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This study examined whether cochlear implant users must perceive differences along phonetic
continua in the same way as do normal hearing listefiers sharp identification functions, poor
within-category sensitivity, high between-category sensitjvily order to recognize speech
accurately. Adult postlingually deafened cochlear implant users, who were heterogeneous in terms
of their implants and processing strategies, were tested on two phonetic perception tasks using a
synthetic da/—/ta/ continuum (phoneme identification and discriminatjomnd two speech
recognition tasks using natural recordings from ten talk@ngen-set word recognition and
forced-choice /d/—/t/ recognitignCochlear implant users tended to have identification boundaries
and sensitivity peaks at voice onset tim®€T) that were longer than found for normal-hearing
individuals. Sensitivity peak locations were significantly correlated with individual differences in
cochlear implant performance; individuals who had a /d/—/t/ sensitivity peak near normal-hearing
peak locations were most accurate at recognizing natural recordings of words and syllables.
However, speech recognition was not strongly related to identification boundary locations or to
overall levels of discrimination performance. The results suggest that perceptual sensitivity affects
speech recognition accuracy, but that many cochlear implant users are able to accurately recognize
speech without having typical normal-hearing patterns of phonetic perceptic2008 Acoustical
Society of America.[DOI: 10.1121/1.1531985

PACS numbers: 43.71.Es, 43.71.K¢G]

I. INTRODUCTION ers(e.g., having sharp identification boundaries, low within-
category sensitivity, and high between-category sensitivity;
The ability of individuals to recognize speech via co- Libermanet al, 1957; Studdert-Kennedst al, 1970; Repp,
chlear implants calls for a reconsideration of what types 0f1984 in order to recognize speech accurately. Dorman and
phonetic information and perceptual processing are necegplleaguegDormanet al, 1997 found that, among a group
sary for human speech recognition. Cochlear implants bypf six Symbion cochlear implant users who had above-
pass much of the auditory periphery, such that the neuralyerage word recognition accuracy, four had phoneme label-
firing patterns resulting from cochlear implant stimulationing functions for a synthetic voice-onset-tinf¢gOT) con-
differ from normal neural firing patternge.g., Rubenstein tinyum that were like those of normal-hearing individuals. It
et al, 1999. The functional number of frequency channels isjs thus clear that at least a subset of cochlear implant users is
fewer than for normal hearinge.g., Dormanet al, 2000;  similar to normal-hearing individuals, but it is unlikely that
Fishmanet al, 1997, but temporal resolution can be about 4 cochlear implant users perceive phonetic differences in
the samee.g., Busbyet al, 1993; Shannon, 1989, 1992; see thjs way (cf. Hedrick and Carney, 1997particularly given
Shannon, 1993 for a reviewDespite the facts that cochlear their |arge range of individual differences in speech recogni-
implant stimulation is quite different from normal hearing in g, (e.g., Parkinsomt al, 1999. It is unknown whether the
many respects, and that the standard frequency-related phggchlear implant users with normal phoneme identification
netic cues(e.g., formant and burst frequendieaay be dif-  fnctions are more accurate at recognizing speech, or
ficult to discern given the poor spectral resolution of cochleagnather it is possible for individuals to recognize speech

implants(e.g., Dorman, 1991; Shannenal, 1999, the best  4ccyrately despite having unusual patterns of phonetic per-
postlingually deafened users of current cochlear implants argeption.

able to recognize more than 90% words correct in clinical | the normal-hearing speech recognition literature, cur-

tests of open-set sentence recognitiery., Parkinsort al, et evidence contradicts the early interpretation of categori-

1998. ) . cal perception, that speech is perceived in terms of phoneme
The aim of the present study was to determine whethef‘,ﬂbmS (e.g., Libermanetal, 1967. For example, fine-

cochlear implant users must perceive differences along phjrained phonetic variatiofe.g., variation due to differences
netic continua in the same way as do normal hearing listengonveen talkefshas been shown to affect speech recognition
accuracy and to be stored in memdeyg., Goldinger, 1996;
dElectronic mail: paul@phon.ucl.ac.uk Nygaard and Pisoni, 1998; Pisoni, 199lfisteners have been
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shown to perceive differences in goodness among stimuli. METHOD
that are categorized the sarfeg., Allen and Miller, 2001; A Subjects
Iverson and Kuhl, 1995, 1996, 2000; Miller, 1994nd cur-

rent cognitive models of word recognition have been able to Twenty-five postlingually deafened cochlear implant us-

. . . . ers were tested. The subjects were not selected based on
account for experimental data without including a phoneme

. . implant type or processing strategy, to increase the potential
categorization stagée.g., Connineet al, 1994; Luce and b yp P g gy P

e _ : . individual differences among subjects; eight used the Clarion
Pisoni, 1998; Norriset al, 2000. Despite the fact that pho- jypjant with a CIS processing strategy, one used an Ineraid

neme encoding may not occur, the perceptual phenomeng,piant with a Med-El processor and a CIS processing strat-
associated with the categorical perception of consonantsgy, six used a Nucleus-22 implant with a SPEAK process-
(e.g., sensitivity peaks near identification boundartesve ing strategy, four used a Nucleus-24 implant with an ACE
remained robust and ubiquitous in the literature. There haprocessing strategy, five used a Nucleus-24 implant with a
been little direct evidence, however, to indicate what roleSPEAK processing strategy, and one had binaural
these perceptual phenomena have in speech recognition. Nucleus-24 implants, one with SPEAK and the other with
It is difficult to address this issue by testing normal- ACE. The age of the subjects had a range of 40.8-80.3

hearing individuals listening to their native language, beY€ars, with a mean of 58.6 years. Their duration of implant

cause few individuals have unusual patterns of phonetic pelLlse had a range of 0.5-12.2 years with a mean of 5.9 years.

. . Fourteen cochlear implant subjects were male and 11 were
ception but are normal in other respects. However, languas

: o ! Y%male. All were native speakers of American English.
experience can produce these types of individual differences, Fourteen normal-hearing subjects were tested to provide

and cross-language studies have consistently linked indiomnarison data on the phonetic perception tasks. Two sub-
vidual differences in phonetic perception and word recognijects were dropped from this study because of unusual data;
tion. For example, Japanese adults who have difficulty idenone subject had no clear sensitivity peak in the discrimina-
tifying synthetic /r/=/l/ syllables also have difficulty tion task(discrimination was accurate in a broad region near
recognizing words with those phonemégamada, 1995 the identification boundajyand the other had levels of dis-
and non-native speakers of English have a marked difficultgrimination performance that were more than 2 standard de-
recognizing English words that require more phonetic infor-viations poorer than the average. These unusual data were
mation to be distinguished from lexical competitdBrad-  Omitted because they were not consistent with the aim of
low and Pisoni, 1999 One drawback of cross-language re- €Stimating typical normal-hearing performance. The age of
search is that the origin of these speech recognitio€ 12 remaining normal-hearing subjects had a range of

e - . 1.1-56.0 years, with a mean of 33.3 years. Four of these
difficulties cannot be definitively isolated to any one level, . . .
. subjects were male and eight were female. All were native
because language experience affects many levels of neur

. . , eakers of American English.
processing simultaneously. The present study examined post-
Ilngually deafened a}qmts yv!th (?ochlear implants, becaus%_ Apparatus
their speech recognition difficulties have a clearer sensory _ _
origin, and it can be assumed that these individuals have The subjects were tested in a double-walled booth. The
rst|mul| were presented at a comfortable level via a computer
sound card connected to two loudspeakers, positioned to the
front-left and front-right of the subjects. Subjects entered

ficati d discriminational da/—tal heti their responses by clicking on buttons displayed on a com-
ication and discriminationalong a da/—#a/ synthetic con- puter screen, using a computer mouse. One subject was

tinuum, and speech recognitidopen-set word recognition jing and used a modified testing interface that collected

and forced-choice phoneme identificatidor recordings of  yesponses via a button box.

natural speech from multiple talkers. Phonetic perception ex-

periments have traditionally used fixed-interval desi@g., c. stimuli

10-ms VOT differences between all pairs of stimuli in a dis-

crimination task Such designs are likely inappropriate for . .

cochlear implant users given their wide range of individual A list of 120 monosyllabic words gnd 8@d/ and ta/ _

differences(i.e., for the same interval sizes, better subjectsSY/lables was recorded by ten adult native speakers of Ameri-

would reach ceiling performance in discrimination tasks ancf_an English who lived in lowa. Five talkers were male and
. ive were female. The word corpus comprised 20 /d/-/t/

poorer subjects would be at chahckstead, the present ex-

. . . . minimal pairs(i.e., 40 word$ with the target phonemes in
periments used adaptive procedufesvitt, 1971 to adjust o) 510 initial position(target-initial words, 20 /d/—/t/ mini-
the interval size for individual subjects. Measures of pho

) ) - ’ ‘mal pairs with the target phonemes in syllable-final position
netic perception along thedd/—/ta/ synthetic continuum (i5rget-final wordg, and 40 words that did not contain either

were compared to those of normal-hearing individuals, t9y or /d/ and were randomly selected from The Celex Lexical
assess whether the normality of phonetic perception for thesgatabas&1995; nontarget words Minimal pairs were used
stimuli is predictive of individual differences in speech rec-for the target words so that the lexicon could not be used to
ognition performance. distinguish /d/ and /t/ during the word recognition experi-

normal native-language linguistic processing due to thei
hearing during childhood.
The experiments measured phonetic perceptidenti-

1. Natural recordings
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ment. The nontarget words were included in the corpus s&1 onset, were all varied according to HLsyr{5997) ar-
that responses in the word recognition experiment would béculatory model. The acoustic cues for VOT thus were de-
less likely to be biased toward words containing /d/ or /t/. signed to vary naturally along the stimulus continuum, and
During recording, the words and syllables were dis-they were not directly controlled to equate acoustic differ-
played one at a time on a computer screen, in a randorances among stimuli.
order. The words were recorded using 16-bit samples and a
44.1-kHz sampling rate. D. Procedure
The recordings were screened for intelligibility and re-

cording quality. The amplitude of each recording was scale(%l Thehfourb(_axper_lmer?tal tzsksl_vver(;a Lurl' ina S'T)Q'e Session
to make all recordings equal in rms amplitude. The final or each subject, in the order listed below. Subjects were

word corpus was selected to include 4 target-initial wagls 2/10wed to take breaks between experimental tasks.

/d/ and 2 /tJ, 4 target-final word92 /d/ and 2 /t), and 4 1. Open-set word recognition
nontarget words from each of the ten talkers. Each of the 120
words occurred once in the final corpus. The final syIIabIeWh

corpus included 4da/ and 4 ta/ syllables from each of the to either type their response into the computer or tell the

ten talkers. experimenter the word that they heard. Subjects were in-

Vt_?_T q Vﬁas meatiureidt for tget |n|t|al-|§arg?t photnemdest’hstructed that all of the stimuli would be real monosyllabic
quantified here as the 1atency between burst onset an v?ords, and that they needed to type their best guess for the
onset of voicing energy in the2 range(i.e., onset of regular

o | ds. the /d/ ph had VOT ord even if they were not certain. Subjects were not told
voicing). In words, the /d/ phonemes ha an average Vol Ok ot the word corpus had a high percentage of words contain-
27 ms and a range of 10-51 ms, excluding two prevoice

stimuli: the /t/ phonemes had an average VOT of 104 ms an g /t/ or /d/. Moreover, this was the first condition that was
! f h ject jects h tt told that th
a range of 56—148 ms. In syllables, the /d/ phonemes had n for each subject, and subjects had yet to be told that the

. 38ter conditions would involve /t/ and /d/ identification. Pos-
average VOT of 23 ms and a range of 13-40 ms, exCIUdIngexperiment comments by the subjects suggested that they

one prevoiced stimulus; the // phonemes had an averadfere unaware that there were a large number of /t/ and /d/
VOT of 94 ms and a range of 48-136 ms. words in the corpus, although some subjects noticed that
some of the words rhymed.
Each of the 120 words was presented in an order that
The stimulus continuum was created using the Klatt synwas randomized for each subject. There was no practice or
thesizer controlled by higher-level articulatory parameterseedback.
within the HLSYN computer program(1997; Stevens and After the experiment was completed, each response was
Bickley, 199). The synthesis parameteis.g., formant fre- corrected for spelling and transcribed phonemically. The re-
qguencies and fundamental frequency contewgre modeled sponses were scored in terms of whether the word response
from recordings of da/ and ta/ by a male speaker. The was correct and whether the target phoneme was correct.
duration of voicing was 350 ms for every stimuli®., the
aspirated portion of each stimulus was added to the totab phoneme identification: Natural syllables
stimulus length, rather than subtracted from the duration of : . .
Subjects heard one syllable on each trial and judged

the voiced portioh The formant frequencies fdf1-F4 at : . ) .
the consonant release were 200, 1762, 2889, and 2972 H\/Z\/hether it began with /d/ or /t/. Subjects began with a short

The frequencies of 1—F4 at the vowel target were 781 practice session composed of randomly selected trials with

1501, 2532, and 3029 HEO fell from 120 to 80 Hz during 1. ‘eedback; the practice was ended as soon as the experi-
: . i . menter and the subject were confident that the subject was
the voiced portion of the stimuli. An articulatory parameter

. . O %omfortable with the task. Subjects then completed an ex-
representing the cross-sectional area of a constriction forme

at the tongue bladeat) was set to 0 mfduring the con- perimental session composed of the full corpus of 80 syl-

sonant closure and reached 100 fnfie., no constriction lables presented in a random order for each subject.
10 ms after the release of the closure. ) o ] )

VOT ranged from 0-150 ms, with a step size of 1 ms3- Phoneme identification: Synthetic continuum
(i.e., a total of 151 stimuli This variation in VOT was cre- As with natural syllables, subjects were presented one
ated by manipulating an articulatory parameter for the areatimulus on each trial and judged whether it began with /d/ or
of glottal opening &g), relative to the release of the conso- /t/. Subjects began with a short practice session composed of
nant closurd(i.e., the start of the transition @b from 0 to  randomly selected trial§from 0 to 120-ms VOT with no
100 mn¥). For example, a stimulus with a 0-ms VOT had feedback. The practice was ended as soon as the experi-
modal voicing &g=5 mn¥) beginning at the same time as menter and the subject were confident that the subject was
the closure release. A stimulus with a 100-ms VOT had aseomfortable with the task.
piration at the closure released=30 mnf) and modal In the experimental session, the trials were set by an
voicing (ag=5 mnt) 100 ms after the closure release. As ainterleaved double-staircase adaptive procedure that was de-
consequence of manipulating these articulatory parametessgned to find the identification boundary location and width
(i.e.,ag andab), multiple acoustic cues, such as the latencyfor each subject. Specifically, one-up/two-down Levitt pro-
between the burst and voicing, the burst amplitude, and theedures(1971) were used to find two locations along the

Subjects heard one word on each trial and identified
at they thought they heard. Subjects were given the option

2. Synthetic continuum
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stimulus continuum: The point where stimuli were identified 100
as /d/ on 71% of trialg¢found by the @/ seriesof the adap-

tive procedurg and the point where stimuli were identified

as /t/ on 71% of trial¢found by the 1/ seriesof the adaptive 75
procedure The midpoint between these locations was de-
fined as the identification boundary location. The difference
between these locations was defined as the identificatio
boundary width.

The adaptive procedure had four stages. In the first§
stage, the /d/ series began with a 16-ms VOT and the /t$
series began with a 54-ms VOT. The step size was 16 ms 25
and the first stage was completed after both adaptive serie
completed three reversals. The second stage had a step si
of 8 ms and was finished when both series completed seve
reversals. The third stage began by resetting the values of /c Word Target Phoneme
and /t/ to the average of their reversals in the second stage Phoneme  Identification
had a step size equal to half the difference between the /d Word Recognition
and /t/ series(estimated from stage)2and was finished .

. FIG. 1. Boxplots of results for the open-set word recognition and phoneme
when both Se”es Completed 11 reversals. The fourth Stag&entification tasks using natural recordings of speech. Boxplots display the
began by resetting the values of /d/ and /t/ to the average Gfiterquartile range of scores. The box shows the 25th to 75th percentiles,
their reversals in the third stage, had a step size equal to halfith a line at the median value. The lower and upper “whiskers,” respec-

; ; tively, show the first and last quartiles. Nontarget words were those that did
the difference between the /d/ and /t/ serestimated from ot have either /t/ or /d/. Target-initial words had either /t/ or /d/ in syllable

stage 3, and was finished after both serles completed 15;1itial position. Target-final words had either /t/ or /d/ in syllable final posi-
reversals. The average of the reversals in stages 2—4 wetien.

used to calculate the boundary locations.
Half of the presented trials were from neither adaptive
series. On these trials subjects were presented a stimulus that The adaptive procedure varied VOT multiplicatively.

was randomly selected from the series, to prevent the reror example, if the step size was 2, the VOT difference be-
sponses from being affected in some way by having stimulyeen stimuli was doubled after an incorrect response and
concentrated only at the phoneme boundary. The results frofg|ved after two correct responses. The VOT difference was

these trials were not included in the estimation of boundarymited so that it was never less than 1 ms or greater than 100
locations.

ms
The order of all trials(i.e., /d/ series, /t/ series, and the
other trial3 was randomized for each subject.

orrect

(4]
o

tage C

Target Position
E3INo Target
Wl initial
CJFinal

Subjects completed a practice, without feedback, in
which they heard a randomly selected anchor point and a
randomly selected VOT difference on each trial. The practice
was terminated as soon as the subject and the experimenter

Subjects heard three stimuli on each trial with an interyere confident that the subject understood the task.
stimulus interval of 250 ms. Two stimuli were the same and 11 experimental session had seven stages. In stage 1,

one was different, and the different stimulus was either thqhe VOT differences began at 16 ms, the adaptive step size
first or last that they heard. Subjects gave a two-alternativgvas 2, and there were two reversals for each anchor point. In
forced-choice response to indicate which stimulus, the ﬁrsgtages' 2—4, the VOT difference for each anchor point was
or the last, they thought was different. reset at the beginning of the stage to be equal to the average

Discrimination was tested at 14 different anchor points . .
. . ) . reversals at that anchor point and at the adjacent anchor
along the synthetic stimulus continuum: The locations of the

identification boundary, the bégtl/, and the best /t/ for each points along the serietthe adjacent anchor points entered
subject; and at the points 0. 10 ’20 30. 40 50. 60. 70 8d’nto this calculation because they provided additional infor-
100. and 120-ms VOT. A on,e-up’/two,-dO\;vn Levitt pro’ced’urer’nation about sensitivity at that general location in the VOT
(1971 was used for each anchor point to find the amount offoNtinUUM. The adaptive step size was-2and there were
VOT difference between stimuli that was required to performtWO reversals at each stage. Stages 5-7 had an adaptive step

the task at 71% correctthe 14 adaptive series were run Siz€ of 2% but were the same as stages 2—4 in all other
within the same blocks of trials respects. Subjects were permitted to take a short break be-
The stimuli were centered around each anchor point. FotVeen stages.
example, if the anchor point was 50 ms and the difference  The difference limer{DL) at each anchor point for each
between stimuli was 10 ms, then subjects were tested witfubject was calculated by averaging the two median reversals
45- and 55-ms stimuli. The stimulus selection was alteredn stages 2—7. The location of the sensitivity peiad., mini-
when an end of the rang® or 150 m$ was reached. For mum DL) for each subject was estimated using parabolic
example, if an anchor point was 10 ms and the VOT differ-interpolation(Presset al,, 1992. Specifically, the sensitivity
ence was 30 ms, subjects were tested with 0- and 30-npeak location was defined to be the minimum of a parabola
stimuli. that was found by the equation

4. Discrimination
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- b=08{[b—a]**[f(b)—f(c)]~[b—c]**[f(b)—f(a)]}
[b—a]*[f(b)—f(c)]—[b—c]*[f(b)—f(a)] ,

(€

whereb was the anchor point with the lowest measured DL tions. The normal-hearing subjects were relatively homoge-
a and ¢ were the anchor points adjacent g and f(a), neous. Sensitivity was beéte., lowest DL in the region of
f(b), andf(c) were the DL values at these anchor points.30-40 ms along the stimulus series, near the average
Interpolation was used so that sensitivity peaks were basegormal-hearing category boundaf§7 mg. Sensitivity was

on the data from three points rather than one, and so that thgyorest within phoneme categories.

location estimates had a higher resolution than did the anchor  The sensitivity functions from cochlear implant subjects

point locations. were highly variable, to an extent that would make the pre-
sentation of group sensitivity functions meaningless. Instead,

Ill. RESULTS sensitivity functions from three individual subjects are dis-
played in Fig. 2. Subject 1 is an example of a cochlear im-

A. Word recognition and phoneme identification for e
natural recordings plant user who had results that were similar to those of

normal-hearing subjects. There was a clear sensitivity peak

h Flgurgdl (ﬁple:ys the rﬁmgf]es of r\:\(ord .rec:)grgltlortl)' arT[dnear the category boundafgt a longer VOT than was found
bhoneme identriication resutts for cochiear impiant SUbJECtS,, normal-hearing subjedtsand poorer sensitivity within

As is typical of cochlear implant users, there was substantial ; A
L S .~ phoneme categories. At the sensitivity peak, the level of sen-
individual variability in percentage-correct scores for entire

words and for target phonemes within words. Their average?mwty was within the normal-hearing range. Within pho-

word recognition accuracy was potverage of 29% but ?emz ]E:ategorlesl,hsen§|t|V|tybv_vast somewhat poorer than was
this likely was due to the difficulty of this particular word 04N for normai- ea””g_ su J‘;C 3 data th e
corpus; these subjects had averaged 59% correct for CNC However, many subjects had data that were markedly

words, in tests conducted during their clinical visits. Thedifferent from that of normal-hearing individuals. For ex-
percentage-correct scores in the forced-choice syllable idef@MPle, Subject 2 did not have an identification boundary and

tification task approached ceiling levels of performatiee, ~ @ Sensitivity peak at the same location. This subject had an
100%9, which reduced the range of scores. identification boundary that was near that found for normal-

hearing individuals, but had a sensitivity peak at a lower

B. Phoneme identification and discrimination: VOT (14 mg and perhaps a second sensitivity peak at a

Synthetic stimulus continuum higher VOT (80 mg. The subject also had much poorer sen-
o ) sitivity overall compared to normal-hearing subjects, and ap-
1. Sensitivity functions proached the 100-ms maximum difference at several points

Figure 2 displayssensitivity functiondi.e., DL values along the continuum. This makes the sensitivity peak diffi-
along the VOT continuumand identification boundary loca- cult to interpret, because large DLs should lead to more

100 Normal Hearing Subjects 100 - Cochlear Implant Subject 1
I
1
75 : 75
1 ° FIG. 2. Boxplots of sensitivity func-
50 /d/ : i é 50 tions for normal-hearing subjects and
| o individual sensitivity functions for
| gé three example cochlear implant sub-
2 % o g? 25 jects. Boxplots display the interquar-
m % tile range of scores, with outliers
£ o ) 1, . ) . . 0 . N ) ) , marked with circles. The vertical
: 0 20 40 60 80 100 120 0 20 40 60 80 100 120 dashed lines in each plot indicate the
=) location of the phoneme identification
=100 Cochlear Implant Subject 2 100 - Cochlear Implant Subject 3 boundary. The normal-hearing sub-
g | | jects were fairly homogeneous and
j | 1 had results consistent with categorical
75 75 1 perception(i.e., high sensitivity at the
: : category boundary, Iov;/3 sensitivity
| within phoneme categorigsThe data
501 1df | w 50 /d/ : 1Y from the cochlear implant subjects
: 1 were highly variable; there is evidence
o5 I 25| of categorical perception for Subject 1,
: : but not for Subjects 2 and 3.
o I 0 1 1 l 1

0 20 40 e 80 100 120 % 20 40 60 80 100 120
Synthetic Continuum Location (ms VOT)
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@ \dentification Boundary — [J Sensitivity Peak 100

Cochlear Implant 75 4

[o]

v —{ [ H

Normal Hearing
_| o 25 L
% g \dentification
0 25 50 75 100 é Boundary Width

Id/ It/ 0 3 Minimum DL

Synthetic Continuum Location (ms VOT) Cochlear Implant Normal Hearing

VOT (ms)

FIG. 3. Boxplots of the locations of identification boundaries and sensitivityFIG. 4. Boxplots of identification boundary widths and minimum DL val-
peaks along the synthesized stimulus continuum. The distributions of botlies. Although there is overlap between the distributions for individuals with
measures were shifted to longer VOT values for cochlear implant userssochlear implants and normal hearing, the cochlear implant users generally
compared to those of normal-hearing individuals. Moreover, the individualhad greater widths and DL minima, demonstrating that they were less sen-
differences were greater for cochlear implant users than for normal-hearingitive to VOT differences near their /d/—/t/ phoneme boundary.

individuals, on both location measures.

| ch | h . iahbori near identification boundaries and sensitivity peaks. These
gradual changes along the continudecause neighboring 4 measures were correlated for cochlear implant users,
stimulus pairs have more overlgghis individual had very =0.47,p<0.01.

sharp changes in the sensitivity function near the peak.
Subject 3 is an example of an intermediate case. SensE
tivity was poor within the /d/ category and increased near the™
category boundary, but sensitivity within the /t/ category re- Initial analysis of the data suggested an inverted
mained as high as at the category boundary, forming a broad-shaped relationship between the location meas(ides-
region of high sensitivity rather than a peak. In fact, thistification boundary and sensitivity pea&nd speech recogni-
individual had higher sensitivity for stimuli within the /t/ tion measures for cochlear implant users. In Fig. 5, for ex-
category(i.e., 60—120 ms on the continulitinan did any of ample, there is a significant curvilinear relationship,

Relationships among experimental measures

the normal-hearing subjects. measured using polynomial regression, between sensitivity
peak location and initial target phoneme recognition within

2. Location measures: Sensitivity peaks and words,R=0.65,F(21)=5.16,p<0.01. This shows that sub-

identification boundaries jects who had sensitivity peaks near 45-50 ms along the

As displayed in Fig. 3, cochlear implant subjects tendecstimulus series had the highest phoneme recognition accu-
to have sensitivity peaks and identification boundaries afacy, and accuracy declined for subjects who had sensitivity
longer VOT values than did normal-hearing subjects. CoPeaks at longer or shorter VOT values. To allow for simpler
chlear implant subjects also had a wider range of VOT localinear statistical comparisons with the speech recognition
tions for both measures, such that some cochlear implarficores, the location measures were recalculated in terms of
users had identification boundary and sensitivity peak locatheir distance from the peak location of the inverted
tions that were within, or below, the normal-hearing range. U-shaped functiori.e., 47.5 mg These recalculated mea-

The correlation between the locations of sensitivity
peaks and category boundaries for cochlear implant users 100
was significant,r =0.49, p<0.01. However, few cochlear
implant users had their sensitivity peak and identification
boundary at exactly the same location; the difference be-
tween the two location measures was as large as 49.9 ms for
one subject, and there was a median difference among sub-
jects of 15.3 ms. There appeared to be continuous variation
among subjects in the extent to which the locations of sen-
sitivity peaks and identification boundaries differed.

[e2]
o

(o]
o

N
o

N
o

Initial Phonemes Correct (%)

[=]

20 40 60 80 100
Sensitivity Peak Location (ms VOT)

3. Sensitivity measures: Minimum DLs and
identification boundary widths

As displayed in Fig. 4, cochlear implant subjects had
larger identification boundary widths and larger minimumFIG. 5. Scatterplot of the relationship between sensitivity peak locations and

DL values than did normal-hearing subjects. Although therdhe percentage-correct initial target phoneme recognition within words.

was some overlap between these distributions. it appealg]ere was a significant inverted-U-shaped relationship, indicated by the
! est-fit polynomial regression line, between sensitivity peak location and

that, as a group, cochlea}r imph":ll"lt users are less S.enSitiVPnoneme recognition; subjects with a sensitivity peak at a 45-50-ms VOT
compared to normal-hearing individuals, to changes in VOTtended to have higher phoneme recognition scores.

o
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TABLE |. Correlations(r) of measures of word recognition and phonetic perception for cochlear implant

subjects.
Words Phonemes in words )
Forced-choice
Nontarget Initial Final Initial Final identification
Optimality of identification —-0.27 —0.26 —-0.21 —-0.31 —-0.09 —-0.24
boundary location
Optimality of sensitivity -0.38 —0.47 —-0.47 -0.7¢ -0.458 —-0.53
peak location
Identification boundary width  —0.32 -0.29 —0.458 —0.28 -0.3% -0.16
Minimum DL -0.29 —0.16 —0.10 —0.06 —0.18 -0.11
¥ <0.05.

sures thus quantified how far each listeners’ identificatiortarget coded as a repeated measure. Again, sensitivity peak
boundary and sensitivity peak locations were from the opti{ocation optimality was significantF(1,20)=13.112, p
mal location for word recoghnitiof. <0.01. Identification boundary optimality;(1,20)=0.671,
Pearson correlation coefficients between these phonetidentification boundary widthF(1,20)=1.756, and mini-
perception and speech recognition measures are displayednmum DL, F(1,20)=0.017, were not significant. Together,
Table I. The results demonstrated that there was a clear antlese analyses confirm that sensitivity peak location optimal-
consistent relationship between the optimality of sensitivityity was the best predictor of speech recognition accuracy in
peak locations and all speech recognition measures. Thethis study.
was a particularly strong tendency=f —0.70) for individu- The relationships between phonetic perception measures
als with sensitivity peaks near 47.5 ms to correctly recognizeand speech recognition can be further illustrated by inspect-
initial target phonemes within words, and there was even #ng the example data presented in Fig. 3. Among these three
tendency (= —0.38) for these individuals to correctly rec- subjects, word recognition performance was related to the
ognize words that did not contain /t/ or /d/. The relationshipshape of their sensitivity function; Subject 1 had high word
between identification boundary optimality and the speechiecognition performance along with a normally shaped sen-
recognition measures was weaker; although all correlationsitivity function (e.g., 67.5% correct initial target wondsand
were in the expected negative direction, none was signifiSubjects 2 and 3 had poorer word recognition performance
cant. (e.g., 30.0 and 32.5% correct initial-target words, respec-
The correlationgTable ) revealed that there was a weak tively). These examples also illustrate why overall levels of
inverse relationship between identification boundary widthsensitivity did not correlate with word recognition perfor-
and the speech recognition measures, reaching significanceance. Subject 3 had sensitivity levels that surpassed those
only for target-final words and phonemes; individuals with aof normal-hearing individuals within the /t/ category, but this
broader phoneme identification boundary tended to havdid not lead to exceptional word recognition accuracy. More-
more difficulty recognizing these phonemes within naturalover, Subject 2 had levels of word recognition accuracy that
speech. In contrast, minimum DL was not significantly cor-were similar to those of Subject 3, despite Subject 2's much
related with any of the speech recognition measures. It ipoorer levels of sensitivity.
somewhat surprising that identification boundary width was
more strongly related to word r_e_C(_)gnltlon than was mini-\\ 5 e~ SSION
mum DL, because both are sensitivity measures, sharper
identification boundaries indicate higher sensitivity, as do  There were two main findings. First, cochlear implant
smaller DL3. However, the identification boundary width users do not, as a group, perceive phonetic differences along
can also be interpreted as an indirect measure of the optimak VOT continuum in the same way as do normal-hearing
ity of the identification boundary location, because identifi-individuals; cochlear implant subjects tend to have sensitiv-
cation boundary widths can be expected to be sharper wheaty peaks and identification boundaries at longer VOT loca-
the identification boundaries and sensitivity peaks are at théons, identification boundaries that are less sharp, higher
same location. The minimum DL is more strongly related tominimum DLs, and more intersubject variability on all of
the overall sensitivity to acoustic differences along the seriegshese measures. Second, speech recognition accuracy by co-
To further test the contribution of all of the phonetic chlear implant users is related to the shape of the phonetic
measures to word recognition accuracy, an ANCOVA analysensitivity function, at least in terms of the location of the
sis was conducted with non-, initial-, and final-target wordspeak, but is not strongly related to other aspects of phonetic
coded as a repeated measure. Sensitivity peak location opperception, such as the level of sensitivity at the peak or to
mality was significantF(1,20)=5.348,p<0.05. Identifica- the phoneme identification boundary.
tion boundary optimality, F(1,20)=1.039, identification From the standpoint of normal-hearing speech percep-
boundary width, F(1,20)=1.535, and minimum DL, tion theories, it is particularly notable that many cochlear
F(1,20)=0.078, were not significant. Likewise, an AN- implant subjects were able to accurately categorize voicing
COVA was conducted for the phoneme recognition meain natural speecke.g., median forced-choice /d/—/t/ identifi-
sures, with syllable identification, initial-target, and final- cation was 949%, despite the fact that their phonetic identi-
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fication and sensitivity functions were markedly different 1991; cf. Soli, 198B8have suggested that spectral cues, such
from those of normal-hearing individuals. It is clearly not as the first formant frequency(), are more responsible for
necessary to have normal categorical perception in order teensitivity peaks along VOT continua than are temporal cues.
recognize speech accurately. However, it is beneficial to havéhe locations of the sensitivity peaks along the continuum
favorable sensitivity functions. When a listener has a sensieould thus have been affected by individual differences in
tivity peak at an advantageous locatiémg., near normal- F1 perception. For example, listeners may have been more
hearing identification boundarigswords likely become sensitive toF1 transition differences when it spanned more
more distinct perceptually from potential lexical competitors,than one electrode frequency band, or when it exceeded the
thereby facilitating recognition. Other types of sensitivity low-frequency cutoff of the implant processor. The shifts in
functions likely impair performance by making the percep-sensitivity peak locations along the VOT continuum could
tual differences between lexical competitors less salient thatherefore have been caused by complex interactions between
within-category variation. The patterns of sensitivity mea-the characteristics of the cochlear implant processors, elec-
sured in phoneme discrimination experiments thus affect redrode locations, and the frequencies of e transitions.
ognition accuracy, even though phoneme labeling may have It is plausible too that cochlear implant users differ in
little functional importance. their use of acoustic cues. Variability in cue weightings has
It was surprising that word recognition accuracy wasbeen shown to occur among normal-hearing individuals
unrelated to the overall level of sensitivity. Previous cochleafHazan and Rosen, 199land the functional importance of
implant research has focused on the levels of spegitgl, these differences may be magnified when the available pho-
Dormanet al, 1996 or temporal(e.g., Cazalst al, 1994; netic information is reduced. For example, individuals who
Hochmair-Desoyeet al, 1985 resolution available to users attend to spectral cues for VOE.g.,F1 onsel may have
(see also Svirsky, 2000The present results provide a con- more difficulty discerning voicing through their cochlear im-
flicting view; it seems more important for cochlear implant plant than do individuals who attend to temporal cues for
users to have relatively high sensitivity to critical VOT dif- VOT (e.g., duration of aspirationwhich tend to be better
ferences than it is for listeners to have high sensitivity torepresented via cochlear implants. Individual differences in
VOT differences throughout the continuum. cue weightings may be particularly large for cochlear im-
This conclusion is limited by the fact that it is based Plant users, arising from changes to speech recognition strat-
only on VOT data. It is logically necessary that word recog-edies following prolonged periods of deafness and a subse-
nition performance must be affected by sensitivity levels toduent accommodation to electric hearing.
some extent, because accurate auditory word recognition
would be impossible for individuals who were unable to hear®"CKNOWLEDGMENTS
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that spectral sensitivity by cochlear implant users is gener-

ally poor. YIn a separate experiment, cochlear implant users were asked to rate the
It is unknown what caused the observed shifts in sensi-subjective goodness of the synthetic stimisize Iverson and Kuhl, 1995,

tivity peak locations. It would be Straightforward to hypoth- 1996, and the stimuli with the highest goodness ratings for each category

esize that shifts of sensitivit eaks to longer VOT i were used as anchor points in the discrimination task. The results from the
y p ge s are agoodness rating task are not discussed further, because of concerns over

result of temporal processing deficits. That is, normal- their reliability. Subjects mostly reported following the test that the stimuli
hearing research has suggested that VOT boundary location'g!l sounded the same” or that they performed the goodness task on the

could be a result of an auditory threshold for detecting thebasis of“some idiosyncratic pe”rceptual detail of the stimuli, such as loud-
ness or “number of overtones.

temporal ord(_ar of a burst an(_j the onset of voicie., Pas- 2Although the optimal location was operationally defined here as 47.5 ms,
tore and Farrington, 1996so it would be reasonable to pre- the average normal-hearing sensitivity peak location—which would have
dict that individuals with poorer temporal resolution would been expected to be optimal—occurred at a shorter VEYT7 m3. This

have a higher threshold for detecting this difference Causinqdiscrepancy between potentially optimal locations could be due to not hav-
9 9 ! ng enough statistical power to determine the exact shape of the relationship

sensitivity .peaks to occur ?t Ionger VOTS-_ prever, there petween location and recognition accurdeyg., there were no subjects
was no evidence that individuals with sensitivity peak loca- who had sensitivity peaks between 33 and 43).ns function with a

tions at Ionger VOTs had unusuaIIy poor levels of sensitivity. 37.7-ms optimal location could have fit the data nearly as well, if the slope

Furthermore. this explanation does not account for Why SOmeof the function had been fit to be steeper toward the left than to the right.

individuals have sensitivity peaks at Shorter_than_norma!AIIen, J. S., and Miller, J. L(2002). “Contextual influences on the internal

VOTS_- . structure of phonetic categories: A distinction between lexical status and
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