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Two related studies investigated the relationship between place-pitch sensitivity and consonant
recognition in cochlear implant listeners using the Nucleus MPEAK and SPEAK speech processing
strategies. Average place-pitch sensitivity across the electrode array was evaluated as a function of
electrode separation, using a psychophysical electrode pitch-ranking task. Consonant recognition
was assessed by analyzing error matrices obtained with a standard consonant confusion procedure
to obtain relative transmitted informatigRTI) measures for three features: stimul@&T| stim),
envelope (RTleny), and place-of-articulation (RTIplg,). The first experiment evaluated
consonant recognition performance with MPEAK and SPEAK in the same subjects. Subjects were
experienced users of the MPEAK strategy who used the SPEAK strategy on a daily basis for one
month and were tested with both processors. It was hypothesized that subjects with good place-pitch
sensitivity would demonstrate better consonant place-cue perception with SPEAK than with
MPEAK, by virtue of their ability to make use of SPEAK’s enhanced representation of spectral
speech cues. Surprisingly, all but one subject demonstrated poor consonant place-cue performance
with both MPEAK and SPEAK even though most subjects demonstrated good or excellent
place-pitch sensitivity. Consistent with this, no systematic relationship between place-pitch
sensitivity and consonant place-cue performance was observed. Subjects’ poor place-cue perception
with SPEAK was subsequently attributed to the relatively short period of experience that they were
given with the SPEAK strategy. The second study reexamined the relationship between place-pitch
sensitivity and consonant recognition in a group of experienced SPEAK users. For these subjects, a
positive relationship was observed between place-pitch sensitivity and consonant place-cue
performance, supporting the hypothesis that good place-pitch sensitivity facilitates subjects’ use of
spectral cues to consonant identity. A strong, linear relationship was also observed between
measures of envelope- and place-cue extraction, with place-cue performance increasing as a
constant proportion~0.8) of envelope-cue performance. To the extent that the envelope-cue
measure reflects subjects’ abilities to resolve amplitude fluctuations in the speech envelope, this
finding suggests that both envelope- and place-cue perception depend strongly on subjects’
envelope-processing abilities. Related to this, the data suggest that good place-cue perception
depends both on envelope-processing abilities and place-pitch sensitivity, and that either factor may
limit place-cue perception in a given cochlear implant listener. Data from both experiments indicate
that subjects with small electric dynamic randes8 dB for 125-Hz, 205«s/ph pulse trainsare

more likely to demonstrate poor electrode pitch-ranking skills and poor consonant recognition
performance than subjects with larger electric dynamic ranges20@ Acoustical Society of
America.[S0001-4966800)01403-X

PACS numbers: 43.66.Ts, 43.66.Hg, 43.66.Jh, 43.7 LXVYH]

INTRODUCTION mation concerning the psychophysical abilities underlying
speech recognition in electric hearing, or how such abilities
Recent developments in cochlear implant speech promay vary as a function of stimulation parameters that differ
cessing strategies have resulted in significant improvementsmong speech-processing strategies.
in implant listeners’ speech recognition performance. As a  One psychophysical ability thought to be important for
result, users of the newest generation of speech-processisgeech recognition in electric hearing is place-pitch sensitiv-
strategies commonly achieve high levels of speech recognity, i.e., the ability to distinguish among electrodes on the
tion under favorable listening condition.g., Dorman, basis of tonotopically mediated pitch, or timbre. Theoreti-
1993; Skinneet al, 1994; Tyleret al, 1996. At present, we  cally, cochlear implant listeners with good place-pitch sensi-
have only a limited understanding of how such high levels oftivity can make use of the spectral information in speech if it
speech recognition are achieved by the better implant peis well-represented in the electrical stimulus. Such spectral
formers or, conversely, why some implant listeners still perinformation contributes primarily to discrimination of the
form poorly with the same prostheses and speech-processingwel height and frontness featuré=lated tofl andf2
strategies. Related to this, there exists relatively little infor-frequency, respectivelyand the consonant place-of articula-
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tion feature, since these phonemic features are coded préie greatest gains with SPEAK were those subjects who were
dominantly by spectral cues. Townsheedal. (1987 were  best able to use this spectral information, i.e., those with
the first investigators to examine place-pitch sensitivity ingood place-pitch sensitivity. Skinnet al. did not analyze
cochlear implant listeners, using psychophysical electrodspeech recognition data in terms of spectral versus temporal
pitch-ranking and electrode discrimination tasks. Theyspeech cues; thus it is not possible to determine whether the
showed that some implantees exhibit relatively strong placeimprovements demonstrated by their subjects were primarily
pitch sensitivity consistent with the normal tonotopic organi-related to spectral cues as our hypothesis would predict.
zation of the cochlea, whereas others perceive little change in  The studies described here specifically evaluated the re-
pitch as a function of electrode location. This finding, con-lationship between place-pitch sensitivity and consonant rec-
firmed in several later studieee below, suggests that ognition in cochlear implant subjects using the MPEAK and
place-pitch sensitivity may be an important factor limiting SPEAK strategies. The first experiment compared consonant
speech recognition ability in some cochlear implant users. recognition performance with MPEAK and with SPEAK in a

Only a few studies have examined the relationship besingle group of subjects. Subjects were experienced users of
tween place-pitch sensitivity and speech recognition, anthe MPEAK strategy, and their performance with SPEAK
these studies are limited to subjects using the Nucleuwas evaluated after they used the SPEAK strategy on a daily
fO/f1/f2 or MPEAK speech processing strategies. Bushybasis for one month. The findings from this first experiment
et al. (1993 showed that discrimination of electrode trajec- were somewhat surprising: Although subjects demonstrated
tories by four late-deafened cochlear implant subjects prea wide range of place-pitch sensitivity as measured by our
dicted the degree to which speech recognition performancelectrode pitch-ranking task, their place-cue performance
improved with a multichannel devicéf0/f1/f2 strategy  Was equally poor with the SPEAK strategy as with the
relative to a single-channel device. Nelsenhal. (1995  MPEAK strategy, and there was no systematic relationship
evaluated the relationship between place-pitch sensitivitppetween place-pitch sensitivity and consonant place-cue per-
and consonant recognition in eight postlingually deafenedormance with either strategy.
subjects using the Nucleus MPEAK 60/f1/f2 strategy. Subsequent examination of several cochlear implant lis-
Several subjects exhibited good or excellent place-pitch sed€ners’ performance over time with the SPEAK strategy
sitivity; however, none of the subjects demonstrated particushowed that performance on the consonant place-cue mea-
larly good place-of-articulation performance. This led the au-Sure sometimes continued to improve well beyond the first
thors to conclude that spectral cues to consonant identity af@onth of use. This suggested that the relatively short
not coded very effectively by the MPEAK antD/f 1/f2 SPEAK trial used in our first experiment may have provided
strategies. Even so, a weak correlation between place-pitc inaccurate picture of the relationship between place-pitch
sensitivity and consonant place-cue performance was r&ensitivity and consonant recognition. As a result, we re-
ported. Nelsonet al’s impression that thefO/f1/f2 and e\_/aluated thi§ relationship in a seconq study using subjects
MPEAK strategies provide only minimal place-cue informa- With substantially more SPEAK experience. Data from the
tion was subsequently supported by place-cue data report&§cond study showed the expected positive relationship be-
by Parkinsonet al. (1996 in a comparison study of the fween place-pltch sensitivity and consonant pl_a_ce-cue_z perfor-
f0/f1/f2 and MPEAK strategies. Zwolaet al. (1997 exam-  mance, consistent with our hypothesis. In addition, this study
ined the relationship between electrode discrimination andndicated that consonant place-cue performance depends not
speech recognition in 11 users of the Nucleus MPEAK stratNly 0n place-pitch sensitivity but also on subjects’ ability to
egy. A considerable range of electrode discrimination perforf€S0lve amplitude fluctuations in the speech signal.
mance was observed across subjects, with several subjects
demonstrating excellent performance; however, no signifiexpT 1: PLACE-PITCH SENSITIVITY AND
cant relationship between electrode discrimination andCONSONANT RECOGNITION WITH MPEAK VERSUS
speech recognition was observed. In general, the above stuBPEAK
ies suggest that many cochlear implant patients possess good
place-pitch sensitivity, but that place-pitch sensitivity is notMethods
strongly related to speech recognition performance with the
fO/f1/f2 or MPEAK speech-processing strategies. Subjects

The present experiments were motivated by the  Fourteen postlingually deafened adult subjects partici-
MPEAK-SPEAK comparison study of Skinnet al. (1994,  pated in the first experiment. All were experienced users of
which showed that some but not all users of the MPEAKthe Nucleus 22-electrode implant, having used their implants
speech-processing strategy can achieve improved speech reontinuously for at least one year. Twelve were clinical users
ognition performance with SPEAK. We were especially in-of the MPEAK speech-processing strategy implemented on
terested in the individual differences apparent in Skinnethe Mini Speech Processor and two were clinical users of the
et al's data, in particular, the demonstration that subjects0/f 1/f2 strategy implemented on the Wearable Speech Pro-
who achieved equivalent levels of performance withcessor. All subjects were native speakers of American En-
MPEAK sometimes exhibited considerably different levelsglish. Subjects provided informed consent to participate in
of performance with SPEAK. Because SPEAK provides athe study and were paid on an hourly basis for their partici-
more detailed spectral characterization of the speech waveation. Demographic data and other information describing
form than MPEAK, we hypothesized that subjects showingthe subjects are provided in Table I.
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TABLE I. Description of 14 cochlear implant subjects who participated in expt. 1: Subject identifying code,
gender, age, etiology of deafng@siplanted ear, duration of bilateral severe-to-profound hearing loss prior to
implantation, depth of electrode array insertionm from the round window, with 25 mm representing com-
plete insertiopn, duration of implant use prior to the study, and duration of MPEAK use prior to the study. To
provide readers with an indication of subjects’ clinical performance levels with MPEAKO0/f 1/f2), sub-
jects’ scores for the NU-6 monosyllabic word té%& correct words and % correct phonemaee also shown.

Age Duration Depth Cluse MPEAK  Nu-6 Nu-6
Subj m/f (yrs) Etiology of deafness (yrs) (mm) (yrs) use(yrs) % words % phons
AJA  m 48 skull fracture 10 20 6.4 4.7 22 43
AMB m 51 progressive SNHL 1 25 1.6 1.6 40 63
BRL f 49  progressive SNHL 25 20 3.2 3.2 8 27
EJQ f 52  mumps, progressive SNHL 9 22 8.0 8.0 0 12
FXC m 68 progressive SNHL 4 25 4.1 4.1 16 44
JMS  f 48 progressive SNHL 36 25 4.9 4.9 8 34
JWB m 60 cochlear otosclerosis 4 20 85 - 6 22
KRK m 66 familial SNHL noise exp. 5 24 5.1 5.1 6 27
LMF 24 meningitis 12 21 6.8 6.8 0 4
MAS f 65 genetic/progressive SNHL 10 25 2.4 2.4 28 52
PLF f 67 otosclerosis <1 25 14 14 14 40
REC m 71 traumatic noise exposure 15 25 55 5.5 6 27
RFM m 62 Meniere’s disease 1 22 6.4 - 8 28
TVB m 46 progressive SNHL 8 22 4.7 4.7 12 37

Study design jects used the Cochlear Corp. “Stimulus Level” intensity

Each subject completed a one-month trial with thecoding scheme for both the MPEAK and SPEAK strategies.

SPEAK strategy implemented on a loaner Spectra processo@,ver the range of levels used here, this coding scheme holds
and underwent consonant confusion testing four times. Tefurrent amplitude constant at approximately 1 mA, and var-
subjects who were clinical users of the MPEAK strategy'€S pulse duration in logarithmic steps between 19 and 400
completed the following standafdBBA) protocol: (1) test-  #S/Ph(Cochlear Corp., 1996 _ _
ing with MPEAK 2—4 weeks prior to the beginning of the ~ The MPEAK and SPEAK speech-processing strategies
SPEAK trial(MPK-1 condition: (2) testing with SPEAK on typically employ blpolar stimulation in whlch the active and
the first day of the one-month trigSPK-1 condition; (3) return members of a given electrode pair are closely spaced
repeat testing with SPEAK at the conclusion of the one-electrodes along the cochlear array. In this report, electrodes
month trial (SPK-2 condition; and (4) repeat testing with &' numbered in increasing order from the most agiitelo
MPEAK approximately 4 weeks lateMPK-2 condition. the most basal22) e]eptrode along the'array, and a given
Comparisons of consonant recognition with the MPEAK andPiPolar electrode pair is referred to by its more basal mem-
SPEAK strategies, described below, are based on data froRf"- TWO expt. 1 subjects were programmed with a bipolar
these ten subjects. Four additional subjetteo MPEAK  Separation of 0.75 mniBP mode; all others were pro-
users and twd0/f 1/f2 user$ provided data for the SPK-1 9rammed with a bipolar separation of 1.5 niBP+1).

and SPK-2 conditions but were unable to complete the stan-

dard test prOtOCO| fOI’ the MPK-1 and/or MPK-2 Conditions. Consonant recognition procedures

Data for these subjects are included in analyses that compare Stimuli. Stimuli din th i fusi
electrode pitch-ranking performance and consonant recogn&- imu "19 ;mg;/u;e Ilmbl € consl,(onag con Lrjlsm;nﬂﬁ)rocef-
tion with the SPEAK strategy. A psychophysical electrode urle we;rcik a d |s$:]a €s splo ent IK eac Oh g:ee e
pitch-ranking task was used to measure place-pitch sensitiy'a€ talkers - an ree male talkers, —wher

ity across the electrode array in each subject. In most Case§/p,t,k,b,d,g,fﬁ),sJ,v,é,2,3,m,n,r,l,j/. These were identical

this testing was performed within the three-month time pe-to the stimuli used by Van Tasedt al. (1992 in their “un-

iod db t ition tesfina. proces_sgd_” condition. The 114 toke(i9 stimqli><6 talkers
rlod spanned by consonant recognition testing were digitized by Van Taselt al. at a sampling rate of 10

kHz with 12-bit resolution.

Test procedure The subject was seated approximately

Subjects used their usual, clinical maps for testing withl meter in front of a pair of high-quality loudspeakers and a
MPEAK. The SPEAK map created for each subject initially video screen in a sound-isolated room. Speech tokens were
used the same threshold%-levels and most comfortable played from computer memory at 10 kHz, amplified, and
loudness leveldC-levels as the MPEAK map. In a few presented through the speakers. The presentation level of in-
cases,C-levels were subsequently reduced by a constandividual tokens varied over a 5-dB range between 60—65 dB
small percentage across electrodes to compensate for i&PL (slow response, A-weighting scalie the sound field at
creased overall loudness with the SPEAK strategy. Othethe location of the subject’'s head. This level is consistent
SPEAK parameters were set to their default values, includingvith a conversational or slightly raised vocal effort by a
the frequency allocation table which varied according to thespeake 1 m from the listenefPearsongt al, 1976; Skinner
number of electrodes activated in a subject’'s map. All subet al, 1997. The speech processor was set to the “normal”

Speech processor maps
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TABLE Il. Envelope and place categories of Van Tasllal. (1992 that Electrode pitch-ranking procedures
were used for information transmission analyses in the present study.

The stimuli and procedures used for the electrode pitch-

Category # Envelope feature Place feature  ranking task were similar to those described by Nelsbal.
1 /b,d,g.v,5,2/ Ib,p.f.v,m/ (1995 Stimuli were 500-ms trains of 125 Hz, ZQ.E/ph
(voiced fricatives and plosivgs (front) biphasic pulses presented at current amplitudes yielding con-
2 - Iptkl /d,s.j,tn.z,0, 8/ stant, comfortable loudness across electrodes as determined
, (vowe/l;ez; ?/loswe)s /k(;”'?)g/ by the loudness balancing procedure described below.
(voiceless fricatives and affricates (b’géll) St|mu_lat|on was bipolar, with bipolar mode matched to that
4 fm,n,r Ll used in the subject’s speech proces®&® or BP+1). Elec-
(nasals and glidés trodes were stimulated direct{pypassing the speech proces-

son using a specialized interfa¢8hannoret al, 1990 con-
trolled through the parallel port of an 80-486 computer
running custom software.

(rather than the noise-reductjosetting, and subjects were Current amplitudes used in the electrode pitch-ranking
instructed to adjust the processor’s sensitivity control suchask were determined by balancing loudness to a common
that stimuli were comfortably loud. A standard test blocklevel of “medium loud” across electrodes. To accomplish
consisted of one presentation each of all 114 tokens, in rarthis, estimates of threshold and maximum acceptable loud-
domized order. The stimulus was presented once on eacless were first obtained for each usable electrode in the sub-
trial, and the subject used a computer mouse to select his ggct’s array, using an ascending method of limits procedure.
her response from a list of 19 alternatives displayed on thén this procedure, the current amplitude of the pulse train
video screen. Correct-answer feedback was provided immestimulus(500-ms pulse trains separated by 500-ms silent in-
diately after each stimulus presentation, as recommended Bgrvalg was raised slowly from below threshold to a level
Van Tasellet al. (1992. A practice block of 38 randomly Wwhere the subject first reliably heard the tdie., could tap
selected tokens was presented initially, followed by 5 stanhis or her finger in synchrony with the tonéfter this level

dard blocks. Testing was usually completed in a single 2—3vas recorded, the current amplitude of the stimulus was
hour session; however, it was occasionally necessary to car@fadually increased further. The subject indicated loudness
over testing to a second session. In the latter case, a practi€ganges by sliding his or her finger along a printed loudness
block was obtained at the beginning of each test session. ACale, and stimulation was terminated when maximum ac-
pooled confusion matrix was created from the five standarePtable loudness was reached. After a short pause, a second
blocks of data for a particular subject and test condition@SCent was completed, and average threshold and maximum

Each pooled matrix represented 30 observatisrislocks< 6 acceptable loudness values were computed from the two val-
tokens per stimulus. ues of each. The range of current amplitudes yielding a loud-

Analysis. Information transmission analysis was per- "€SS Percept of “medium loud” was then determined for one
formed on the pooled consonant confusion matrices to obtaliﬁlectr_OOIe near the middle of the array by slowly raising a_md
measures ofrelative transmitted information for stimulus Ve "9 current levels over the range of am_phtudes y'?"d'”g
(RTI stim), relative transmitted information for envelope medium to loud percepts. The current amphtude on th!s ref-

- . . erence electrode was then set to the approximate midpoint
conditional on placgRTIenyy), andrelative transmitted

information for place conditional on envelogRTI plceny).- (in logarithmic amplitude uniysof the medium loud range.

. . . ; Following this, current amplitudes on each of the remainin
RTI stim represents the proportion of all available stimulus g P 9

information that is successfully transmitted to the Iistenerelemmdes were adjusted to produce similar loudness by pre-
y 'senting the reference stimulus alternately with an adjustable

with possible values_ranging f“’”_‘ Otol.lt was computed instimulus on each new electrode. The current amplitude on
the manner described by . Miller fi_nd Nicely1953. the nonreference electrode was adjusted by the experimenter
RTIenyp represents the subject's ability to extract and US&ntil the stimulus on that electrode was judged to be equally
low-frequency temporal information in the speech waveformy, a5 the stimulus on the reference electrode. Once loud-
(envelope and periodicity whereas RTIplg,, represents oss matches were obtained on all usable electrodes in the
the subject’s ability to utilize available spectral cues to con-gpiect's array, the loudness-balanced stimuli were played
sonant place-of-articulation. RTIepy and RTIplgny  pack to the subject in random order to ensure that no stimu-
were computed via sequential information analySIBNFA), s was noticeably louder or softer than the others. If any
using the modified envelope categories described by Vafyregularities in loudness were noted by the subject, the loud-
Tasellet al. (1992 and the place categorideont, middle  ness balance procedure was repeated on the electrodes in
andback Category membership for the envelope and placeyuestion and the stimuli were again checked for equal loud-
features used in SINFA analyses are shown in Table Il. Thgess using the playback procedure.

conditional values RTleny and RTIplge,; were com- Loudness balancing was intended to ensure that loud-
puted because the envelope and place feature sets shownness differences between stimuli would not distract subjects
Table Il are not completely orthogonal. These conditionalfrom judging pitch differences between stimuli presented on
measures can be viewed as independent indicators of sutwo different electrodes. However, it could not guarantee
jects’ abilities to use tempordenvelopg and spectral cues that all discriminable loudness differences between electrode
in the acoustic speech waveforfvian Tasellet al, 1992. pairs had been eliminated. For this reason, additional steps
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were taken to ensure that subjects could not use loudness 385

cues to improve their pitch-ranking performance. First, sub- iﬁ‘,\’fB

jects were not given feedback on the electrode pitch-ranking 30 | ——BRL

task. Thus even if small loudness differences could be dis-  __ —o—EJQ

criminated on a given stimulus pair, the subject could notuse & s | —0—FXC

the loudness cue to improve performance. Second, stimuli ‘E lj\'\IAVSB

were presented in randomized blocks consisting of 10 trials g —o—KRK

each of 6 to 10 electrode pairs, and the ordering of individual £ 20 ¢ —o—LMF

pairs was also randomized. 4 —a—MAS
Pitch-ranking data were obtained using a 2IFC proce- 2 157} —#—PLF

dure in which two electrodes were stimulated in sequence, 3 :EE&

separated by a 500-ms silent interval. On each two-interval 8 10 } —%—TVB

trial, the subject’s task was to select the stimulus that was e

“higher in pitch” or “sharper.” The term “sharpness” was 05 b

included in our instructions because subjects in our previous

study(Nelsonet al., 1995 reported that some stimulus pairs 00 Lo T~ o

differed in sharpness rather than pitch. A correct response
was scored when the subject chose the stimulus presented to
the more basal electrode. Feedback was withheld in order to
eliminate the possibility that subjects could correctly orderriG. 1. Average place-pitch sensitivitg() across the electrode array as a
stimuli in the case of pitch reversals, i.e., when stimuli werefunction of electrode separation, for 14 subjects in expt. 1. Perfect discrimi-
perfectly discriminable but the more apical electrode pro-"ation corresponds td’=3.29.

duced a higher pitch. As indicated above, this also removed

the possibility that any remaining loudness differences bethen translated to units of perceptual sensitivitl/ )( using
tween stimuli could be used to improve performance. Allthe conversion tables of Hacker and Ratclifle979. A d’
possible pairs of electrodes separated by distances of 0.7%alue of 3.29 was assigned to perfect performance.

1.5, 3.0, and 4.5 mnilst, 2nd, and 4th diagonals of the

comparison matrixwere tested in each subject. Additional results and discussion

electrode separations of 6.0 and 7.5 rt8th and 10th diago-

nals were tested in most subjects whose data did not apElectrode pitch ranking

proach perfect performance at 4.5 mm separation. Note that  Figure 1 shows average place-pitch sensitivity as a func-
the term “electrode separation,” as used here, refers to th@on of electrode separation for each of the 14 subjects who
distance between the basalr apica) members of each of participated in expt. 1. There was considerable variability in
the two electrode pairs stimulated on a given trial, and not tGubjects’ performance at all electrode separations. At the nar-
the distance between electrodes in a single electrode paipwest separatiori0.75 mm, corresponding to the distance
which we refer to as “bipolar separation.” between adjacent electrodes in the Nucleus arrplace-
Subjects were initially trained to perform the pitch- pitch sensitivity @) ranged from 0.13 to 1.52; however,
ranking task using widely spaced pairs of electrodes. Followonly 3 of 14 subjects achieved performance better tthan
ing training, data were obtained for 5 to 8 electrode pairs at=1. Performance improved systematically as electrode sepa-
a time, with 10 trials per comparison pair presented in ranration increased from 0.75 to 4.5 mm for most subjects, with
dom order within the block of 50 to 80 trials. Comparisonsthe result that 11 of 14 subjects demonstrated place-pitch
within a given block of 50 to 80 trials involved a limited sensitivity ofd’ =1 or better at an electrode separation of 4.5
region of the electrode arrapasal, middle, or apicabnd a mm. Two subject$JMS and KRK demonstrated unusually
fixed electrode separation. Blocks of trials with larger andpoor pitch-ranking performance. For these subjects, perfor-
smaller electrode separations were alternated, so that subjec¢tmnce was near chance for electrode separations of 0.75 to
were not required to endure long stretches of trials that in4.5 mm and improved only slightly for wider electrode sepa-
volved very difficult comparisons. After one complete datarations.
set (10 trials/comparisonwas obtained for all electrode It should be noted that pitch reversals were common at
separations, two additional data sets were obtained. This rearrow electrode separations, but occurred less often at wider
sulted in a total of 30 trials per comparison. Three or fourelectrode separations. Specifically, 13 of 14 subjects demon-
two-hour sessions were typically required to complete thestrated one or more pitch reversals at an electrode separation
entire electrode pitch-ranking procedure. of 0.75 mm, whereas only 2 of 14 subjects demonstrated any
A merged comparison matrix was constructed for eactpitch reversals at the 4.5-mm separation. It is also notewor-
subject’s pitch-ranking data, with comparison scores exthy that place-pitch sensitivity did not vary systematically
pressed as percent correct responses. The average perceith distance along the electrode array in most cases. Only
correct scores obtained in the 1st, 2nd, 4th, and 6th diagonat&/o subjects demonstrated clear differences in place-pitch
of the matrix were computed to arrive at mean percent corsensitivity in the apical versus basal halves of the implanted
rect pitch-ranking scores for electrode separations of 0.7&rray and, even for these subjects, differences were not dra-
1.5, 3.0 and 4.5 mm. These mean percent correct scores wartic.

0o 1 2 3 4 5 6 7 8
electrode separation (mm)
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0.8 OMPK-1 envelope-cue recognition, with RTl epy increasing from
] BSPK-1 43.4% for MPK-1 to 49.0% for MPK-2paired t-test, p
06 L BSPK-2 <0.05. This improvement may be attributable to the expe-

rience that subjects accrued with the test materials between
the MPK-1 and MPK-2 time points or, possibly, to a more
general improvement in envelope-cue perception that oc-
curred as the result of the subjects’ intervening experience
with SPEAK (Skinneret al, 1994, p. 24. Mean scores for
RTI stim and RTIplg,,; were comparable for the MPK-1
and MPK-2 conditions. As expected, mean performance with
SPEAK improved between the first and last days of the one-
stim env [pic] PIC [env] month trial period(SPK-1 versus SPK-2 conditionsim-

y _ provements were statistically significanp<¢.01) for all
FIG. 2. Mean consonant recognition data for ten subjects who followed th

standard expt. 1 protocol. Relative transmitted informati@ml) measures Three featuresRTI stim, R_TI €NYpic) and_ RT_I pl(%en\/]) both
for the stimulus, envelope, and place features are shown for the four consdOr the subset of ten subjects shown in Fig. 1 and for the

nant recogpnition tests obtained with MPEAK and SPEAK, in the order ob-entire group of 14 subjects who were tested with SPEAK.

EMPK-2

0.4

0.2

.
%

7.

0.0 i

Relative Transmitted Information

tained(see text Error bars represent 1 standard deviatisml). Comparisons between MPEAK and SPEAK perfor-
N mance were made using data from the second test with each
Consonant recognition processor (MPK-2 and SPK-2 conditions, respectivily

Group data. Figure 2 shows mean consonant recogni_OveraII transmission of stimulus informati@RTI stim) and
tion data as a function of test condition for the ten subjectdransmission of spectral information (RTIplg;) were
who followed the standard testing protocol. Mean scores foglightly higher with SPEAK than with MPEAK and these
RTI stim ranged from 36.3% to 44.1%, depending on tesdifferences were statistically significaripaired t tests, p
condition (MPK-1, SPK-1, SPK-2 or MPK-2 Mean scores <.05). Transmission of envelope information (RTI g5y)
for RTleny, (50.1%-60.6% were considerably higher was similar for the two strategies. In general, these findings
than those for RTI plgy (12.9%—20.7%for all test condi-  indicate that consonant place-of-articulation cues were trans-
tions, reflecting subjects’ strong reliance on envelope cues tonitted slightly better with the SPEAK strategy than with the
consonant identification. MPEAK strategy, and that improvements in place-cue trans-

Comparison of mean scores for the first and second testwission with SPEAK resulted in slightly better overall con-
with MPEAK showed a small but significant improvement in sonant recognition with that strategy.
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LMF KRK EJQ FXC REC MAS JMS TVB AJA AMB JWB RFM BRL PLF nrm FIG. 3. Consonant recognition data

for ten subjects who followed the stan-
dard expt. 1 protocoflMPEAK and
SPEAK dat3, and for four subjects
who provided SPEAK data only. Rela-
tive transmitted informatiofRTI) val-
ues for stimulus, envelopgeonditional
on place, and place(conditional on
envelopg¢ are shown in the top,
middle, and bottom panels, respec-
tively, as a function of speech-

Relative Transmitted Information

LMF KRK EJQ FXC REC MAS JMS TVB AJA AMB JWB RFM BRL PLF nrm processing strategy. Mean values for
10 - four normal-hearing acoustic listeners
[ PLC [env] (nrm) are also shown. Error bars indi-
0.8 | cate 1 s.d.
i MPEAK
06 1 B SPEAK

O normal acoustic

0.4

0.2

0.0

LMF KRK EJQ FXC REC MAS JMS TVB AJA AMB JWB RFM BRL PLF nrm

Subject
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Individual data. Figure 3 shows individual subjects’ %8 I MPEAK °5 T SpEAK R

consonant recognition data for the MPEAK and SPEAK pro-  os | 05 |

. y=0.03x + 0.08 y=0.04x + 0.13
cessors. Data for the stimulus, envelope, and place feature? 04 r=0306 ° = 04 r=0.350
are shown in the top, middle, and bottom panels, respec & p=0390 & p=0220
tively. Within each panel, data are shown for the ten subjectsf:L 03 'E_* 03 6o
who followed the standard testing protodaht order of in- € o2} 02 « o2 ° > °
creasing performance for the stimulus feajuaed for the o1 | rlliS ° 01 le 8
four subjects tested with SPEAK onl§in similar order. o , , o o e ,
Mean data for four normal-hearing, acoustic subjects are 00 10 20 30 00 10 20 30
shown to the far right of each panel for reference purposes. place pitch d' (4.5 mm) place pitch d' (4.5 mm)

Performance on the stimulus featuRTI stim), which FG. 4. S . : o

. . . . 4. Scatterplots showing average place-pitch sensitivity for electrode
represents overall transmitted information for the consonarfairs separated by 4.5 mm versus performance on the consonant place-of-
stimuli, varied considerably across subjects with scores rangarticulation feature (RTI plg,,) . Data for the MPEAK and SPEAK speech-
ing from 11.8%(subject LMF with MPEAK) to 73.4%(sub- processing strategies are shown in the left and right panels, respectively.
ject AMB with SPEAK). A similar pattern of scores across
subjects was obtained for the envelope feature. In contrastm for the place-pitch measure, suggesting that consonant
scores for the place feature were almost uniformly low, withplace-of-articulation cues predominantly involve spectral
only one subjectAMB) scoring above 30% with either the contrasts across relatively broad frequency regions. The
MPEAK or the SPEAK processing strategy. Differences instrongest relationship between RTlglg and place-pitch
individual subjects’ performance with the MPEAK versus sensitivity was again observed for an electrode separation of
SPEAK strategies were small, with only three subjects4.5 mm(r=0.350,p=0.220. This relationship is illustrated
(KRK, EJQ, and AMB demonstrating more than 5% im- in the right panel of Fig. 4.
provement in overall performand®TI stim) with SPEAK. There was no systematic relationship between place-
Two of these subjects, KRK and EJQ, were relatively poomitch sensitivity at any electrode separation and improvement
performers. For these subjects, the overall improvement witon the place-of-articulation feature (RTIplg) with
SPEAK stemmed primarily from improved transmission of SPEAK relative to MPEAK. Thus our hypothesis that sub-
envelope cues (RTlepy;). The third subject, AMB, was a jects with the best place-pitch sensitivity would achieve the
considerably better performer. In his case, improved perforgreatest improvements in consonant place-of-articulation
mance with SPEAK appeared to stem from small improveperformance with SPEAK was not supported by the expt. 1
ments in both envelope- and place-cue transmissioudata.
(RTlenyyg and RTIplgen,)-

Summary and explanation of findings

Place-pitch sensitivity and consonant place-cue The 14 subjects who participated in expt. 1 demon-
performance strated a wide range of performance on the electrode pitch-
Although six of the ten subjects who were tested withranking task, with several subjects exhibiting excellent
MPEAK demonstrated good or excellent place-pitch sensiplace-pitch sensitivity even at small electrode separations.
tivity as estimated by the electrode pitch-ranking task, onlyHowever, only one subjedfAMB) demonstrated any sub-
one of these siXAMB) extracted more than 20% of the stantial ability to extract consonant place-of-articulation cues
available place-of-articulation information from the conso-with either the MPEAK or SPEAK speech-processing strat-
nant stimuli with the MPEAK strategy. Consistent with this, egy. With respect to MPEAK, these results echo the findings
correlations between place-pitch sensitivity Y and place- of Nelsonet al. (1995 and support their conclusion that con-
cue perceptiofiRTI plcn,; scoreg with MPEAK all failed to  sonant place-cue information is not well represented in the
reach significance. It is noteworthy that the correlations beMPEAK-encoded stimuli. The finding that good place-pitch
tween place-pitch sensitivity and RTI plg; became system-  sensitivity did not translate into good place-cue perception
atically stronger as electrode separation was increased fromith SPEAK was more surprising, since the SPEAK strategy
0.75 to 4.5 mm for the pitch-ranking measure, since thigprovides considerably more detail concerning the spectral
suggests that place-pitch sensitivity within relatively narrowcharacteristics of speech than MPEAK.
frequency regions may be less important to consonant recog- A possible explanation for subjects’ poorer-than-
nition than place-pitch sensitivity across wider frequencyexpected place-cue performance with SPEAK was that a
distances. The left panel of Fig. 4 demonstrates the relatiorrelatively short durationNone month of SPEAK use was
ship between RTIplg,; and place-pitch sensitivity at the provided in our protocol. It is possible that subjects require a
4.5-mm electrode separation where the strongest relationshipnger period of daily experience with SPEAK to make full
was observed. use of the additional spectral information that it provides. To
Correlations between place-pitch sensitivity and consoexamine this possibility, we evaluated the effect of additional
nant place-of-articulation (RTIplg,;) were somewhat experience on consonant recognition performance in three
stronger for SPEAK than for MPEAK; however, they still subjectfAMB, FXC, and TVB) who upgraded permanently
did not approach statistical significance. Once again, correto SPEAK following their participation in expt. 1. Consonant
lations between place-pitch sensitivity and RTkglg in- recognition had been obtained several times from each of
creased as electrode separation increased from 0.75 to 4l%ese subjects over a 12—18-month time period following
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08 08 Fig. 5(b). One subjec{MPW) achieved stable performance

07 -AA/A/A or| B on the RTIplg,,; feature within three months of initial
06 08 | hookup; however, the remaining two subjed¢BJP and
> 05 o/o\o o5 | GPB) showed clear improvements in the place measure over
05 04 | 04 } the first 9 months and 14 months of use, respectively. In
T 03y g 03 | general, then, the data in Fig. 5 suggest that a subject’s abil-
£ o2l Ig"("g 02 ig;’; ity to extract spectral information from SPEAK-encoded
o1 | —m-TVE o1 L —a MPW speech stimuli may continue to improve with experience
oo b P over the course of several months to a year, or even longer.

0 3 6 9 12 15 18 0 3 6 9 12 15 18 This suggests that the relatively short period of SPEAK ex-
perience provided in expt. 1 may have been a factor in our
failure to identify a relationship between place-pitch sensi-
FIG. 5. Relative transmitted information for consonant place—of—articulationtivity and consonant place-cue performance. To determine
(RTI plcieny) as a function of duration of SPEAK us@) Data for three ﬁhether this was the case, we reevaluated the relationship

SPEAK use (months)

subjects who participated in expt. 1 and subsequently upgraded to SPEA| . L " .
Data points at 1 month are the SPK-2 data from expt. 1; subsequent da etween place-pltch sensitivity and consonant recognition in

points represent the number of months of continuous use following upgradeXxpt. 2, using subjects with greater SPEAK experience.
to SPEAK. (b) Data for three subjects who received SPEAK at initial
hookup. Additional information concerning these subjects is provided in

Table III. EXPT 2. PLACE-PITCH SENSITIVITY AND

CONSONANT RECOGNITION IN EXPERIENCED

their processor upgrade, in conjunction with another experi-spEAK USERS

ment. Scores for the consonant place-of-articulation featur&ubjects
(RTIplCieny) derived from these data are shown in Fig)s Expt. 2 participants were 12 adult users of the Nucleus
It is apparent that subject AMB improved substantially in h'322-electrode implant who had used the SPEAK processing
ability to extract place-of-articulation cues as he gained adgy ateqy on a daily basis for at least one year. As in expt. 1,
ditional experience with SPEAK over a time course of 12, g niects were postlingually deafened and were native
mon.ths. In contrast, subjects FXC and TVB demo,ns”ate%peakers of American English. Seven subjects in this group
relatively stable performance for RTIplg) as experience 1,4 ngraded to SPEAK after using t@f 1/f2 or MPEAK
with SPEAK increased from 1 month to 14 months and 17, ,cessing strategy; the remaining five subjects had used the
months, respectively. It should be noted that RTIRlf  speak strategy continuously since implant hookup. Again,
scores for each of these subjects were nearly identical for thgy g, iects provided informed consent to participate in the
MPK-1 and MPK-2 test conditions in expt. 1. This Suggestsy gy and were paid on an hourly basis for their participa-
that subjects had achieved stable performance with the tegh, * Agditional information concerning expt. 2 subjects is
materials prior to time that the data in Fig. 5 were obtainedprovided in Table 1.
and argues against the possibility that the improvements
shown for subject AMB in Fig. 5 were related to increased
familiarity with the test materials rather than improved
speech perceptioper se Each subject underwent consonant recognition testing
Corresponding data for three other subjects who reand electrode pitch-ranking testing, using procedures identi-
ceived SPEAK as their first speech processor are shown ical to those described in expt. 1. Subjects used their usual

Design and procedures

TABLE lll. Description of 12 cochlear implant subjects who participated in expt. 2: Subject identifying code,
gender, etiology of deafneggmplanted eay;, duration of bilateral severe-to-profound hearing loss prior to
implantation, age at implantation, depth of electrode array inseftion from the round window, with 25 mm
representing complete insertiprluration of implant use prior to the study, and duration of SPEAK use prior to
consonant testing. To provide readers with an indication of subjects’ clinical performance levels with SPEAK,
scores for the NU-6 monosyllabic word té86 correct words and % correct phonemaee also shown.

Age Duration Depth Cluse SPEAK  Nu-6 Nu-6
Subj  m/f (yrs) Etiology of deafness (yrs) (mm) (yrs) use(yrs) % words % phons
AGF m 70 noise exposure 25 20 8.2 1.9 0 23
AMB m 49 progressive SNHL 1 25 4.9 1.1 68 81
CJP m 29 maternal rubella <1 23 1.3 13 70 87
DAW f 57 otosclerosis 10 25 1.0 1.0 36 57
EES f 54 Cogan’s syndrome 4 17 8.7 1.8 12 40
FXC m 64 progressive SNHL 4 25 5.7 1.1 8 30
GPB m 57 meningitis <1 25 1.2 1.2 56 75
JPB m 52 progressive SNHL 4 24 6.4 1.8 52 76
MPW m 31 genetic/progressive SNHL <1 20 11 11 66 83
RFM  m 56 Meniere’s disease 1 22 8.9 12 4 25
TVB m 41 progressive SNHL 8 22 6.3 1.4 24 58
WPS m 66 noise exposure <1 25 29 29 32 52
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(clinical) SPEAK maps implemented on their own Spectrafor the envelope and place features were 20.2% and 76.4%,
22 speech processors for consonant recognition testingespectively, suggesting that additional experience with
Speech processor parameters were set to their default valu&PEAK had a considerably greater impact on place-cue per-
as in expt. 1. One subject was programmed with a bipolaformance than on envelope-cue performance. Related to this,
separation of 0.75 mn{BP mode; all others were pro- 8 of 12 subjects in this experiment exhibited RTIplg
grammed with a bipolar separation of 1.5 niBP+1). Asin  scores greater than 30%, as compared to a single subject
expt. 1, bipolar separations used in the electrode pitch(AMB) in expt. 1.

ranking task matched those used in subjects’ SPEAK maps.

Place-pitch sensitivity and place-cue perception

Results and discussion In contrast to the findings of expt. 1, a positive relation-

Electrode pitch ranking ship was observed between place-pitch sensitivity and con-
Figure §a) shows average place-pitch sensitivity as asonant place-cue perception (RTIjlg). As in the first ex-
function of electrode separation for each of the 12 subjecteriment, correlations between place-pitch sensitivity and
who participated in expt. 2. Data for subjects AMB, FXC, RTIplce,) became stronger as electrode separation in-
RFM, and TVB, who participated in expt. 1, are replottedcreased from 0.75 to 4.5 mm. They approached statistical

from Fig. 1. Subjects demonstrated a wide range of placesignificance at electrode separations of 1.5 and 3.0 (mm
pitch sensitivity, similar to that observed in expt. 1. One=0.535,p=0.07 andr=0.563,p=0.06, respectivelyand
subject (MPW) demonstrated exceptionally good pitch- reached statistical significance at an electrode separation of
ranking performance, particularly for narrow electrode sepa4.5 mm (r=0.711, p<0.05. A scatterplot of RTIplgny
rations; two other$EES and AGF exhibited unusually poor Vversus average place-pitch sensitivity at 4.5-mm electrode
pitch-ranking performance at all electrode separations. A§eparation is shown in Fig. 8. Note that there was no system-
noted later, both of these subjects also demonstrated smadfic relationship between place-pitch sensitivity for adjacent
electrical dynamic ranges. Figuréb® compares mean elec- €lectrodeg0.75-mm electrode separatioand place-cue per-
trode pitch-ranking performance for subjects in expts. 1 angeption, even though subjects demonstrated a wide range of
2. Average place-pitch sensitivity was somewhat higher foPlace-pitch sensitivity for this condition. This suggests that
the expt. 2 participants at all electrode separations; howevefine spectral resolution is not necessary for consonant place-
intersubject variability was similar for the two groups. cue discrimination with the SPEAK strategy.

Consonant recognition Envelope- versus place-cue performance

Figure 7 summarizes consonant recognition performance  Another result that emerged from the expt. 2 data was a
for individual subjects in expt. 2. Subjects are ordered alongtrong positive relationship between the envelope- and place-
the x-axis according to their performance on the stimuluscue measures. This relationship is implied in Fig. 3, where it
feature. As in expt. 1, subjects demonstrated a wide range afan be seen that subjects who achieved the highest scores on
overall performance and achieved considerably higher tranghe envelope feature (RTI egy;) also tended to achieve the
mitted information scores for the envelope featurehighest scores on the place feature (RT|flg) Figure 9
(RTleny,) than for the place feature (RTIplg;). Aver-  demonstrates the relationship between RTlggvand
age performance for the stimulus feature increased 27% rel&TI plce,; more directly. Here RTIplg,, is plotted as a
tive to the SPK-2 performance obtained in exp(44.6% for  function of RTleny, and a linear function fitted to the
expt. 1 versus 56.8% for expt).2Corresponding increases plotted data indicates that RTI plg; increases as a constant

1653 J. Acoust. Soc. Am., Vol. 107, No. 3, March 2000 G. S. Donaldson and D. A. Nelson: Place-pitch sensitivity 1653



1.0

AGF EES WPS RFM FXC DAW TVB MPW JPB GPB CJP AMB

FIG. 7. Consonant recognition data for 12 experienced
users of the SPEAK strategy. Relative transmitted in-
formation (RTI) values for stimulus, envelopEondi-
tional on placg and place(conditional on envelope
are shown in the top, middle, and bottom panels, re-
spectively.

AGF EES WPS RFM FXC DAW TVB MPW JPB GPB CJP AMB

Relative Transmitted Information

10

0.8 _ PLC [env]

AGF EES WPS RFM FXC DAW TVB MPW JPB GPB CJP AMB

Subject

proportion(~0.8) of RTIeny,. This finding suggests that each exhibited good or excellent place-pitch sensitivity at all
both envelope and place-cue measures may depend onetectrode separations. For these subjects, then, it appears that
common underlying ability, possibly the ability to detect am-the combination of good envelope-processing skills and good
plitude fluctuations in the envelope of the speech waveformplace-pitch sensitivity permitted relatively high performance
A mutual dependence of envelope-cue and place-cue percepn the consonant place-cue feature. There is no obvious ex-
tion on envelope following seems reasonable given thaplanation for differences in place-cue performance within
envelope-cue perception involves the detection of amplitudéhis group, in particular to explain the fact that GPB, CJP,
fluctuations in a single-channel representation of the stimulugnd AMB achieved higher place-cue sco{@8%—72% than
and place-cue perception involves the detection of patternkIPW and JPB42%). However, it is noteworthy that subject
of amplitude fluctuations across several frequency channelBMB, who achieved the highest score on the place-cue mea-
or electrodes. In this sense, RTI gy can be viewed as a sure(72%), was distinguished from the others in this group
measure of overall envelope-processing ability, independerity his very high score on the envelope-cue mea$d880
of place-pitch sensitivity (channel separation and but not by his place-pitch sensitivity, which was second
RTIplceny can be viewed as a measure of subjects’ compoorest among the subjects in this group at narrow electrode
bined ability to resolve envelope fluctuations and to utilizeseparationg0.75—-3.0 mm This supports our impression
place-pitch cues. that envelope-processing is at least as important as place-
To get a better feel for the relationship between placepitch sensitivity in determining consonant place-cue percep-
pitch sensitivity, envelope following, and place-cue percep-iion.
tion, it is helpful to consider the data for individual subjects The next group of five subjects in the bottom panel of
shown in Figs. &) and 7. In general, these individual data Fig. 7 (WPS, RFM, FXC, DAW, and TVB exhibited a re-
support the contention that subjects’ place-cue perception retuced ability to extract consonant place cUBS | plcyeny
flects both their envelope-processing abiliti@s indicated scores between 19% and 3h%ne of these subjects, TVB,
by scores on the consonant envelope-cue mepancktheir  demonstrated excellent envelope-cue performance but only
place-pitch sensitivity. First, consider the five subjects whamoderate place-pitch sensitivity, suggesting that place-cue
achieved the highest scores on the consonant place-cue meadraction may have been limited by place-pitch sensitivity
sure RTIplgn: MPW, JPB, GPB, CJP, and AMBig. 7,  rather than envelope-processing ability. Two others in this
bottom panel Each of these subjects demonstrated highgroup, RFM and DAW, demonstrated excellent place-pitch
envelope-cue scord$ig. 7, middle paneg) suggesting that sensitivity but only moderate envelope-cue performance. For
they possess good envelope-processing abilities. In additiothese subjects, envelope-processing skills rather than place-
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trode pairs separated by 4.5 mm. Data are for 12 experienced users of th 25 | 25
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pitch sensitivity may have been the factor limiting place-cue ol o

extraction. The remaining subjects in this group, WPS and . 3.0 mm *¢ 45mm
05 e 05

FXC, demonstrated low-to-moderate envelope cue score: .o r=0.368 . r = 0.402

and only moderate place-pitch sensitivity, suggesting that °°[ ¢ p=009 00 r p=0.064

both envelope-processing skills and place-pitch sensitivity -5 ———"————— 05§ I———————

may have limited place-cue performance. 2 4 681012141618 246 81012141618
The final two subjects shown in Fig. 7, AGF and EES, dynamic range (dB)

were unable to extract meaningful amounts of place-cue in-

; ; FIG. 10. Place-pitch sensitivityd() at four electrode separatiof3.75, 1.5,
formation from the consonant stimu(RT! plc[e”"] scores 3.0, and 4.5 mmas a function of dynamic rangelB ©A). Dynamic range

<13%). These subjects demonstrated unusually poor plac&sata were taken from measurements obtained for the electrode pitch-ranking

pitch sensitivity, in addition to poofAGF) or moderately  procedure, and represent average values across electrodes fos/po5-

poor (EES performance on the enve'ope_cue measure. |ﬁ.25-HZ, 500-ms pulse trains. Data are shown for all 22 subjects who par-
. p . icipated in expts. 1 and 2. Filled symbols indicate data for six subjects who

eﬁeqt, it appears Fhat these subjects had little chance_ of e%emonstrated the poorest place-pitch sensitiVABF, BRL, EES, JMS,

tracting spectral information from the consonant stimuli,krk, and LMP.

given the dual limitations of poor envelope processing and

oor place-pitch sensitivity. . .
P P P Y listeners who demonstrate good temporal-cue recognition. It

In general, then, the individual data support the notion h hat eff s ;
that both envelope-processing abilities and place-pitch sensﬁl-th er suggests that el orts to.|mprove cons.on.ant perception
mong poorer-performing subjedisho have limited recog-

tivity are prerequisites for place-cue extraction with the?

SPEAK strategy. It appears that both factors are necessafm'on for both temporal and spectral chieshould focus on

and that neither alone is sufficient for achieving good conso!MProving subjects’ perception of temporal cues.

nant place-cue perception. An important implication of these

findings is that spectral information cannot provide an alter- . _ o

native source of information about consonant identity inDynamic range versus place-pitch sensitivity and

those cochlear implant subjects who obtain limited temporaf:onsonant recognition

information. This suggests that improved strategies for en-  Figure 10 shows place-pitch sensitivity at each of four

coding spectral speech features will be most effective amonglectrode separations as a function of dynamic range for 22
subjects who participated in expts. 1 and 2. There is a clear

1 trend for place-pitch sensitivity to increase with dynamic
y=0.771x-0.107 range at each electrode separation, although the correlation
08 I ' 0876 ° between place-pitch sensitivity and dynamic range is statis-
3 ol P<0001 4 tically significant only at an electrode separation of 1.5 mm
2 L (upper right panel Note that the six subjects with the poor-
E o4t est place-pitch sensitivity across electrode separatiitesd
« o symbolg all possess average dynamic ranges less than 8 dB.
' This indicates that subjects with small dynamic ranges may
ol . be most “at risk” for poor place-pitch sensitivity and, there-
0 02 04 06 08 1 fore, poor consonant place-cue perception.

RTI env ) Relationships between dynamic range and the consonant
fG o S | | . __recognition measures RTIepy and RTIplge,, are illus-
. 9. pectral versus envelope measures of consonant recogniti H H e H ’
(RT! plany) versus (RTI enyg) for 12 experienced users of the SPEAK Yated in Fig. 11 for expt. 2 participants. Subjects’ scores for

strategy. A strong linear relationship between the two measures is observet}e en\_/e|0pe feature (RTIepy) tended to incre'ase With
as indicated by the regression fiteavy ling. dynamic rangd€panel A. However, linear regression failed
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sl o ° 08 b the test stimulus used hereindicating that subjects with
V . ° small dynamic ranges are most “at risk” for poor consonant
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I b= 0122 i 8 p<0.05 The present results indicate that the SPEAK processing
0.0 T S S ; 0.0 et strategy can provide meaningful levels of consonant spectral-
2 6 10 e 18 26 10 M 18 cye transmission in cochlear implant listeners who possess
dynamic range (dB) dynamic range (dB) adequate place-pitch sensitivity and envelope-processing

FIG. 11. (@) RTleny,q as a function of dynamic ranges uA) for 12 Skills. They also confirm earlier findings of Nelsat al.
experienced users of the SPEAK strategy. Dynamic range data represent th&995 and Parkinsoret al. (1996 which showed that the
avefagehva'ues alclfoss f;'eCUOdeSdfOf 125-Hz, /mf'h (ﬁgmi)t P(lé')se MPEAK strategy provides very limited consonant spectral-
trains. The vertical line indicates a dynamic range of 7.5 te . . . . .
. : . cue information. Prior to summarizing our conclusions from
As in a, but showing RTI plg,,; versus dynamic range. A .
9 RTIPleny Y ’ the present research, we would like to comment briefly on
. - — . - . several issues related to the effects of experience on speech
to y!eld a statistically significant regressmn_coefﬁment, pr- recognition performance and place-pitch sensitivity, and con-
marllly due to the performance Of. one subjétvB) who cerning the generalizability of the present findings to other
exhibited a small average dynamic ran@9 dB nA) but speech stimuli and listening conditions
good envelope-cue performan¢g9.0%). Note that five of '
six subjects with average dynamic ranges less than 7 dB
exhibited envelope scores less than 5@fata points to the Effects of experience
left (_)f the vertical ling, whereas all _six subjects with dy- Results from our first experiment highlight the impor-
namIG ranges greater than 7 dB achieved scores greater thag,qe of experience with a new speech-processing strategy as
50% (points to the right of the vertical linePlace-cue per- 4 ¢aotor in speech recognition performance. Several studies
formance also increased with dynamic range for these 12,6 shown that performance increases over time following a
subjects(panel B and linear regression of RTIRlG) on  change in speech-processor configuratibyler et al,, 1986;
dynamic range yielded a significant correlation coefficientp g 1insonet al. 1996: Roseret al. 1998 and suggest that
(r.:O.634, p<0.05. Again, there was a cle:?\r performance improvements may depend on the nature of the processing
difference between subjects whose dynamic ranges were fange as well as the speech materials being evaluated.
dB and smaller versus those whose dynamic ranges were \§, vever, many important issues concerning the effects of
dB or greater. This finding, that subjects Wlth _sma_ll dynam'cexperience on implant speech recognition have not been ad-
ranges perfqrm poo_rly on place-cu_e recognition, Is not altoyressed. For example, it is not known whether the time
gether surprising, since these subje@tsth one exception  q;rse of improvement to asymptotic performance for con-
demonstrated low scores for the envelope-cue medsie  gonant temporal cues is more rapid than that for spectral
11(a)] and since a tight coupling was previously demon-¢ o5 a5 suggested by the present data, or whether rates of
strated between envelope- and place-cue performéfige  jnrovement vary as a function of speech materials or

9). speech-processing strategy. Such issues have considerable
importance for the evaluation and design of speech-
Summary processing strategies and also for the evaluation of post-

The 12 subjects who participated in expt. 2 had considimplant speech recognition performance in individual pa-
erably greater experience with the SPEAK speech-processirtgents. Thus it will be important to address them in future
strategy (1.0-2.9 years than the subjects in expt. &1  studies. It should be noted that, although experience was a
month, and also demonstrated considerably better consonatimiting factor in the present experiments, it may or may not
place-cue performance. Mean place-pitch sensitivity for thénave similar importance in other experiments involving co-
expt. 2 subjects was slightly higher than that observed fochlear implant speech recognition.
expt. 1 subjects, but the range of performance was similar. In A possible weakness of the present study is that it did
contrast to the expt. 1 results, a significant relationship wasot evaluate the influence of SPEAK experience on place-
observed between place-pitch sensitivity and place-cue pepitch sensitivity as measured with our electrode pitch-
formance. This supports our hypothesis that the detailedanking task. Since the SPEAK strategy provides an en-
spectral information provided by the SPEAK encoding strat-hanced representation of spectral speech cues, it is possible
egy is best utilized by subjects with good place-pitch sensithat use of this strategy could sharpen the spatial resolution
tivity. A strong linear relationship was observed between in-of neural responses in the electrically stimulated auditory
dividual subjects’ scores on the consonant envelope- anglystem. Such improvements could parallel or underlie the
place-cue measures, RTIggy and RTIplge,. This sug-  improvements in consonant place-cue perception observed in
gests that place-cue perception depends both on envelopeig. 5 as a function of increasing experience with the
processing abilities and place-pitch sensitivity. Finally, theSPEAK strategy. In the present experiments, electrode pitch-
combined electrode pitch-ranking data from expts. 1 and 2anking testing was most often performed prior to consonant
show that poor place-pitch sensitivity is most likely to occuridentification testing with SPEAK; thus if SPEAK experi-
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ence served to improve place-pitch sensitivity, electrodecause they possess inadequate place-pitch sensitivity. Conso-
pitch-ranking measures would have underestimated placewant discrimination does not appear to rely strongly on fine
pitch sensitivity at the time of consonant testing. We suspecspectral resolution, thus place-pitch sensitivity is probably
that this would have been a small effect, since longitudinahot the factor limiting consonant place-cue perception in
measures of place-pitch sensitivity that we have obtained imost of these listeners. This suggests that attempts to im-
several SPEAK subjects indicate minimal or no improve-prove spatial resolution, for example by excluding indiscrim-
ment over time. Nonetheless, such effects could exist innable electrodes from subjects’ maf@svolanet al., 1997,
some subjects. It is important to note that underestimation oére unlikely to result in improved consonant recognition
place-pitch sensitivity would not have altered the study’samong poorer performers. Instead, it may be more beneficial
major finding related to place-pitch sensitivity, i.e., that mostto focus on enhancing temporally based cues. There are cur-
subjects have moderate or good place-pitch sensitivity butently no well-defined strategies for improving consonant
that only a subset of these achieve meaningful amounts démporal-cue recognition in cochlear implant listeners. How-

consonant place-cue perception. ever, it is possible that the use of specific stimulus param-
eters and speech-processing strategies could enhance the
Generalizability of the present findings transmission of such cues for some individuals. Future re-

. search should evaluate this possibility.
The present research evaluated subjects’ use of spectral

cues under optimal listening conditioisoderately loud

stimuli in quied and for a particular subset of speech stimuli CONCLUSIONS
(consonants Thus we can only speculate as to whether find<(1) Spectral cues to consonant identity are poorly repre-
ings would generalize to other speech stimuli or would hold  sented by the MPEAK speech-encoding strategy. Even
true under less optimal listening conditions. The dependence experienced cochlear implant subjects with excellent
of spectral cue transmission on envelope processing in addi- place-pitch sensitivity and good envelope-cue perfor-
tion to place-pitch sensitivity may apply uniquely to conso-  mance exhibit very limited consonant place-cue percep-
nant stimuli, owing to their brief durations and their low tion with MPEAK.

intensities relative to the vowel segments of speech. Vowe(2) Experience is an important factor influencing consonant
stimuli may depend more strongly on place-pitch sensitivity ~ recognition performance with SPEAK. A subjects’ abil-
alone, such that subjects with poor performance on conso- ity to make use of the spectral information provided by
nant envelope cuesindicating poor envelope-processing the SPEAK strategy may improve substantially over the
abilities) may be able to achieve high levels of vowel recog-  first few months of daily use.

nition on the basis of spectral information only. A recent(3) Cochlear implant listeners’ ability to extract spectral
study by Fishmaret al. (1997 suggests that fine spectral cues from consonant stimuli with the SPEAK strategy
resolution may be more important for vowel recognition than  depends on both place-pitch sensitivity and envelope-
for consonant recognition. This is generally consistent with  processing ability. Place-cue performance may be lim-
the present finding that consonant place-cue performance is ited by either one of these factors, or both, in a given
more strongly related to place-pitch sensitivity at wider elec-  individual.

trode separations than at narrower ones. It also suggests thHd) Cochlear implant subjects with small electrical dynamic
relationships between place-pitch sensitivity and spectral-cue ranges are considerably more likely than other subjects
performance might exhibit a different pattern for vowel to exhibit poor place-pitch sensitivity and poor conso-
stimuli than for consonant stimuli. With respect to the issue  nant recognition with the SPEAK strategy.

of listening conditions, recent research has suggested théh) Attempts to increase consonant recognition among
fine spectral resolution is more important to speech recogni- poorer-performing cochlear implant listeners should fo-
tion in noise than in quietDelhorneet al, 1997; Dorman cus primarily on improved transmission of temporally
et al, 1997. Consistent with this, subjects in the Skinner based(envelopé cues. Better-performing subjects are
et al. (19949 study showed the largest speech recognition im-  more likely to benefit from improved transmission of
provements with SPEAK relative to MPEAK for sentence spectral(place-of-articulatioh cues.

materials presented in a background of speech babble. In
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