and 32 Hz for
the normal group! that might be attributed to forward mask
ing.

We had presumed, however, that 250-ms silent interv
~the 2-Hz gating condition! would be sufficient for at leas
some implant listeners to identify some key words. Beca
initial pilot data had shown no masker release even at 2
the 1-Hz condition was added. Based on the results for
1-Hz condition, it seems that most implant listeners we
able to take advantage of 500-ms silent intervals to iden
some key words, at least for the 8-dB SNR condition. Eig
of nine individual implant users showed some release fr
masking at 1-Hz gate frequency. It was surprising that o
remaining implant listener and all simulation listeners d
not show significant word understanding with silent interv
as long as 500 ms in the noise. None of the implant or sim
lation group listeners could take advantage of 250-ms si
intervals to identify at least some key words. In fact, perf
mance was the same for steady noise and for maskers
2-, 4-, and 8-Hz gate frequencies.

One logical explanation for this effect is that gate
maskers at those syllabic-like rates were actually a dist
tion or interference, rather than a benefit to the implant
tener. In fact, some implant group users reported anecdo
that the gated noise mixed with the sentences sounded
additional syllables, perhaps in another language. When
gated noise was presented alone, one listener describe
noise appropriately as bursts of noise at slow modulat
rates, and as ‘‘fluttering’’ noise at faster rates. This confirm
that gaps in the noise were perceived by the listeners. H
ever, when the noise was mixed with the speech at mode
modulation rates, he reported that he heard it as a stra
competing talker. This would support the Kwon and Turn
~2001! hypothesis that gated maskers can provide some
lease~seen here at 1-, 16-, and 32-Hz gating for 8-dB SN!
as well as some interference~seen here at 2-, 4-, and 8-H
gating for 8-dB SNR maskers!.

There seems to be no significant performance differe
between users of different implant devices or spee
processing algorithms, at least among the pulsatile strate
evaluated here~CIS and SPEAK!. Also, there was very little
difference in performance between the implant and simu
tion groups. Thus, the specific processing characteristic
967Nelson et al.: Gated noise with cochlear implants
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the implant devices such as the processing algorithm,
number of electrodes stimulated, the automatic gain con
or the range of acoustic amplitudes encoded~input dynamic
range!, do not seem to account for the lack of masking
lease. Listeners’ performance was not apparently restri
by implant processing hardware. The implant processor
providing them with the temporal envelope information
sufficiently high~at least 250 Hz! rate ~Kwon, 2002!.

Listeners with both devices~Clarion and Nucleus!
showed the minimum in performance at gate frequencies
tween 2 and 8 Hz. The lack of release from masking is
parently, then, not related to characteristics of the impl
devices themselves.

In addition, it seems unlikely that these results can
explained on the basis of abnormal forward masking of
implant users. Previous studies~e.g., Nelson and Donaldson
2001! have suggested that most cochlear implant users d
onstrate rapid-recovery time constants of less than 7 ms.
rapid recovery should allow implant users to take advant
of temporal gaps in the noise that were as long and 250
500 ms in some conditions. Performance functions from
implant group~seen in Figs. 3 and 4! do not show the char
acteristic shape seen in the data from the normal group
teners~Figs. 1 and 2!. While listeners from the normal grou
show decreased release from masking as modulation rat
creases, the listeners from the implant group do not.
decrease in benefit from modulation noise at rapid mod
tion rates~temporal gaps,30 ms! can be attributed to for-
ward masking perceptually filling the gaps for the norm
hearing listeners. Forward masking, then, cannot explain
relatively flat functions of the implant group.

It may be more likely that the implant and simulatio
listeners receive such an impoverished spectral code
they are unable to integrate the speech information int
well-defined auditory image, or to segregate the speech
nal from the background noise. Because of the limited aco
tic cues available to the listener, a longer tempo
‘‘glimpse’’ of the quiet signal~longer than 500 ms! is needed
before the speech stream can be integrated and whole w
extracted. Additional testing of auditory stream segregat
by implant users is warranted and is underway. In additi
further evaluation of the role of spectral resolution~increased
numbers of spectral channels! in masking release is unde
way and will be reported in a companion paper.

These results suggest that listeners with cochlear
plants are likely to be extremely disrupted in acoustic sit
tions with a single competing talker, even when the level
the talker’s voice is significantly less than the target sign
Similarly, they may be quite affected by a reverberant ro
where the envelope cues are disrupted by echoes. Fu
study is needed to explain and understand these results

V. CONCLUSIONS

Although normal-hearing listeners are able to obtain
lease from masking from modulated noise, listeners w
cochlear implants cannot. Implant and simulation listen
are significantly affected by background noise, even at v
favorable signal-to-noise ratios. When noise is modula
even with 250-ms silent intervals, implant and simulati
968 J. Acoust. Soc. Am., Vol. 113, No. 2, February 2003
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listeners are unable to take advantage of a silent gap to
tract meaningful words. Performance of implant users see
poorest at modulation frequencies between 2 and 8 Hz,
compassing rates corresponding to syllables and wo
These results imply that modulation interference, or ma
ing, may be responsible for the lack of masking release in
implant group listeners. Performance does not seem to v
with implant device or processing strategy, and may be
to a disruption in the envelope cues extracted by the dev
and used by the listeners. The lack of masking release, t
may be attributable to general characteristics of the imp
processing, including the lack of spectral information in t
processed signal. Implant listeners may have noticeable
ficulty in situations with fluctuating noise, such as in resta
rants or with single competing talkers.
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