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Speech recognition was measured as a function of spectral resditioer of spectral channgls

and speech-to-noise ratio in normal-hearifidH) and cochlear-implantCl) listeners. Vowel,
consonant, word, and sentence recognition were measured in five normal-hearing listeners, ten
listeners with the Nucleus-22 cochlear implant, and nine listeners with the Advanced Bionics
Clarion cochlear implant. Recognition was measured as a function of the number of spectral
channelgnoise bands or electrodeat signal-to-noise ratios of 15, +10, +5, 0 dB, and in quiet.
Performance with three different speech processing stratégiiSAK, CIS, and SABwas similar

across all conditions, and improved as the number of electrodes incregstxseven or eighfor

all conditions. For all noise levels, vowel and consonant recognition with the SPEAK speech
processor did not improve with more than seven electrodes, while for normal-hearing listeners,
performance continued to increase up to at least 20 channels. Speech recognition on more difficult
speech material$word and sentence recognitioshowed a marginally significant increase in
Nucleus-22 listeners from seven to ten electrodes. The average implant score on all processing
strategies was poorer than scores of NH listeners with similar processing. However, the best ClI
scores were similar to the normal-hearing scores for that conditipnto seven channelsCl
listeners with the highest performance level increased in performance as the number of electrodes
increased up to seven, while ClI listeners with low levels of speech recognition did not increase in
performance as the number of electrodes was increased beyond four. These results quantify the
effect of number of spectral channels on speech recognition in noise and demonstrate that most Cl
subjects are not able to fully utilize the spectral information provided by the number of electrodes
used in their implant. ©2001 Acoustical Society of AmericaDOI: 10.1121/1.1381538

PACS numbers: 43.71.Ky, 43.66.Sr, 43.66.TWT]

I. INTRODUCTION in three cochlear implant listeners and in four normal-
hearing listeners in conditions simulating cochlear implants
Previous work with cochlear implants has demonstratedvith both CIS and SPEAK-like strategies. Recognition
that speech recognition increases with increasing number gfcores for vowels and consonants decreased as the S/N level
electrodegHolmeset al, 1987; Dormaret al, 1989; Kileny  worsened in all conditions. Recognition of vowels and con-
et al, 1992; Geier and Norton, 1992; Lawsetal, 1993;  sonants was further measured in Nucleus-22 cochlear im-
Collins et al, 1994; Lawsonet al, 1996; Fishmaretal,  plant users with either their normal SPEAK speech processor
1997; Eddingtoret al, 1997. However, most of this work or a custom processor with a four-channel CIS strategy. The
has been done in quiet listening conditions, while most evhbest cochlear implant users showed similar performance with
eryday listening situations contain background noise, whichhe CIS strategy in quiet and in noise to that of normal-
reduces intelligibility even for individuals with normal hear- hearing listeners when listening to correspondingly spec-
ing. In noisy listening conditions even normal-heariiH)  trally degraded speech, suggesting that the noise susceptibil-
listeners with 16 spectral channels do not achieve the samg of cochlear implant users is at least partly due to the loss
performance level as with full-spectrum spedéhu etal,  of spectral resolution. Eddingtoat al. (1997 found that
1998; Eddingtoret al,, 1997. three implant listeners with the Ineraid device with six-
Studies with cochlear implant§-ishmanet al, 1997,  channel CIS processors were recognizing consonants and
Eddingtonet al, 1997; Dorman and Loizou, 1997, 1998; sentences in both quiet and in noise at the same level as
Dormanet al, 1997; Fuet al, 1998 have demonstrated that normal-hearing listeners with four to six channel noise pro-
speech recognition improves as the number of electrodes iressors.
creases in quiet listening conditions, at least up to four to  Studies with acoustic hearing have demonstrated that
seven electrodes. Fet al. (1998 measured recognition of speech recognition is reduced when the spectral resolution is
vowels and consonants as a function of signal-to-noise ratigegraded by spectral smearing or hearing impairnistel-
machowiczet al,, 1985; Dubno and Dorman, 1987; Horst,
@Author to whom correspondence should be addressed. Electronic mail].-987; ter Keuret al, 1992, 1993; Hillet al, 1968; Baer and
Ifriesen@hei.org Moore, 1993, 1994; Turneet al, 1999; Shannoret al,
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TABLE |. General information on Nucleus-22 listene(€l=cochlearimplant, HEhearingloss, C.
Otosclerosis-Cochlear otosclerosis

Age of .
Age of HL profound Hearing aid Duration
Speech Onset HLonset usage of
processing Age (¢]] Cl use
Listener strategy (years Gender ear Etiology L R L R L R (years
N3 SPEAK 56 M R Trauma 45 10 45 45 N N 7
N4 SPEAK 40 M R Trauma 35 3 35 35 N N 5
N6 SPEAK 65 F R  Ototoxicity 54 54 54 54 Y Y 7
N7 SPEAK 55 M R Unknown 20 20 47 44 Y N 2
N9 SPEAK 55 F L Hereditary 8 8 38 38 Y Y 7
N14 SPEAK 63 M R Unknown 37 37 47 61 N Y 1
N15 SPEAK 70 F L C. Otosclerosis 62 62 75 75 Y Y 2
N17 SPEAK 71 F R Unknown 41 41 68 68 Y Y 1
N18 SPEAK 77 F R Otosclerosis 40 40 45 45 Y Y 1
N19 SPEAK 70 M L Unknown 40 40 62 56 Y N 1

1995; Boothroydet al, 1996; Dormaret al, 1997; Dorman and nine adults using the Clarion cochlear implant device,
and Loizou, 1997, 1998; Nejime and Moore, 1997; Edding-each having at least six months Cl experience, participated in
ton et al, 1997; Fuet al, 1998. In general, these studies this study. Five of the Clarion patients used the continuous
found that speech recognition in quiet listening conditionsinterleaved samplefClS) processor(Wilson et al, 1991

was highly resistant to spectral smearing, with significantand four used the simultaneous analog stimula{iSAS
decreases in performance occurring only when the spectruprocessor. All were postlingually deafened and native speak-
was smeared over 1000 Hz, or reduced to less than fowers of American English. General demographic information
spectral channels. Speech recognition was more susceptibier the 19 subjects is presented in Tables | and Il. All

to spectral smearing in the presence of added riiset al,, Nucleus-22 listeners had 20 active electrodes available for
1998; Baer and Moore, 1993; Nejime and Moore, 1997; Eduse, while Clarion users had either seven or eight, depending
dingtonet al,, 1997. on the speech processing strategy used: SAS users had seven

In the present experiment, speech recognition was meavailable electrode pairs and CIS users had eight available
sured as a function of the number of electrodes in variouglectrode pairs. Five normal-hearing listeners, ranging in age
levels of noise, for three processing strategies: SPEAK, CISfrom 18 to 53 years, were recruited as controls.
and SAS. Speech recognition was also measured in normal-
hearing listeners with noise-band proces{&isannoret al,,

1995 as a function of the number of bands and signal-to-B- Speech materials

noise ratio. Speech perception tests used were all presented without
lip-reading(sound only. The tests consisted of medial vowel
Il. METHODS and consonant discrimination, monosyllable word recogni-

tion, and sentence recognition.
Vowel stimuli were taken from materials recorded by
Ten adults(18 years and oldgwtilizing the Nucleus-22  Hillenbrandet al. (1995 and were presented to the listeners
cochlear implant with the SPEAK speech processing strategwith custom softwaréRobert, 1998 Ten presentationive

A. Listeners

TABLE Il. General information of Clarion listeners(Cl=cochlearimplant, HEhearing loss,
C. Otosclerosis cochlear otosclerosis

Age of .
Age of HL profound Hearing aid Duration
Speech Onset HLonset usage o
processing Age Cl Cl use
Listener strategy (years Gender ear Etiology L R L R L R (years
C1l CIS 66 F L Otosclerosis 32 32 45 45 Y N 1
C3 CIS 56 M R Unknown 18 0 18 45 N N 3
C4 CIs 51 F L Meningitis 15 15 47 47 Y N 2
C5 CIS 38 M L Unknown 3 3 28 22 Y Y 2.5
C9 CIs 46 F R  Ototoxicity 43 43 45 45 Y Y 0.5
c2 SAS 72 M R C. Otosclerosis 30 30 69 69 Y N 2
C6 SAS 61 F R Menieres 22 33 57 57 Y Y 1
Cc7 SAS 82 M R Unknown 15 15 63 63 N Y 2
C8 SAS 76 M R Unknown 18 64 75 64 Y N 0.5
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male and five female talkergach of 12 medial vowel§i o trodes. In similar fashion, analysis filters were summed to
euUIU A& 3»0a el were presented in a /h/-vowel-/d/ create processors with ten, seven, four, and two active elec-
context (heed, hawed, head, who'd, hid, hood, hud, hadfrodes. In the seven-electrode condition the basal-most elec-
heard, hoed, hod, hayedChance level on this test was trode pair was assigned only two frequency bands instead of
8.33% correct and the 95% confidence level was 13.4% cothree[see Fishmat al. (1997 for more details
rect. In the normal SPEAK processing strategy the acoustic
Consonant stimuli were taken from materials created bsignal is analyzed into 20 frequency bands and between six
Turneret al. (1992, 1999 and Fuet al. (1998. Consonant and ten frequency bands with the highest energy are selected
confusion matrices were compiled from 12 presentati@s for stimulation approximately every 4 nisicDermottet al,,
repetitions of 3 male and 3 female talkersf each of 14 1992a, b; Seligman and McDermott, 1995 he average
medial consonantb/d g ptk mnfsfvz0/, presented in  pulse rate per electrode was higher in the experimental pro-
an /a/-consonant-/a/ context. Tokens were presented in ragessors, because the activated electrodes received the output
dom order by custom softwat®obert, 1998; Shannaet al,  from more than one analysis filter band. For example, if an
1999 and the confusion matrices were analyzed for informaelectrode pair was assigned to receive the output of three
tion received on the production-based categories of voicinggontiguous analysis bandseven-electrode processor condi-
manner, and place of articulatigMiller and Nicely, 1995.  tjon), then that electrode pair received a stimulation pulse if
Chance performance level for this test was 7.14% correctany of the three filter bands was selected for stimulation. If
and the 95% confidence level was 11.1% correct. all three filter bands were selected for stimulation, the elec-
The CNC Word Test from the Minimum Speech Testtrode pair would receive three pulses in that stimulus frame.
Battery for Adult Cochlear Implant Users ClHouse Ear Thus, as the number of electrodes was reduced, the effective
Institute and Cochlear Corporation, 1996as used to evalu- stimulation pulse rate on each electrode pair was increased.
ate open-set phoneme and word recognition. The CD constimulus level” coding was used, which changes the elec-
tains ten lists of 50 monosyllabic words containing 150 pho-rical stimulation level by changing both pulse amplitude and
nemes. Listener responses were scored separately for worgise phase duratiof€ochlear Corp., 1995At high stimu-
and phonemes correctly identified. Because there were molgtion levels the pulse duration is longer, which results in a
test conditions(25) than lists of words(10), the word lists  |ower overall pulse rate. All listeners were programmed in
used in the conditions with the poorest scores were repeateghe bipolar-plus-one mode electrode pairing (BP) for
Recognition of words in sentences was measured usingoth their normal processors and for all experimental condi-
the Hearing in Noise TegHINT) sentencegNilssonet al,  tjons.
1994 from the Minimum Speech Test Battery for Adult Co-  \wjth the Clarion SAS and CIS speech processing strat-
chlear Implant Users CHouse Ear Institute and Cochlear egies, the outputs of seven or eight frequency bands are nor-
Corporation, 1996 For each condition, data was collected ma|ly directed to seven or eight electrode pairs assigned to
for ten sentences of varying lengths from each listener. Thg,ose frequency band&larion Reference Manual, 1998
sentences were of easy-to-moderate difficulty, presented witfyith a reduction in the number of electrode pairs, the total
no context and no feedback, and no sentences were repeatﬁgquency range remains the same, but the range for each
to an individual listener. Sentences were scored in terms of|ectrode is broadened, with the exception of the two-
words correct. electrode processor. With the two-channel processor only
high- and low-frequency bands are transmitted, and the mid-
frequency information is left ou{Breeuwer and Plomp,
Each listener was tested with five experimental speeci984. Five electrode conditions were created where all
processors immediately after receiving théno practice. ~ seven or eight electrode pairs were utilized initially and then
Each of the five experimental processors was tested in quigeduced to six, four, three, and two pairs. For the six-
and with four different signal-to-noise ratigS§/N) of +15,  electrode condition electrodes 1, 2, 4, 5, 7, and 8 were used
+10, +5, and 0 for a total of 25 conditions. The Nucleus-22with the CIS processing strategy, while electrodes 1, 2, 3, 5,
SPEAK processing strategy divides speech into 20 contigus, and 7 were used with SAS processing. The four-electrode
ous frequency bands and normally assigns the output of eactondition utilized electrodes 1, 3, 5, and 7; the three-
band to one electrode pair. The listeners’ original frequencyelectrode condition involved electrodes 1, 4, and 7; and the
band divisions were used. In the present experiment, proceswao-electrode condition involved electrodes 2 and 6. In the
sors were created with 2, 4, 7, 10, and 20 activated electrodéSlarion device the overall stimulation rate is held constant
by assigning the output of more than one band to a singléor the CIS processor. As the number of electrodes was re-
electrode pair. In the normal 20-electrode processor the outluced, the stimulation rate per electrode increased.
put of analysis bands 1, 2, 3, 4, and 5 would normally be  Normal-hearing listeners were tested using a noise band
assigned to active electrodes 1, 2, 3, 4, and 5, respectively. simulation of CIS-like processin@gee Shannoat al,, 1995.
the present experiment a four-electrode experimental proce3est conditions consisted of the five S/N ratios used for im-
sor was created by assigning the outputs of all five bands tplant listeners, with up to four additional noise conditions:
active electrode 3 only. In this case active electrodes 1, 2, 4-2.5,—5, —7.5, and—10 dB S/N. Acoustic processors were
and 5 received no stimulation. When this assignment patterdesigned with 20, 16, 12, 8, 6, 4, and 2 bands. For two, four,
was repeated along the entire electrode array the outputs efx, and eight band processors the same frequency divisions
the 20 analysis filters were presented to only four active elecwere used as the Clarion processor. For noise-band proces-

C. Experimental speech processor conditions
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sors with more than eight bands, the entire frequency range 12 Vowels h/V/d_
from 100 Hz tp 6 kHz was d|V|de_d into equal parts in term_s wlS/N=auiet| +15d8 |+10a8 | +5a | o0aB |
of cochlear distance in mm, using the cochlear tonotopic »

formula of Greenwood1990. The envelope was extracted

4
from each band by half-wave rectification and low-pass fil- or !
60 :’

tering at 160 Hz. This envelope signal was then used to$ /
modulate a wideband white noise, which was then bandpas§ Q\\%l;\ %
filtered with the same filter set as was used on the original’g S \\\
speech signal. The modulated noise bands were thei$ \\\\\\\\\
summed and presented through a calibrated loudspeaker in \\
sound treated roofiAC). The speech-shaped masking noise
was added to the speech signals at the desired speech-t
noise ratio prior to processing.
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D. Procedure FIG. 1. Recognition of 12 medial vowels in a h/V/d context as a function of
the number of spectral channels for normal-hearing listef@ashed line
During all testing the listener was sedite m infront of with small filled symbol$or as a function of the number of electrodes used

a Ioudspeake(Grason—StadIer audio monitorén a sound with NL_cheus-2_2 cochlear implant listendfgled symbolg and Clarion co-

. chlear implant listenerépen symbols The hatched area plots the range of
treated room(IAC). The presentation level was 65 dB SPL performance across all 19 cochlear implant listeners. From left to right the
for all speech perception testing, as measured by a B&K 1-ipanels present vowel recognition as a function of decreasing signal-to-noise
microphone(Model #4144 at the location of the listener’s ratio.
head. All speech materials were recorded. A computer with a
sound cardTurtle Beach Fijj, CD player, and a GSI audi- ness was at the maximum acceptable level. Adjacent elec-
ometer(Model 16 were used to present the test items. Thetrodes were balanced for loudness at C level for each
GSI 16 audiometer generated the speech-shaped noise ussléctrode.
during the vowel, consonant, and word tests for the implant  For the Clarion device electrical threshold@d and most
listeners. The CD utilized for presenting the HINT sentencecomfortable loudnesgM) levels were obtained using the
materials provided the speech-shaped noise for that test. SCLIN for Windows software, Clinician’s Programming In-

Threshold(T) and comfort(C) or most comfortabléM)  terface(CPI), and power supply with a personal computer.
loudness levels were measured separately for each expefihe Input Dynamic Range was set t660 dB SL for all
mental condition. The five experimental processors were prezonditions. All other parameters were set as in the listener’s
sented to each listener in random order. Within each of theriginal processor. In the CIS processing strategy, threshold
five experimental processor conditions, the four noise conditevels were estimated by a standard clinical bracketing pro-
tions were presented in random order, following the condicedure. Initially, all the electrodes were screened for thresh-
tion in quiet. The condition in quiet was always presentedold level and the patient was instructed to identify when they
first in order to further familiarize the listener with the task. first heard the sound. Then, going back to the first electrode,
The battery of speech tests was administered to each listenene to five pulse bursts were presented and the listener was
immediately after they were given the experimental procesinstructed to count the number heard. The T level used in the
sor(no practice. The listener’'s normal settings were restoredprocessor was the level at which the listener counted the
to the speech processor after each testing session until thgeimber of bursts correctly 50% of the time. To obtain M
listener returned for the next experimental condition, typi-levels the experimenter increased the electrical level until the
cally one week later. After the T and C level adjustments|istener judged the loudness was at the most comfortable
Nucleus-22 listeners’ were told to set their sensitivity level toloudness levelthe level where they heard the sound at a
the most comfortable position with the function switch set tonormal conversational level and could listen to it for a long
normal (N). This setting was used during all the test condi-time without discomfoit Adjacent electrodes were balanced
tions for that particular processor. for loudness at M level for each electrode.

For the Nucleus-22 device electrical thresho(d@$ and The SAS measurement procedures were identical to CIS
maximum acceptable loudneés) levels were obtained us- except the measurement of T and M levels began with the
ing the Nucleus diagnostic and programming system with anost basal channel, whereas with CIS the measurements be-
personal computer and a dual processor interface with Cayan with the most apical channel as per the Clarion device
chlear Corporation 6.100 software. For obtaining T and Gitting manual(Clarion, 1998.
levels the stimulus was a 250-Hz pulse train of 500-ms du-
ration. Threshold levels were estimated by a standard cIinica}h RESULTS
bracketing procedure. One to five pulse bursts were pre-"
sented and the listener was instructed to count the number Figures 1-4 present the results for vowels, consonants,
heard. The T level used in the processor was the level &NC words, and HINT sentences, respectively. Within each
which the listener counted the number of bursts correcthfigure, the panels present recognition performance for quiet
100% of the time. To obtain C levels the experimenter in-listening conditions and signal-to-noise levels-15, +10,
creased the electrical level until the listener judged the loud-+5, and 0 dB, respectively, from left to right. In each panel
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HINT Sentences

14 Consonants a/C/a
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FIG. 2. Recognition of 14 medial consonants in an a/C/a context as a fundFIG. 4. Recognition of HINT sentences as a function of the number of
tion of the number of spectral channels for normal-hearing listefaished  spectral channels for normal-hearing listen@lashed line with small filled

line with small filled symbolsor as a function of the number of electrodes symbolg or as a function of the number of electrodes used with Nucleus-22
used with Nucleus-22 cochlear implant listengitted symbolg and Clarion cochlear implant listenerdilled symbolg and Clarion cochlear implant lis-
cochlear implant listener@pen symbols The hatched area plots the range teners(open symbols The solid line plots the best performance level across
of performance across all 19 cochlear implant listeners. From left to right@all 19 cochlear implant listeners. From left to right the panels present con-
the panels present consonant recognition as a function of decreasing signabnant recognition as a function of decreasing signal-to-noise ratio.

to-noise ratio.
A. Comparison of implants

the open symbols present data from subjects with the Clarion For Clarion listeners, a repeated measures ANOVA re-
device, filled symbols present data from subjects with thevealed no difference in performance between the CIS and

Nucleus-22 device, and the dashed line with small filledSAS patientsTable Vi) for all numbers of electrodes and all
symbols presents results from normal-hearing listeners witROise levels. The two groups of Clarion listeners were then
noise-band processors. Average standard deviations for tiouped together for comparison with Nucleus listeners. For

three types of listeners on the four sets of test materials afdis comparison the Nucleus results from 7, 10, and 20 elec-
given in Table Ill. Note that the variability was similar for rodes were all grouped together and compared to Clarion

the two sets of implant listeners, while the standard deviatio€SUlts With 7 or 8 electrodes. In all other cases similar num-
for normal-hearing listeners was generally about half thaPers Of electrodes were compared across th_e_ two d_ewces. A
observed in the implant listeners. The hatched area in Figs._r peated measures A_‘NOVA rev_ealed no 5|gr_1|f|cant difference
and 2 outlines the entire range of performance across all 1% pe_rformance for listeners with the .t\.NO |m_plant5 for all

) ) . conditions (Table VI). Speech recognition with both the
implant subjects. Tables IV and V present listener scores fo&larion and Nucleus-22 processors imoroved as the number
all tests in quiet with their original processor. . P P .

of electrodes increasddp to seven or eightfor all condi-
tions. Even though more electrodes were available with the
Nucleus-22 speech processor, performance was not signifi-
cantly better than for seven or eight electrodes with the
| S/N = Quet | +15d8 | +l0dB | +5& | 0o | Clarion device. A repeated measures ANOVA was per-
formed, comparing results for Nucleus ClI listeners with 7,

Topen = Clarior] 10, and 20 electrode@able VII). While there was no sig-
filed = Duer2g nificant difference in speech recognition for consonants or
eolid = best C vowels, there was a marginally significant effect for words
and sentence®ost-hoc itests revealed that there was a mar-
ginally significant difference between the seven- and ten-
electrode results for word recognition in quiet andrdt5 dB

S/N ratio (p<<0.05), but not at other noise leveBost-hoc

CNC Words

100

Percent Correct

TABLE lll. Average standard deviatior(8o) for each test and listener type.
Standard deviations were averaged across noise conditions and number of

oF 4

TR i TS " T
10 20 2 10 20 2 10 20 2 10 20

Number of Electrodes channels.

! M
2 10 20 2

FIG. 3. Recognition of CNC words as a function of the number of spectral Normal-hearing Clarion Nucleus-22

channels for normal-hearing listenédashed line with small filled symbgls
4.87 11.50 10.95

or as a function of the number of electrodes used with Nucleus-22 cochlear Vowels

implant listeners(filled symbolg and Clarion cochlear implant listeners Consonants 3.58 10.81 9.67

(open symbols The solid line plots the best performance level across all 19 CNC words 7.50 11.86 10.32
7.24 19.74 15.21

cochlear implant listeners. From left to right the panels present consonant HINT sentences
recognition as a function of decreasing signal-to-noise ratio.
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TABLE IV. Nucleus-22 listeners’ scoreb) in quiet with original proces-  TABLE VI. Repeated measures ANOVA-values between subjectsif
sor. =1 for all F values.

Listener Strategy Vowels Consonants CNC words HINT sentences  Test CIS-SAS Nucleus-Clarion NH-CI Better-poorer listeners

N3 SPEAK 53 47 46 85 Vowels 0.025 0.812 13.981 71.57%
N4 SPEAK 68 71 70 100 Consonants  0.003 1.748 32.840 25.216
N6 SPEAK 67 60 54 92 Words 0.215 0.065 16.776 28.252
N7 SPEAK 57 58 46 92 Sentences 0.419 0.165 25.898 58.82F
N9 SPEAK 72 76 76 100

N14  SPEAK 29 32 12 58 %p<0.05.

N15 SPEAK 58 57 34 89

N17 SPEAK 37 51 28 81

N18  SPEAK 75 60 4 95 h!gh noise levels the b_est implant listeners appear to ha\(e
N19  SPEAK 58 55 66 94 higher scores than NH listeners for the same conditions. This
might be due to the greater experience of implant listeners in
such difficult listening conditions. In their everyday listening

experience implant listeners must constantly reconstruct lin-

led anifi i b r?#iStiC information from partially received phonemic frag-
tests revealed no significant di erences etween seven a ents, whereas NH listeners only face such a challenging
ten electrodes for sentences at any noise level.

reconstruction problem infrequently.

Mean score 57 57 48 89

B. Comparison of acoustic and electric hearing C. Comparison of good and poor implant scores

The performance of NH listeners was significantly better One interesting feature of the results can be observed by

than CI listeners for all noise conditioiable VI). In addi- comparing the top and bottom borders of the hatched area in
tion, scores of the NH listeners continued to increase up t‘%igs. 1 and 2. The hatched area represents the overall range
20 channels with similar signal processing conditions. Fof¢scqres obtained from all 19 implant listeners. The top and
consonf_;mt recognitiofFig. 1), NH listeners scored consis- g0 edges of the hatched area do not necessarily represent
tently higher than the best CI listeners for all numbers Ofy,o gcores from single implant listeners, although they are
electrodes/bands, particularly at high signal-to-noise levelgg esentative of the performance curves from the better and
For vowel recognitior(Fig. 2), performance by the best Cl ,,rer implant listeners. The better-performing implanted

listeners(top edge of the hatched ajeaas similar o NH  jisieners improved as the number of electrodes was increased
listeners, but only up to eight electrodes. As the number o p to seven, while the poorer-performing listeners showed

electrodes was increased beyond eight, performance for thge jncrease in performance as the number of electrodes
Cl listeners remained relatively constant, while for NH lis- ¢ jncreased above four. This was particularly true in tests

teners, performance continued to increase with the number ‘?ﬂat rely more heavily on spectral cuégich as vowel rec-
bands. For CNC word recognitioffig. 3) and HINT sen- ognition) and at low S/N ratios. A repeated measures

tence recognitioriFig. 4) only the best performance by Cl \Noya was performed between the two groups of perform-
patients is presented because the lowest performance levgl eyealing a statistically significant difference for all tests
was near zero for all conditions. As with the phoneme re a6 v)). This result suggests that implant listeners with
sults, the best performance level with cochlear implants wageyar speech recognition are able to utilize more channels of
similar to that of NH listeners with the same processing, Upspeciral information than those with poor speech recognition.
to seven to eight channels/electrodes. As the number Of, est this hypothesis, consonant confusion matrices were
channels/electrodes was increased above seven 10 €ighfy,)y7eq for the two implant listeners with the best scores
word and sentence recognition continued to increase iy the two implant listeners with the poorest scores.
normal-hearing listeners. The line representing the best im-  ~,<onant recognition was analyzed into the traditional
plant score is somewhat erratic because it represents a Sin%?oduction-based categories of voicing, manner of articula-
score. With a small number of channels/electrodes and fﬂon, and place of articulatiofMiller and Nicely, 1955. The

percent correct for each of these features is presented in Fig.
5 for the two best users and the two poorest users of each
Listener Strategy Vowels Consonants CNC words Hint sentencedlevice and for NH Ilstener_s with similar processing. Tlh_e

results show that the better implant users were able to utilize

TABLE V. Clarion listeners’ score%) in quiet with original processor.

gé g:: gs 2(2) (252 g; all three categories of cues better than the poorer implant
ca cis 28 o5 28 40 users. A repeated measures ANOVA was performed on the
cs cis 78 75 82 100 feature scores, revealing a statistically significant difference
c9 CIs 26 33 22 60 between the better and poorer hearing listerfeoicing: F

c2 SAS 58 65 48 91 =33.728, p<0.001, manner:F_= 11._595, p<0.95, ar_ld

c6 SAS 77 55 48 96 place: F=14.279,p<0.01). At high signal-to-noise ratios
c7 SAS 45 36 24 40 the number of electrodes did not affect the reception of voic-
c8 SAS 43 42 34 34 ing. However, at poor signal-to-noise ratios the percent cor-
Mean score 51 49 a1 75 rect on voicing increased with the number of electrodes up to

four. This may be due to the noise interfering with the per-
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TABLE VII. Repeated measures ANOWA-values within subjects for Clarion, Nucleus-g4l electrode com-
binations, Nucleus-22(7-, 10-, and 20-electrode maps onlgll cochlear implant listeneré@Nucleus-22 and
Clarion combineyi and normal-hearing listeners.

Nucleus-22(7-, 10-, 20- Normal-hearing
Electrode factor Clarion Nucleus-22 electrode maps only CI listeners listeners
Vowels 20.648  41.633 3.202 53.54% 159.768
Consonants 15.543 27.603 1.147 59.438 222.124
Words 13.383  38.27¢ 7.46F 45.854 56.918
Sentences 11.9%2 59.982 5.288 56.632 247.63%
Noise factor
Vowels 21.968  34.16F 40.066 36.400 4.448
Consonants 62.346 81.310 60.389 146.018 4.184
Words 17.48%7  52.858 54.64% 40.33% 13.53F
Sentences 36.987 132.997 141.768 118.740 6.82%
Electrode—noise interaction
Vowels 2.358 6.31P 1.965 9.428 120.08%
Consonants 2282  0.79F 0.639 2.504 673.979
Words 4.924 6.830 1.681 9.637 633.298
Sentences 4591 12.693 0.438 27.952 364.448
3<0.05.
p<0.001.

ception of the temporal cues for voicing, which should notmultiple electrodes are required to provide this spectral in-
require much spectral information. When temporal cues aréormation. A similar pattern of performance was observed for
masked by noise, voicing can be conveyed by spectral cuabe reception of manner cues. Percent correct on the place of
(e.g., the ratio of energy above and below 1500,Hwmt  articulation increased as the number of electrodes increased

100 =

80 - 816'3%0 .............. o QZB~1_;|Q:"O .............. o 959‘-6%”0 ____________ o
*] Quiet +15 +10

40

201 Voicing

TR -2

% Score

20 Manner

100

80

60 -}

40 -

Quiet +15

Place

0 T T T LI T T T L T T T T T T T L T T T T

0 5 10 15 20 0 5 10 15 200 5 10 15 200 5 10 15 20 0 5 10 15 20

—&— Clarion Best Two Listeners # Electrodes/Band
&+ Clarion Poorest Two Listeners

—&— Nucleus Best Two Listeners
--O-- Nucleus Poorest Two Listeners
----- Normal Hearing Listeners

FIG. 5. Percent correct on the consonant features of voitimgrow), mannermiddle row), and place of articulatiofiower row) as a function of the number

of electrodes or number of spectral bands. Dotted lines with error bars represent the range of results from normal-hearing listeners. Fillpsgnthibks

average of the two best scores from CI listeners with each device, while open symbols present the average of the two poorest scores from Chlisteners wit
each device.
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at all noise levelgbut only increased up to seven to ten the level of the noise in dB, and PRT is the phoneme recog-
electrodes for implant listeners nition threshold in dB, which is the S/N ratio at which the
In this study, the better listeners with the Nucleus-22performance falls to 50% of the level in quiet. The values of
device were receiving similar amounts of information onQ, B, and PRT and the standard error of the fit are presented
voicing, manner, and place as the better listeners with then Tables VIII-X for consonant, vowel, and sentence recog-
Clarion device(both CIS and SAB In addition, scores for nition, respectively. As can be seen in Fig. 6 and Tables
the best implant listeners were similar to that of the normalV1l1-X, this function provided excellent fits to all curves of
hearing listeners with the same number of processing charmperformance as a function of signal-to-noise ratio. In general,
nels. Scores from poor-performing listeners with both im-as the number of spectral channels/electrodes decreased, the
plant devices were also similar to each other, indicating thakevel of performance in quiet decreased, and the PRT in-
the electrode design and speech processor strategy were rooeased. The slopes of the functions were relatively constant
the primary factors affecting speech recognition or the patacross conditions, decreasing slightly for the two-channel
tern of performance across implant listeners. Note that theondition. The parameter values obtained for the NH listen-
poorer-performing implant listeners were only receiving 80%ers were similar to those obtained under similar conditions,
correct on voicing and 70% correct on manner cues, regardut with different speech materials, by Etial. (1998.
less of the number of electrodes. This is an unusual result Figure 7 plots the PRT as a function of the number of
because voicing and manner cues are thought to be conveysgectral channelgsor number of electrodésfor consonant,
primarily by temporal information and should be easily vowel, and sentence recognition. The PRTs for NH listeners
available to implant listeners. The better-performing implantfrom the present studyfilled squares are comparable to
listeners and NH listeners received essentially 100% of th&®RTs from NH listeners in a previous stugu et al., 1998.
voicing and manner information with only two channels of In both studies, the PRT decreased linearly as a function of
spectral information. This is consistent with a previous resulthe logarithm of the number of spectral channels. Regression
by Shannoret al. (1995. Yet the poorer-performing implant slopes are presented in Table XI. Slopes of linear regression
listeners never achieved this level of performance even witliits to the NH data are-2.57, —2.44, and —2.87 dB/

the maximum number of electrodes. doubling of the number of channels for consonants, vowels,
and sentences, respectivéliable XI). In contrast, the PRT
D. Performance-intensity functions for ClI listeners, except for the Clarion listeners with HINT

» sentences, changed little as the number of electrodes was
The vowel, consonant, and sentence recognition datg reased

from Figs. 1-4 are replotted in Fig. 6 as a function of SN
ratio. Data from each condition was fit with a simple three-|v. pISCUSSION

arameter sigmoidal modéBoothroydet al., 1996: _ _ . .
P 9 @ y 9 A. Comparison of implant devices and processing

%C=Py+(Q—Py)/(1+e PX~PRD) (1)  strategies
where Py is the chance performance levé€),is the percent A key result in the present study is that there was no
correct in quiet,B is related to the slope of the functionjs  significant difference in speech recognition performance be-
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TABLE VIII. Sigmoidal model parameters for consonant recognitid®RT=phoneme recognition threshold,
B=related to the slope of the function, a@d= percent correct in quiet.

PRT Q Standard error of fit
Listeners Channels/Electrodes (dB) (%) B (%)
Nucleus-22 2 2.960.31 39.6:0.6 0.210.38 0.68
4 2.70+0.31 47.5-0.7 0.20:0.36 0.64
7 0.59+0.20 54.9-0.5 0.17£0.28 0.45
10 0.90-0.09 56.0:0.2 0.20:0.16 0.24
20 0.90:0.29 57.6:0.8 0.210.38 0.85
Clarion 2 523104 33.0:1.7 0.24:0.95 1.75
3 6.16-1.14  45.1*2.0 0.12£1.26 1.22
4 1.75-0.34 43.9:0.6 0.17£0.44 0.61
6 3.42£0.58 46.7%1.3 0.19£0.64 1.23
718 2.33:0.29 49.7#0.7 0.42£0.35 0.71
NH 2 7.81+£1.06 52.0:2.2 0.13:1.05 1.29
4 2.30+0.73 77.7%2.6 0.18£0.53 2.78
6 1.16:0.34 847413 0.17-0.26 1.37
8 0.30:0.45 88.6:1.8 0.17:0.37 1.92
12 0.13£0.31 89.9-1.3 0.18£0.25 1.48
16 —-0.89+0.44 93.0:1.9 0.18:0.38 2.21
20 —1.21+0.22 92.7#0.6 0.20:£0.20 1.25
Unprocessed —6.86-0.12 96.9-0.6 0.26:0.14 1.06

tween Nucleus and Clarion implant systems either as a fundast versus slow stimulation ratdn contrast, the number of
tion of the signal-to-noise ratio or as the number of elec-electrodes had a large and significant effect on all devices
trodes was varied. For each of these conditions the range @nd speech processing strategies.

speech recognition performance was wide, but the range of

performance and average scores were not different betwedh Effect of S /N ratio

Nucleus and Clarion devices, or between the SAS and CIS Figure 6 plots the speech recognition scores as a func-

strategies in Clarion patients. Indeed, in our limited sampljon of the S/N ratio for consonants, vowels, and sentences.
even the average scores of the two best implant listeners angbte that all curves are well fit by the three-parameter sig-
the two poorest implant listeners were similar between thenopidal function of Eq.(1). The standard error of the fits is
Nucleus and Clarion systems. In this sample of ten Nucleuess than 3% for most curvéFables VIII-X). The slopes of
and nine Clarion implant listeners there were no differenceshe normalized functions are similar for high numbers of
in performance in spite of the large differences between thehannels, but are shallower when the number of channels is
systems tested.e., electrode design and placement, analogsmall, as has been documented previo(Blyothroydet al,,
versus pulsatile stimulation, SPEAK versus SAS versus CIS1996; Fuet al, 1998.

TABLE IX. Sigmoidal model parameters for vowel recognitiqPRT=phoneme recognition thresholg,
=related to the slope of the function, a@d= percent correct in quiet.

PRT Q Standard error of fit

Listeners Channels/Electrodes (dB) (%) B (%)
Nucleus-22 2

4 —-2.50+0.70 38.4r0.5 0.36:0.69 0.67

7 —2.06-0.39 59.6:0.8 0.21-0.50 0.88

10 —2.60-1.03 58.9-1.3 0.29-1.09 1.45

20 —-3.30+1.11 58711 0.26:1.08 1.75

Clarion 2 —4.33+-7.17 22509 0.33+4.92 1.32

3 —1.63-0.04 37.9-0.0 0.14:0.06 0.04

4 —4.39-1.24 42810 0.14:1.54 0.87

6 —4.64+-2.01 49.2-1.4 0.19-1.95 1.56

718 —-3.30+1.25 51.3-1.2 0.23:1.30 1.45

4 0.02:0.43 53.7#1.1 0.25:0.35 1.57

6 —1.95-0.29 68.8-0.9 0.22:0.27 1.33

8 —2.39+-0.29 79.8:1.2 0.24:0.27 1.76

12 —3.56-0.47 84.9-2.2 0.26:0.46 2.35

16 —4.81+-0.55 88.6-:2.6 0.26-0.58 4.38

20 —4.86-0.27 90.6-1.4 0.28:0.28 2.35

Unprocessed —6.75£0.13 96.9-0.6  0.26£0.15 1.10
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TABLE X. Sigmoidal model parameters for sentence recogniti®®RT=phoneme recognition thresholg,

=related to the slope of the function, afd= percent correct in quist.

PRT Q Standard error of fit
Listeners Channels/Electrodes (dB) (%) B (%)
NUCIeUS'ZZ 2
4 10.05-0.50  61.5:2.4  0.33:0.40 2.42
7 8.05£0.37  82.6-2.3  0.33-0.30 251
10 7.02:043  86.825  0.28:0.35 2.64
20 6.47-0.53  87.13.2  0.30:0.44 3.55
Clarion 2 12.22-051  2450.8 023043 0.70
3 11.42:155  42.6:4.0 0.2:-1.30 3.39
4 8.73t1.44  57.353  0.24-1.18 5.17
6 6.27£1.17  59.9-4.6  0.28-1.00 5.04
718 6.86-0.59  68.8:2.9  0.310.49 3.19
NH 2 8.0:+0.95  26.6:1.8 0.1t-0.76 2.05
4 6.73t0.29  89.8-1.8  0.110.76 2.05
6 352:046  96.6-2.82 0.310.33 3.65
8 2.03:0.38  99.123  0.35:0.27 3.45
12 0.46-0.61 100.&3.5  0.26-0.48 4.87
16 —-0.62-0.67 100.&4.3  0.310.57 6.51
20 -1.01+0.19 100.6:1.2  0.35:0.17 2.06
Unprocessed —5.75+0.36 99.7%25 0.38:0.35 4.92
At high S/N ratios, sentence recognition is high for all
10 | number of channels greater than three. At low S/N ratios,
u however, a reduction in the number of channels is equivalent

to reducing the S/N ratio. The best performing Cl listeners
need a 5-10 dB better S/N ratio to obtain performance
equivalent to normal-hearing listeners using 20 channels, in-
dicating that even the best Cl listeners are using the equiva-
lent of about 8 channels. One implication of this result is that

Vowels

-5

-10 1 implant listeners would be able to understand speech much
better in noise if we could increase the number of spectral
10 - channels effectively used. Because the sentence recognition
u Consonants function has a slope of 6%—-10%/dB, a 5-dB difference in
™) 51 S/N ratio could potentially produce a 30%—50% improve-
z 0 ment in sentence recognition.
3

.5 O Nu-22
A Clarion

C. Effect of the number of electrodes

-10 | B\ The results in quiet basically replicate the overall pattern
of results of Fishmaret al. (1997, who also found that
o speech recognition for Nucleus-22 listeners improved with
10 1 HINT the number of electrodes. However, Fishnedral. found no
5 ] LRe further improvement as the number of electrodes increased
beyond four. The present results show a similar pattern of
0 results, although speech recognition continued to improve up
to seven electrodes for vowel and consonant recognition and
S up to ten electrodes in Nucleus listeners for word and sen-
-10 -
TABLE XI. Slopes(dB/doubling of functions from Fig.)#relating PRT and
) ' T N ' the log number of channels from the present study anetFal. (1998.
2 4 6 8 12 1620 64
Number of Bands (Channels) ‘ Consonants Vowels Sentences
Listeners Slope Slope Slope
FIG. 7. Phoneme recognition threshdRRT) as a function of the number of Nucleus-22 -0.73 —0.40 —1.55
electrodes or bands for consonafup), vowel (middle), or sentencébot- Clarion -1.69 -0.17 -3.33
tom) recognition. Filled symbols present data from NH listeners, while open Normal-hearing -2.57 —2.44 -2.87
symbols present data from Cl listeners. Regression lines are fit to each set ofFu et al. (1989 (NH) —2.90 —2.35

data, with the parameters and fits listed in Table XI.
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tence recognition. This improvement up to ten electrodes apseven to ten electrodes for words and sentences.

peared to be more evident at medium noise leysde Figs. Let us consider three hypotheses to explain the differ-

3 and 4. ences between Cl and NH performance, in particular what
In this study there did appear to be a slight difference infactors might limit performance in Cl listeners to seven to

the pattern of performance between the better implant useten channels.

and the poorer users. The poorer users did not improve in

performance as the number of electrodes was increased bg- Hypothesis 1: Stimulation rate is the primary

yond three or four. This result is different from the result factor limiting performance

observed by Fishmaet al. (1997 where both good and poor ) . o )

implant users improved only up to four electrodes. A pos-. Consider the hypothesis that the Ilmltauop of |mp'Iant'

sible reason for this difference is that the poorer performergs'[eners to Seven to ten channels of spectral_ information is

in this study had lower scores than those in the Fishmafjué tO the relatively low pulse rate/electrode in the SPEAK

et al. study. The larger range of performance in the presenProcessmg strategy. If t.h's hypothesis is correct, then a

study may have accentuated a real difference between 900%3 EAK or CIS system with a faster pulse rate per electrode

and poor implant users, with this study showing that p00|m'ght show an improvement in performance as the number

performance was limited by the ability to use information _Of electrodes. Is increased above seven. The .CIS ;trategy
plemented in the Nucleus-24 device allows stimulation of

from more than four electrodes. It is possible that the use of" t0 12 electrod t stimulai t p to 1200 /
multiple electrodes was limited by electrode interactions. up 1o electrodes at stimufation rates of up fo bpS

Speech recognition with the Clarion device increased aglectrode. The ACE strategy, Wh'C.h is a hybrid of SPEAK
the number of electrodes increased up to the maximum nurﬁind CIS strategies allows stimulation of up to 20 electrodes

: : out of 22 at rates of up to 720 pps/electrode. These stimula-
ber available(eight for CIS, seven for SAS It would be tion rates are considerably higher than rates allowed by the

interesting to see if adding more channels to the Clariorhucleus_22 SPEAK processor. However, preliminary data

strategies resulted in an increase in performance, or wheth ):\rndt etal, 1999 indicate no difference between the 22
the performance would reach a plateau at seven or eight elec- K
nd 24 systems in the average level of performance, even

trodes similar to the SPEAK results. The newest version 0With the full number of electrodes and higher stimulation

the Clarion |n_1plant_(the C'.“) W'I.I a”OV_V 16 independent rates, so it is unlikely that patients with the 24 systems are
channels of stimulation at high stimulation rates. The present

: . : improving in performance beyond seven electrodes. More
experiment should be repeated with that new device to see {jnp gmnp Y

! ata is needed to confirm this observation. If this preliminary
the performance level asymptotes at eight electrodes or nof, . : . . : .
result is confirmed, it would suggest that stimulation rate is

In listeners with the Nucleus-22 device utilizing the . L
. i not the primary factor limiting the number of usable channels
SPEAK processing strategy, speech recognition performanc

incr d as the number of electrodes incr d. but onl ot spectral information. Because of the high variability
creased as the number of € ectrodes Increased, but oy Up.,ss ¢l listeners, this comparison should be done within
to seven to ten electrodes. There were no significant d|ffer—ubjects

ences in performance for 7, 10, or 20 electrodes for vowef' Several groupgWilson et al, 1988; Rubinsteiret al

and consonant recognition, although there was a significaritggg. Chatterjee and Robert, 200Have recently suggested
improvement from 7 to 10 electrodes for word and sentenc at \,/ery high stimulation ra,te(s>4 KHz/electrodg might
rec'ognition.. Normal-hearing I?s'teners, in contrast, continue id channel independence by producing stochastic neural fir-
to improve n speech recognmpn as the number of spectrg g on each electrode. The hypothesis is that synchronous
bands Wasflr;]creased, at 6}!' noise Ievels]; h q firing across electrodes, as probably occurs with low-rate
One of the most puzzling aspects of the present data igy|ation, can cause the entire pattern of firing to group
that even the best CI performance appears to be limited tﬁ)gether as a single “auditory object.” This grouping may

the equivalent of seven to ten spectral channels. In the Fishyot 410w the information from each electrode to be usable

man et al. (1997 study, an asymptote in performance wasi,yenendently. Stimulation rates high enough to introduce

observed with four electrodes for consonants and CUNYgy,chastic firing near each electrode may overcome this

sentences and seven electrodes for the_ more difficult tests Qlforced” grouping and allow the information on each elec-
vowels and NUG wordsalthough the increase in perfor- ,4e to contribute independently. Special interfaces and im-
mance fr'o.m four to seven electrodes did not achieve StatlSmant devices are necessary to test this hypothesis.

tical significance Our results showed an asymptote of seven
electrodes for consonants and vowels and ten electrodes for
words and sentences. One explanation for the difference m
be due to the more difficult test materials used in this study
for vowels and consonantsnale and female multitalkexs It seems reasonable to assume that interaction between
compared to the Fishmaat al. study (one male talker electrodes would reduce the effective tonotopic selectivity of
However, this difference in test difficulty does not apply to a multichannel implant and thus could limit the listeners abil-
words and sentences. Another possible reason for the diffeity to understand speech. Cochlear current spread, producing
ence is that in the present experiment the number of subjectsteraction between electrodes, may limit spectral resolution
and distribution of scores may have provided sufficient stain cochlear implants. Physically, electrical current spread
tistical power to show a significant improvement from four should be greater at higher stimulation levels and for mo-
to seven electrodes for vowels and consonants and fromopolar stimulation modes. However, some researchers have

Hypothesis 2: Electrode interaction is the primary
ctor limiting performance
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noted better electrode discrimination at higher overall levelsnot allowing performance to improve beyond the three- to
indicating that increased current spread in the cochlea dodsur-channel level, no matter how many electrodes are used.
not necessarily lead to poorer electrode discriminationspection of the results in Figs. 1 and 2 shows that the
(McKay etal, 1999; Pfingstetal, 1999. In addition, implant listeners who are poor at speech recognition did not
speech recognition performance may even improve witimprove as the number of electrodes was increased above

stimulation level(Skinneret al, 1997. Several studies have three or four. If this is the case, then it is of utmost impor-
shown that monopolar stimulation mode, which should pro{&nce to discover the cause of the electrode interactions and

gfither correct this problem in the signal processing or with

duce a broad current distribution, can provide the same !
new electrode designs.

better speech perception ability than bipolar stimulation
modes(Kileny et al, 1998; Zwolanet al,, 1996.

Three of the implant listeners in the present stiN§,
N4, and N7 were also subjects in two previous psychophysi-
cal studies of electrode interacti¢@hatterjee and Shannon, mapping is the primary factor limiting
1998; Hanekom and Shannon, 1998hatterjee and Shan- performance
non (1998 measured forward masking patterns across the _ S
electrode array as a measure of the spread of excitation in a Another possible cause of the limitation in the use of all
cochlear implant. They observed that excitation pattern§ha””els is the presence of distortion in the representation of

measured in cochlear implants were broader than similr:ﬁhe spectral mfgrmaﬂon. Fu and Shann@899a found t_hat
measures in acoustic hearing, but saw no widening of thépeech recognition was reduced when the spectral informa-

patterns with level. Hanekom and Shanr(@898 measured tlpn was 'represented at cochlear I.ocatlons that were shifted
. i . ) L either apically or basally from their normal location. They
electrode interaction using gap detection, also with listener.

found the same pattern of results for 4, 8, and 16 bands of

N3, N4, and N7. In both studies, listener N3 had the mos%gectral resolution, indicating that higher levels of spectral

electrode interaction and poorest speech recognition andl\lr solution did not mitigate the negative effects of a

hgd the least interaction and the highes_t speech recognitioﬂequency-place shift. Shannoat al. (1998 found that
Listener N3 also showed more changes in the pattern of elegpeech recognition was reduced when the tonotopic distribu-
trode interaction as stimulation parameters were changegh of spectral information was warped nonlinearly from its
than N4 and N7. While there seems to be a rough associatiofyrmal acoustic mapping. Both studies observed that a warp-
between electrode interaction and speech recognition, the 'thg in the tonotopic distribution could not only result in a
lation is does not appear to be strong one. And it does nateduced number of effective channels of spectral informa-
appear that electrode interaction is the limiting factor fortion, but could also reduce the reception of what are thought
listeners like N4, who show little electrode interaction yetto be primarily temporal cues in speech, like voicing and
show the same asymptote in speech recognition with sevemanner. FU 1997 and Shannoet al. (1998 saw significant
electrodes as other listeners. reductions in voicing, manner, and place information re-
Observe the difference between the upper and lowegeived on consonants when the tonotopic mapping was dis-
edge of the hatched area in Figs. 1 and 2. The upper edgtgrted. A similar pattern was observed in the poorer implant
which represents the best implant scores across all 19 listefisteners in this study, i.e., their reception of voicing and
ers increases in performance up to seven or eight channeanner were significantly poorer than in the implant users
The lower edge’ representing the poorest scores across mlth better performance. In normal-hearing listeners nearly
implant listeners, does not increase substantially from 4 to 2800% of the voicing and manner information in consonants
electrodes. Thus, consistent with the electrode interaction hy$ eceived for all processors with two or more chanfgis-
pothesis, poor CI speech recognition is limited to three o@NNONetal. (1993 and Fig. 3. Compare the reception of
four effective spectral channels, while good implant speeclY©i€iNg and manner cues in Fig. 5 between the normal-
recognition improves with the number of electrodes, up to.hearlng I!steners "’“?d the two groups of |mplan_t listeners. The
seven or eight. !mplant Ilsteners.wnh poor pe_rformance received less voic-
ing and manner information with 20 electrodes than the NH

Several other studies have shown a modest correlation A . . .
and better-performing implant listeners received with only 2

between electrode interaction and speech recognition perfo([-:'Iectrodes. Thus, a reduction in the reception of voicing and
mance(Nelsonet al, 1995; Hanekom and Shannon, 1996; manner cues indicates more than simply a loss of the number

Throckmorton and Collins, 1999; Zwollzgt al, 1997; Col- 4t eftective channels of spectral information. The reduction
lins et al, 1997; Donaldson and Nelson, 2000; Heetyal, i, speech recognition due to frequency-place distortions ap-
2000. In general, cochlear implant listeners with more elec—pears to be independent of spectral resolution, and so would
trode interaction contain lower speech recognition scoresaxacerbate the reduction due to a reduced number of chan-
but only a small portion of the variance is accounted for byne|s of spectral information. Based on the Fu and Shannon
the electrode interaction. (19993 results on tonotopic shifting and the FL997 and

If electrode interactions are limiting performance on theShannonet al. (1999 results on frequency-place warping,
top end of implant performance with seven to ten channelsye suggest that overall poor reception of voicing and manner
then the poorer users may have an increased amount of eleses could indicate the presence of a shift or warping in the
trode interaction that limits their performance even further—frequency-place mapping in those patients.

F. Hypothesis 3: Warping in the spectral-tonotopic
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V. CONCLUSIONS Collins, L. M., Zwolan, T. A., and Wakefield, G. H1997. “Comparison of

. o . electrode discrimination pitch ranking, and pitch scaling data in postlin-
Speech recognition was similar for the Clarion and gually deafened adult cochlear implant subjects,” J. Acoust. Soc. 1.
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