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Previous work[Nelson, Jin, Carney, and Nelsd2003, 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(he&® Hz gate
frequencieswhen 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 sententssntences 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 leagiasgibly

related factors: degraded spectral information and limitations in auditory fusion across temporal
gaps. ©2004 Acoustical Society of AmericdDOI: 10.1121/1.1703538

PACS numbers: 43.71.Ky, 43.66.Ts, 43.72.Dv, 43.66.PFA] Pages: 2286—-2294

I. INTRODUCTION Shannon, Zeng, Kamath, Wygonski, and Ekelid, 1995, which
greatly reduced speech spectral informatiaiso failed to
Cochlear implant users commonly report difficulty un- demonstrate masking release. These findings were in sharp
derstanding speech in noisy situations. It may be that deviceontrast to well-established results from normal-hearing lis-
limitations, weak temporal pitch cues, the nature of pulsatileeners(e.g., Gustafsson and Arlinger, 1994vho show sig-
cochlear implant processing itself, or the lack of good specnificant masking release for gated maskers. Results from im-
tral representation of speech results in difficulty segregatinglant listeners were significantly poorer than those reported
a target signal from a background noise. Nelson, Jin, CarneYor listeners with cochlear hearing loss as wellg., Bacon,
and Nelson(2003 reported that listeners with cochlear im- Opie, and Montoya, 1998Nelsonet al. (2003 reported that
plants did not demonstrate masking release from modulatelisteners with implants were significantly affected by back-
maskers. Normal-hearing listeners obtain between 5 and 2fround noise, even at favorable signal-to-noise ratios
dB improvements in masked speech recognition when listen'SNR9, and did not demonstrate a benefit from short tempo-
ing in gated noise compared to steady-state maskers of thral “glimpses” of the quiet signal at any gate frequency, even
same intensitye.g., Bacoret al, 1998. Implant listeners, in  when those temporal gaps in the noise were as long as 250
contrast, showed no difference in masked speech recognitioms. Specific implant device-related processing characteris-
performance when maskers were steady or gated noise, indies (e.g., CIS versus SPEAK processindid not seem to
cating that they did not take advantage of temporal gaps iexplain this finding, as listeners with three different proces-
gated noise. In addition, normal-hearing listeners who lissor types all showed the same reduced masking release. The
tened to four-band simulations of implant processiafier  authors proposed several possible explanations for the find-
ings, including modulation masking, reduced auditory stream
3Send correspondence to Peggy Nelson, Ph.D., 115 Shevlin Hall, Minne§e:q,r,egatior,1 or fusion ab”_ities’ and I,imited spectral resplution
apolis, Minnesota 55455; Phoné812) 625-4569; Fax(612 624-7586;  abilities of implant and simulation listeners. Some evidence
E-mail: nelso477@umn.edu in the literature suggests that implant listeners may show
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significant modulation masking when speech signals are pre- Qin and Oxenhan(2003 recently reported that implant
sented in background noise. Others have proposed that insimulation listeners have significantly less making release
plant listeners have a difficult time segregating signals bewhen understanding speech in modulated versus steady
cause of their reduced spectral resolution. noise. They compared normal-hearing listeners’ speech rec-
Kwon and Turner(2001) showed that normal listeners ognition in steady speech-shaped noise, modulated speech-
identifying consonant-vowe|CV) stimuli processed by im- shaped noise, and single-talker speech interference under
plant simulations display increased susceptibility to high-conditions of 4-, 8-, and 24-band implant simulatiqagter
frequency modulation masking when CV syllables are preShannoret al, 1995. They found that increasing the num-
sented in gated noise. They hypothesized that cochledrer of spectral channels significantly improved simulation
implant users may be negatively affected by modulatiorlisteners’ performance in modulated noise, but that even for
masking because listeners with reduced spectral resoluticgsimulation signals with 24 bands of spectral information, lis-
have increased perceptual weighting for natural amplitudéener performance was significantly poorer than for the origi-
modulations in speech recognitiqe.g., Hedrick and Jest- nal speech signals. They hypothesized that spectral informa-
eadt, 1996; Hedrick and Carney, 199h these studies, the tion is critical for segregation of speech from modulated
amplitude cues were more important for hard-of-hearingnoise, and that low-frequency pitch cugisat are reduced in
(Hedrick and Jesteadt, 1998nd cochlear implantHedrick ~ simulation speech signalare important for speech segrega-
and Carney, 1991isteners than for normal-hearing listeners. tion.
Thus, the modulated noise may directly interfere with the  In the current set of experiments, the various factors that
listener’s perception of amplitude envelope cues at both thenay be related to reduced masking release in implant users
syllabic and segmental levels. Kwon and Turner evaluatedvere investigated, including informational masking, spectral
the effects of modulated noise on listeners’ understanding afesolution, and auditory fusion/segregation. Informational
spectrally impoverished signals using 12-band implant simumasking has been defined as threshold elevation due to non-
lations. They found that under certain conditions, listenersenergetic factors such as signal uncertainty, masker—stimulus
obtained some masking release. However, a modulated higlsimilarity, or distraction from extraneous soun@sforma-
frequency masker sometimes reduced consonant identificéional maskersthat do not physically mask the target signals
tion when compared to identification with an unmodulated(see Wightmaret al, 2003 and Durlaclet al,, 2003. If im-
masker. They concluded that high-frequency modulategblant users perceive the modulated maskers and speech sig-
maskers can cause interference in consonant recognition thaals as similar, the maskers may provide significant informa-
may offset any benefit provided by the masking release. Aptional, rather than energetic, masking. The role of spectral
parently in the presence of high-frequency modulated noisegsolution in masking release was proposed by our previous
modulation masking caused consonant recognition errors bstudy and was investigated further by Qin and Oxenham
simulation listeners, and this effect may hold true for co-(2003. Both studies hypothesize that reduced spectral infor-
chlear implant users. mation is related to reduced masking release from modulated
In addition to their proposed susceptibility to modula- noise. Auditory fusion and segregation of sentences from
tion masking, implant listeners may demonstrate reducedoise have also been proposed as important factors in under-
ability to segregate auditory streams. Chatterjee and Galvistanding masking release. Qin and Oxenham also theorized
(2002 have shown that implant listeners can perform simplethat a strong pitch cue is necessary for normal segregation of
auditory stream segregation tasks. Implant listeners in thespeech from noise, and that implant listeners may not per-
study were able to segregate rhythmic sequences presenteglive the needed strong pitch cue.
on two electrodes. Greater electrode separation resulted in These hypotheses are tested further with groups of nor-
improved stream segregation, but listeners were able tmal and implant listeners. Listeners in the current experi-
stream sequences presented to the same electrode pair wheants included cochlear implant users as well as listeners
those sequences had differing temporal envelopes. Resulgth normal hearing sensitivity who were tested for their
suggested that implant listeners can segregate streams of inrderstanding of speech that has been modified to reduce
formation when they differ in placdfrequency and/or  spectral cuegafter Shannoret al, 1995. We first investi-
modulation rate. gated the roles of informational versus energetic masking in
Grimault, Bacon, and Micheyl(2002 showed that gated noise task&Experiment L In Experiment 1a, listeners
normal-hearing listeners can segregate auditory streams awvere tested for their understanding of speech in gated noise
the basis of temporal fluctuations alone, in the absence dfs in Nelsoret al, 2003 as the duty cycle of the noise was
other spectral or temporal cues. Listeners generally segreqaried from 25% to 50% to 75%. Pun€¢b978 demonstrated
gated sequences into two streams when the difference in arthat normal-hearing listeners show a systematic increase in
plitude modulation(AM) rate between their noise carriers masking as masker duty cycle increases from 25% to 50% to
was greater than an octave. These results suggest that listéfb%, corresponding to the physical increase in the duration
ers (including cochlear implant usersnay be able to suc- of the masker. Nelsort al. (2003 hypothesized that the
cessfully segregate sound streams based on the AM charagpectrally impoverished signals experienced by implant and
teristics of each stream, regardless of the spectral content sfmulation listeners caused listeners to rely on amplitude en-
the two sound stream carriers, as long as the modulatiomelope cues that were easily disrupted by gated noise. The
frequencies of the two sounds streams are at least an octadesruption from gated noise might be due to the energetic
apart. masking of the gated maskés observed in Punghbut the
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disruption may be exaggerated in implant and simulation lisdl. METHODS

teners who use the amplitude envelope cues for understand- timuii

ing. If listeners’ performance in gated noise is directly related

to the proportion of time that the gated noise is “on,” then Speech stimuli consisted of IEEE sentence materials
performance is likely determined by the physical masking of [EEE, 1969 spoken by five male and five female talkers.
the speech by the noigenergetic maskinglf in the current ~ Stimuli were recorded and digitized using a 20 kHz sampling
study, however, the duty cycle of the noise has little effect orfate. In addition, noise-vocoded simulations of the IE_EE sen-
the amount of masking release, then it is likely that the effecfeNCeS Were generatéafter Shannort al, 1993 that simu-

of the gated masker was to disrupt the fusion of the auditoryAt€ the processing strategies of cochlear implants. For the
stream of information(causing “informational masking’ Initial four-band implant simulations in Experiment 1la,

: h stimuli from two talkers were filtered into four fre-
rather than to physically mask the energy of the speech. RePeec
sults of the investigation of masker duty cycle may shedd4€NcY band¢100-300, 300-500, 500-1700, and 1700-

some light on the role of informational masking in cochlear6000 Hz)'. The amplitude envelopg was extracted frof” eagh
implant users. band using the envelope extraction algorithm provided in

i ™
An additional experiment using gated nolxperiment Cool Edit Pro™. That envelope was then used to modulate

1b) tested the hypothesis that greater spectral resolutithhe amplitude of narrowband noises having the same band-
: yp . 9 Pec widths. The resulting amplitude-modulated noise bands were
leads to increased masking release. Our previous Woek

t al. 2003 sh d that | list btain little t recombined with their original relative amplitudes.
sonet al, 3 showed that normal listeners obtain little to For Experiment 1, noise maskers were generated on the

no masking release when they are listening to speech that hﬂ§ using the Tucker—Davis waveform generat6FDT

reduced spectral imformatiop. The relationship between .thWGl). The noise was passed through a Rane 30-band equal-
amount of spectral information and the amount of maskinger g that the spectrum of the resulting noise matched the
release is still unknown, however. If listeners with _greaterlong-term spectrum of the IEEE sentences. Noise maskers
numb_ers of spectr_al channels_are more successful in undgfzere presented either continuouggeady, or gated using 2
standing speech in gated noise, it may be presumed th@{s cod-ramped gating that was also implemented on the
masking release in gated noise is directly related to th@y ! Gate frequencies ranged from 1 to 32 Hz, while the duty
amount of signal spectral information available to the listen-cycle of the noise was systematically altered. Three duty
ers. Qin and Oxenhait2003 recently demonstrated that in- cycle conditions were tested: 75¢he noise was on 75% of
creasing the number of spectral channels of implant simulaeach cycle, followed by 25% silence50% (noise and si-
tions improves, but does not fully restore, masking releasélence each comprised 50% of each cyclend 25%(the
In the current study this is explored further. Listeners withnoise was on for only 25% of each cycle, followed by a 75%
normal hearing sensitivity were presented with original full-silent interval. The duration of the resulting noise bursts
spectrum speech stimuli, or with 12- or 4-band simulationganged from 8 m$32 Hz gate frequency, 25% duty cytke
of implant processing. 750 ms(1 Hz gate frequency, 75% duty cytléVhereas the
Experiment 2 focuses on the ability of implant and simu-75% condition provided the most physical masking of the
lation listeners to understand interrupted sentences. Whestimuli, all three duty cycles produced noise bursts that pre-
sentences are gated or interrupted by periods of silence, irsumably disrupt the envelope of the speech signal. Signal-to-
stead of noise, listeners who understand key words in semoise ratioS(SNR9 were +16, +8, 0, —8, or —16 dB, de-
tences in the presence of the silent interruptions are prepending upon the listener and condition. Stimuli for
sumed to have successfully grouped or fused the auditorfzxperiment 1b were either full-spectrum natural speech or
information into a continuous speech stream. Research ospeech processed through implant simulatefter Shannon
understanding interrupted sentences was done by Miller an@t al, 1999 that consisted of 4 to 12 bands. Filter settings
Licklider (1950 and by Bashford and Warref1987, who  are given in Table I. All stimuli for Experiment 1b were
showed that words and sentences interrupted by silent gap$esented at-4 dB SNR.
were less intelligible than continuous speech. It was pre- For Experiment 2, sentences in quiet were gated with a
sumed that this task reflects auditory grouping or fugadso ~ 50% duty cycle using 4 ms cbsamped square gating. No
called “induction” by Warren, 1999.In Experiment 2, lis- noise was present for this .experlment. Gate frequencies
teners were tested for their ability to understand sentefices ranged from 1-32 Hz, resulting in regular bursts of speech

quied that had themselves been gated, or interrupted by sfhat ranged in duration from approximately (32 Hz gate
frequency to 500 ms(1 Hz gate frequengy Stimuli for

lence. Listeners in Experiment 2a included implant users , X
Experiment 2b were either full-spectrum natural speech or

normal-hearing listeners, and simulation listeners. h d th h imol imul ith 4 and 12
If listeners are more successful at fusing interrupted senzPeech processed through implant simulators with 4 an

tences with increasing spectral information, we presume theRandS’ as shown in Table I.
auditory fusion by implant listeners can be improved by in-
creasing the amount of spectral information, or the numbe
of spectral channels, available to the implant simulation lis- For all experiments, listeners were seated in the center
teners. In Experiment 2b, normal-hearing listeners weref a sound-treated chamber. Speech signals were delivered
tested for their understanding of gated sentences using intotically through two Bose 301 speakgjslaced at+45°
plant simulations with either 4 or 12 spectral bands. azimuth at an overall level of 65 dBA. Speech stimuli were

FB. Procedures
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TABLE I. Filter cutoffs for 4- and 12-band simulations used in Experiments TABLE Il. Summary of implant subject characteristics.
1b and 2b.

Age at Age at Age at
4-band simulations: Listener Cl/Processor test onset of deafnessimplantation
Band Low-pass cutoftHz) High-pass cutofiHz)
N12 Nucleus 22/SPEAK 53 32 42
1 327 648 N14 Nucleus 22/SPEAK 58 49 50
2 677 1341 N32 Nucleus 22/SPEAK 34 5 29
3 1400 2773 Co2 Clarion 1.2/CIS 42 18 37
4 2898 5739 co3 Clarion 1.2/CIS 53 22 49
- — C05 Clarion 1.2/CIS 47 42 43
12-band simulations: Cl4  Clarion HiFocus/CIS 64 16 60
Band Low-pass cutoffHz) High-pass cutoffHz) ci5 Clarion HiFocus/CIS 42 33 40
2 356 550
3 550 775
4 775 1036 participated in the previous experimentblelson et al,
Z 123; 133(2) 2003. A detailed description of the implant users is shown in
5 1730 216 Table Il. Their mean age was 49 yedrange: 34 to 64
8 2116 2602 years, and their average length of deafness prior to implan-
9 2602 3169 tation was 16 yeargrange 1 to 44 yeaJsAll listeners ob-
10 3169 3830 tained significant open-set speech recognition from their im-
11 3830 4600 plants and had worn their implants for more than 2 years
12 4600 5500

(mean: 5 years, range 2 to 11 yeaihree listeners used the
Nucleus 22 device with the SPEAK processor, three used the

: . Clarion 1.2 device with CIS processing, and three used the
presented in blocks of ten sentences, using all ten talkers iq, _ . . . . .
larion HiFocus device with the CIS processing strategy.

e e e ner n e mplnt 10D sed hf requlr Speec pr-
ized prior to the beginning of. each subject’s testing. Thecessors_se_t to typical sensm_vny with no noise reduct|on_. At
listeners responded verbally to each sentence, and the expetr?-e. be.glnm-ng of each. session, the users set. the sensitivity
' While listening to practice lists, and they were instructed not

menter scored the key words correct for each sentence, cifs change the sensitivity setting
cling the correct answers on an answer form. Each listener’s '
results (percent correct keyworgdor each condition were Il RESULTS AND DISCUSSION
later entered into computer database files. '

For Experiment 1, keyword identification was evaluatedA. Experiment 1a: Understanding speech in gated
in steady and gated noise. On each trial, the masking noigeoise with varying duty cycles

started first. The sentence began after a random delay that Figyre 1 shows the normal-hearing listeners’ under-

ranged from 10 to 100 ms. The noise was either steady O§tanding of sentence keywords in gated noise at duty cycles

depending upon the condition being tested. The listeners in

the implant and simulation groups heard the nois¢ &t and s . . . . . . .
+16-dB SNR.(Pilot testing with three very successful im- 1001
plant listeners indicated that performance was near 0% for al$

© 90 4 L
gate conditions at 0-dB SNR and lowet.isteners in the § 804 L
normal group heard the noise at 6-8-, and—16-dB SNR. 3 70- L
X

All listeners also completed two blocks of sentences in quiet.x g |
For Experiment 2, key-word identification was evaluated ©

ecC

50 L
for the gated sentences without noise. The sentences wer‘g 404 |
presented either continuously, or were gated on and off, a© | i
described above. T .
8 L
;_6 101 ‘ L
C. Subjects ol a O—® 505 on 516 S\R i
A—A 75% on —-8,-16 SNR
Subjects_ for the simulatiqn experim_ents included two Steady 1 2 4 8 16 3 Quiet
groups of eight young adult listeners with normal hearing
sensitivity who were not familiar with the stimuli or the im- Gate Frequency (Hz)

plant simulation _a!gorithm. None of the normal-hearing lis- £1G. 1. Normal-hearing listeners’ understanding of sentence key words in
teners had participated in the previous experiments frongated noise. Mean performanée1 s.d) is plotted in percent keywords
Nelsonet al. (2003. All were between the ages of 19 and 32 correct as a function of gate frequency for noise presentediétdB (filled

years and each participated in onIy one experiment symbolsg and —8-dB SNR. Gate frequencies range from 1 to 32 Hz. Perfor-
’ mance in quiet is shown with a+" symbol. Performance in steady noise is

Nine postlingually deafened users of CO'ChIe‘T"r implantshown with a filled triangle at-16-dB SNR and with a filled circle at
were also tested. These were the same nine listeners thag-dB SNR. A systematic effect of increasing duty cycle is seen.
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FIG. 2. Four-band simulation listeners’ understanding of sentence keywordgIG. 3. Implant listeners’ understanding of sentence keywords in gated
in gated noise. Mean performan¢e1 s.d) is plotted in percent keywords noise. Mean performande-1 s.d) is plotted in percent keywords correct as
correct as a function of gate frequency for noise presentedLatdB (filled a function of gate frequency for noise presentee-&6 dB (filled symbolg
symbolg and +8-dB SNR. Gate frequencies range from 1 to 32 Hz. Perfor- and +8-dB SNR. Gate frequencies range from 1 to 32 Hz. Performance in
mance in quiet is shown with a+” symbol. Performance in steady noise at quiet is shown with a *+” symbol. Performance in steady noise-al6-dB
+16-dB SNR is shown with a filled hourglass; performance in steady noiséSNR is shown with a filled hourglass; performance in steady noise8adB

at +8-dB SNR is shown with an open hourglass. No systematic effect ofSNR is shown with an open hourglass. No systematic effect of masker duty
masker duty cycle is noted. cycle is noted.

key words correct as a function of gate frequency for noisgect as a function of gate frequency for noise presented at
presented at-16 dB (filled symbolg and—8-dB SNR(open  +16-dB (filled symbolg and +8-dB SNR (open symbols
symbolg. Gate frequencies range from 1 to 32 Hz. For bothGate frequencies again range from 1 to 32 Hz. There is no
SNRs, a predictable relationship between duty cycle and peapparent systematic effect of the noise duty cycle for implant
cent correct can be seen, demonstrating the energetic masie simulation listeners for eithet8- or +16-dB SNR. Per-
ing that occurs as the noise duty cycle increases from 25%0rmance for the 25% duty cycle condition is slightly better
onto 75% similar to the results from Pun¢i978. than performance at 50% or 75% for the simulation listeners
Normal-hearing listeners identify approximately 10% ofat +8-dB SNR ([2,22]=34.3p<0.01). Bonferroni-
keywords at 4 and 8 Hz gate frequencies—&t6-dB SNR  corrected paired tests ([ 11]=0.04p>0.05) indicated that
when the noise duty cycle is 75%. When the duty cycle isthere is no significant difference in performance for 50% and
changed to 50%, they identify approximately 60% correct at75% duty cycle noise. The implant listeners’ performance is
the same gate frequencies. For the 25% duty cycle conditioralso slightly better for the 25% than for the 50% and 75%
they identify nearly 90% of the keywords correctly. The duty cycles. Bonferroni-corrected pairet tests ([ 17]
same trend is seen for the8-dB SNR conditions, but the =2.1p>0.05) indicated that there is no significant differ-
observed difference between 50% and 25% duty cycles ience in performance for 50% and 75% duty cycle noise.
restricted presumably because performance approach@erformance only differs by approximately 10% when the
100%. A repeated measure analysis of variaGsOVA) noise duty cycle varies from 25% “on” to 75% “on.”
indicated a significant difference in performance between The data are summarized more clearly by collapsing
each duty cycle for both SNRs F[2,10]=168.8p  across gate frequencies from 4 to 16 Hz, as shown in Figs.
<0.0001). All Bonferroni corrected pairddtests were sig- 4(a) (normal-hearing listenerand 4b) (simulation and im-
nificant(at p<<0.01). There is a clear systematic relationshipplant listeners Because there was no significant effect of
between the energy of the masker and listeners’ performancgate frequency K[ 2,16]=3.78p>0.05), the data could be
suggesting that the energetic masking has a significant effecbllapsed across these gate frequencies to more clearly illus-
on performance in gated noise. Normal-hearing listenerdrate the effect of the noise duty cycle.
performance was best in noise with 25% duty cycle, moder-  Figure 4a) (top panel shows the mean performance of
ate in noise with 50% duty cycle, and poorest in noise withthe normal-hearing listeners as a function of duty cy2kE
75% duty cycle. At the fastest modulation rates fot6-dB  on, 50% on, 75% on, and steadgt two SNRs. Error bars
SNR, performance in the 50% duty cycle noise decreaserkpresent one standard deviation. The clear trend for reduced
compared to the slower rates. We presume this is due to th@erformance with increasing duty cycle can be seen. Simply,
effects of forward masking, as noted in Nelseiral. (2003. the greater the amount of time the noise is on, the more the
At these fast rates and the highest noise levels, the gatedasking that occurs, suggesting that the effect of the gated
noise may perceptually fill the silent interval, causing a sharmoise is primarily energetic masking.
reduction in recognition. Figure 4b) (lower panel shows the mean performance
In contrast, Figs. 2 and 3 show simulation and implantof implant(black bar$ and simulatior{gray bars listeners as
listeners’ understanding of sentence keywords in gated noise, function of duty cycle(25% on, 50% on, 75% on, and
respectively. Performance is plotted in percent keywords corsteady at two SNRs. Error bars represent one standard de-
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w0} FIG. 5. Performance of normal-hearing listeners is shown for their under-
” implant standing of sentences in gated noise when the stimuli were full-spectrum
simuiation ) (open circley 12-band simulationgopen triangles and 4-band simulations
0} (open squargs Mean percent correct keywords:=1 s.d) is plotted as a

function of noise gate frequency. All stimuli were presented-4tdB SNR.

masker used in Experiment 1 seems to disrupt the flow of
information for simulation listeners and implant users.

Percent Correct Key Words

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

BE SRR steady  BE X T steody o/ In Experiment 1b, normal-hearing listeners identified

keywords from sentences in gated noise when the stimuli
FIG. 4. In Panela) (top), mean performance of normal-hearing listeners is Were full-spectrum, 12-band simulations, or 4-band simula-
shown as percent keywords correct as a function of duty o288 on,  tions. Participants were eight additional normal-hearing col-
dard deviaton. A clear rend for ineeased masking wih mareasing dun_o. o LGNS who had not previously participated in any ex-
c?(r:le cz\rl:et)e séen. Ifb) (bottom), mean performance%f four-band simgula- yperlments. The dUty C_yCIe of the n0|§e remam,Ed ConStam: at
tion (black bars and implant(gray bars listeners is shown as percent key- 90%. It was hypothesized that the differences in spectral in-
words correct as a function of duty cyd®5% on, 50% on, 75% on, and formation present in the three sets of stimuli would have
steady at_two SNRs. Errqr bar_s refpresen.t one standard deviation. No C'eaéignificant effects on listener performance. The results are
trend for increased masking with increasing duty cycle can be seen. . .
shown in Fig. 5.
Figure 5 demonstrates the performance of normal-
hearing listeners for their understanding of sentences in
viation. Implant listeners performed better on the task thamated noise when the stimuli were full-spectrufopen
did the four-band simulation listeners. However, no clearcircles, 12-band simulationgopen triangles and 4-band
trend for increased masking with increasing duty cycle carsimulations(open squargs Mean percent correct keywords
be seen for either group. Instead, there is little change ims shown as a function of noise gate frequency while the
performance for implant and simulation listeners from theSNR remained constant at4 dB. All three types of stimuli
condition of steady noise to any of the masker duty cyclewere highly intelligible in quiet(72% correct for 4 bands,
conditions, especially for the-16-dB SNR condition. The 83% correct for 12 bandglsbut were almost completely un-
fact that the SNR was quite favorable for the implant andintelligible (5% and 12%, respectivelyn steady noise.
simulation listeners(+8 and +16 dB), and the lack of The current listeners showed no release from masking in
change with duty cycle suggest that the effect of the nois¢he four-band simulation condition, as was demonstrated pre-
may not be so much energetic masking of the signal, butviously in Nelsonet al. (2003. In this condition, the identi-
informational masking, possibly caused by the fluctuations irfication of keywords in gated noise was not significantly dif-
the noise masker being misinterpreted as part of the signaferent from identification in steady noise. The results from
In contrast, the normal-hearing listeners showed clear enethe 12-band simulations are quite different, however. Listen-
getic masking at-8- and—16-dB SNR. ers showed significant release from masking when the
The results of Experiment 1a demonstrate that the interstimuli had 12 bands of spectral information. A two-factor
ference caused by gated noise maskers for implantd repeated measures ANOVA indicated a significant difference
simulation listeners is not only related to energetic masking.among spectral conditiongfull-spectrum, 12-band and
For these stimuli and maskers, there is no systematic relat-band:F[2,16]=409.5,p<0.0001). There was also a sig-
tionship between the percentage of time the masker isificant difference among gate frequencies-[3,24]
present and keyword recognition. Instead, the gated noise 14.6p<<0.0001) and a significant gate frequency by spec-

Duty Cycle
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trum interaction F[6,48|=9.3p<0.01). For the 12-band ool 5—0 Normal ' ' ' ]
simulation stimuli, for which the results were not limited by ¢ Q—Q lmplant

ceiling or floor effects, the faster the gate frequency, the g %or i
greater the release from masking. Performance for 12-ban& 801 % %‘ ---------- ]

gated noise conditions improvedver steady noigeby ap- Ef or
proximately 40% for slow gate frequencies, and by as much.- €0y

as 60% for the fastest gate frequen®2 Hz). These results § 501 1

suggest that sentence stimuli with greater spectral detail areé aor T 1
more easily segregated from gated background noise than ar,_ 3o % 1
stimuli with poor spectral representation. § 201 .

The results of Experiment 1 suggest that when implants 1o} § é% _
listeners attempt to understand speech in gated noise, th™ ol TR e A |

fluctuations in the noise appear disruptive and confusing, s : : : : :
more than energetically masking. Performance of implant
and simulation listeners was not significantly better for the Gate Frequency (Hz)
50% duty cycle condition compared to the 75% condition,

. . . . FIG. 6. Performance of normal-hearing listen¢open squares implant
which would be eXpeCtEd if the dlsrUptlon were due to th isteners(open circleg and four-band simulation listenefspen triangles

energy of the noise. In addition, it is pre_Sl_Jmed that energetigyr understanding gated sentences in quiet. Mean percent keywords correct
masking at+16-dB SNR should be minimal. We hypoth- (+1 s.d) is shown as a function of the gate frequency.

esize that the envelope disruptions reduce masking release at

least partially because there is not a clear segregation of the In contrast, implant and four-band simulation listeners

speech signal from the noise. As Qin and OxenH@@03  performed surprisingly poorly on this task at all gate fre-

hypothesize, the weak representation of pitch may contributquencies. There was no significant difference between im-
to the lack of segregation. As a result, implant and simulatiorplant and the four-band simulation listeners on this task.
listeners are not able to listen in the dips of the noise, noThey rarely scored above 10% correct for any condition,
because the target speech in the dips is inaudible when thliggesting that they did not tolerate interruptions of any kind
speech is 65 dBA and the noise 49 dBA, but because listenn the continuous speech signal. They showed little evidence
ers do not group consecutive glimpses of the quiet signalbf fusing across the brief silent periods. Presumably, the lack
Masking release is facilitated by improving the spectral rep-of fusing might be due to the sparse spectral information
resentation of the speech signal, presumably because thailable to the implant and four-band simulation listeners.
greater spectral representation of the signal allows more su¢a addition, it may be because the periods of silence dis-
cessful grouping of the speech signals and segregation ofipted the temporal envelope of the speech signal.

speech from noise.

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

In Experiment 2, listeners identified sentences that were  Experiment 2b tested the hypothesis that improving the
themselves gated, or interrupted by periods of silence. Iderspectral representation of speech would improve the simula-
tifying gated speech was considered to be a direct measure 6bn listeners’ ability to fusgand consequently understand
auditory fusion of the speech signal. The more that listenergiterrupted speech. Figure 7 shows the performance of eight
are able to fuse the interrupted speech signal into a cohereatlditional normal-hearing listeners for their understanding of
stream, the more successful they may be at identifying kegated sentences when the stimuli were full-spectfopen
words in gated sentences. circles, 12-band simulationgopen triangles and four-band

Figure 6 shows the performance of normal-hearing lisssimulations(open squargs Mean percent correct keywords
teners(open squargs implant listeners(open circley and is shown as a function of sentence gate frequency.
four-band simulation listenergopen triangles for under- A two-factor repeated measures ANOVA indicated a sig-
standing gated sentences in quiet. Mean percent keywordsficant difference among spectral conditiaifigll-spectrum,
correct is shown as a function of the gate frequency. As d2-band and 4-bandF[2,16]=452.4, p<0.0001). There
reference point, recall from Figs. 2 and 3 that the quiet perwas also a significant difference among gate frequencies
formance of the implant listeners was approximately 80%(F[3,24]=181.5p<0.0001) and a significant gate fre-
correct, and for the simulation listeners’ quiet performancequency by spectrum interaction F[6,48 =76.6p
was approximately 60% correct. <0.0001). At faster gate frequencies, interrupted speech rec-

Normal-hearing listeners showed improved performancegnition improved for the 12-band and full-spectrum stimuli.
with increasing gate frequencies above about 4 Hz, with sig- As in Experiment 2a, the listeners in this experiment
nificantly better performance at 16 and 32 Hz than at 2 and 4howed improved keyword recognition with increasing gate
Hz. Their identification of gated sentences at 16 and 32 H#requency. The performance of listeners identifying full-
gate frequency was very good, approximately 80% correctspectrum stimuli interrupted by 32 Hz silent intervals was
Thus, original full-spectrum speech stimuli that were inter-not significantly different from their identification of con-
rupted with brief periods of silence were easily fused into artinuous sentences. Natural speech that was interrupted by
intelligible sentence. brief silent gaps(16 mg was highly intelligible, although
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' ' ' ' 2002; Green, Faulkner and Rosen, 200@&t implants have a
1005 ['0—o0 full-spectrum relatively weak temporal pitch that does not convey voice
or é:é 352,222" fundamental frequency in a robust manner. The current re-
sults are consistent with the idea that implant listeners’ per-
ception of voice pitch is not strong enough to aid in segre-
gating speech from noise, or in fusing interrupted speech.
] Implant and simulation listeners do not appear to success-
] fully segregate speech signals from gated background noise,
30 ] and do not fuse interrupted speech signals into a coherent
20t }\ /% 1 speech stream.
10 Q\é—u/ . The nature of the impairment seems to be that implant
ot . listeners receive a signal with reduced spectral cues, which
: then results in greater perceptual importance of the ampli-
tude envelope of incoming signals for word and sentence
Gate Frequency (Hz) identification (as in Hedrick and Carney, 1997The enve-
FIG. 7. Performance of normal-hearing listeners is shown for gated sen!ppeS of the Slgnafls’ however, are affected by the ﬂUCt.uatlonS
tences when the stimuli were full-spectruppen circleg 12-band simula- introduced by gating the speech or the background noise, and
tions (open trianglels and 4-band simulation®pen squarésMean percent ~ thus they are unreliable cues. Improving the spectral repre-
correct keywordg(+1 s.d) is shown as a function of sentence gate fre- gentation of speech, as shown in Experiments 1b and 2b and
quency. in the work of Qin and Oxenharf2003, seems to improve
) ) simulation listeners’ understanding of sentences, and there-
listeners reported that it sounded “rough.” In contrast, fre improves their resilience to fluctuations in background
speech that was interrupted by longer silent gaps had missing,ise or speech. Increasing the number of simulation chan-
phonemes and syllables that caused a reduction in intelligize|s goes not, however, restore performance to that obtained
bility. Performance for the four-band stimuli in this study \yith natural speech. If improved spectral resolution is impor-
was very poor and was equivalent to that reported in EXperigant for implant listeners, then the “best” implant listeners
ment 2a above. Simulation listeners with only four bands of, 4 presumably be those who have better spetspaitia)

modulated noise were unable to understand more than abo}@solution, better word recognition in quiet, and better mask-

10% of keywords in interrupted sentences at any gate frég, g yojease and auditory fusion of interrupted sentences. This

que(r;_c_y. Listener [_Jfgrforrlnagce foL thef 12r-]ban(:) S';nUIat'(;)_qssue warrants further investigation. It seems logical that
condition was significantly better than for the 4-band condi-qe jisteners with the best spectral resolution would have

tionst _and was significan_tly poorer than _the fuII—_spe_ctrumthe highest word identification scordgas in Henry and
condition. Thls.resglt implies that spectral information is im- urner, 2003, but it is unknown whether those better listen-
portant fqr fusmg_ |nt9rrupted sen_tences. A.s the a”?"““t (?er have the greatest masking release and/or best identifica-
spg_ctral _mformatlon Increases, I|stener§ Improve in the't[ion of gated sentences. To test the hypothesis at a first ap-
ability to integrate across silent intervals in gated speech. proximation, correlations between the keyword identification
score(percent correct in quigtand amount of masking re-

IV. GENERAL DISCUSSION lease(expressed as the difference between performance in
Results from this investigation and from the previousgated and continuous noise in percent cojregtre calcu-
related work(Nelsonet al, 2003 suggest that cochlear im- lated. Similarly, we obtained correlations between percent

plant users are significantly and negatively affected by fluccorrect words in quiet and auditory fusigcalculated by the
tuating signals and by fluctuating background noise. Everaverage percent correct gated sentence scdi@ observed a
when temporal gaps in noise are as long as 500 ms, listenemgoderate correlationr&0.5) between keywords correct in
do not show significant release from masking when comquiet and masking release for these nine cochlear implant
pared to their performance in steady noise. Backgroundisers, and no apparent correlation=0.1) between key-
noises as low as-16-dB SNR cause significant disruption in words correct in quiet and gated sentence performance. It
speech perception. The amount of masking caused by fluenay be, as Qin and Oxenhaf2003 hypothesized, that im-
tuating noise seems to be only weakly related to the moduproved spectral representation of speech signals is not suffi-
lation frequency or the duty cycle of the noise. The fluctuat-cient for full masking release and/or auditory fusion of inter-
ing nature of the noise appears to serve as a disruption and anpted speech. Instead, they hypothesize that a stronger
informational masker, rather than as an energetic masker. representation of voice pitch may be necessary for implant
Implant users not only show limited improvement from and simulation listeners to approach normal performance on
temporal gaps in fluctuating maskers, they also do not denmsuch tasks. An additional investigation of the role of spectral
onstrate successful auditory fusion of interrupted speech sigesolution versus voice pitch strength is needed.
nals. Normal-hearing listeners presented with natural speech Zeng (2002 has proposed future cochlear implant-
show improving word recognition performance with increas-algorithms that might improve implant listeners’ pitch reso-
ing rate of fluctuation. Implant and simulation listeners didlution and range. The work of Qin and Oxenhg2003
not. It has been proposed by McKay and Carly®899 and  supports the premise that an improved representation of FO
others(e.g., Guerts and Wouters, 2001; Xu, Tsai, and Pfingstmay help implant users significantly. Those proposed poten-
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