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In normal acoustic hearing the mapping of acoustic frequency information onto the appropriate
cochlear place is a natural biological function, but in cochlear implants it is controlled by the speech
processor. The cochlear tonotopic range of the implant is determined by the length and insertion
depth of the electrode array. Conventional cochlear implant electrode arrays are designed for an
insertion of 25 mm inside the round window and the active electrodes occupy 16 mm, which would
place the electrodes in a cochlear region corresponding to an acoustic frequency range of 500–6000
Hz. However, some implant speech processors map an acoustic frequency range from 150 to 10 000
Hz onto these electrodes. While this mapping preserves the entire range of acoustic frequency
information, it also results in a compression of the tonotopic pattern of speech information delivered
to the brain. The present study measured the effects of such a compression of frequency-to-place
mapping on speech recognition using acoustic simulations. Also measured were the effects of an
expansion of the frequency-to-place mapping, which produces an expanded representation of speech
in the cochlea. Such an expanded representation might improve speech recognition by improving
the relative spatial~tonotopic! resolution, like an ‘‘acoustic fovea.’’ Phoneme and sentence
recognition was measured as a function of linear~in terms of cochlear distance! frequency-place
compression and expansion. These conditions were presented to normal-hearing listeners using a
noise-band vocoder, simulating cochlear implant electrodes with different insertion depths and
different number of electrode channels. The cochlear tonotopic range was held constant by
employing the same noise carrier bands for each condition, while the analysis frequency range was
either compressed or expanded relative to the carrier frequency range. For each condition, the result
was compared to that of the perfect frequency-place match, where the carrier and the analysis bands
were perfectly matched. Speech recognition in the matched conditions was generally better than any
condition of frequency-place expansion and compression, even when the matched condition
eliminated a considerable amount of acoustic information. This result suggests that speech
recognition, at least without training, is dependent on the mapping of acoustic frequency
information onto the appropriate cochlear place. ©2003 Acoustical Society of America.
@DOI: 10.1121/1.1558357#
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I. INTRODUCTION

Speech recognition is adversely affected if the spec
information of speech is presented to an inappropriate
chlear location. For example, several studies have show
reduction in speech recognition when the speech spectru
shifted up to higher frequencies~e.g., Daniloffet al., 1968;
Fu and Shannon, 1999!, or if the frequency-to-cochlear plac
mapping is distorted nonlinearly~Shannonet al., 1998!.
Changes in speech recognition as a result of such distort
in the frequency-to-cochlear place mapping are of theoret
interest as an indication of the mechanisms by which spe
patterns are stored and retrieved in the central nervous
tem. In addition, understanding the potential effect of an
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propriate frequency-place mapping is of critical importan
for the design and programming of cochlear implants a
hearing aids. These prosthetic devices can stimulate the
ripheral auditory system with a tonotopic pattern of inform
tion that is distorted relative to the normal acoustic patte
Such stimulation raises several questions: In the case of h
ing loss, can the patient’s speech recognition be improved
adjusting the spectral range of speech to match the freque
region of her residual hearing~Braida et al., 1979; Reed
et al., 1983!? Or can the resulting frequency-place distorti
actually interfere with speech understanding, as shown
some listeners by Turneret al. ~1999!? Which of these spec
tral manipulations are more detrimental and so should
avoided?

Several previous studies have addressed the questio
how spectral manipulations affect speech understanding
and Shannon~1999! measured vowel recognition in norma
hearing~NH! and cochlear implant~CI! listeners when the
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acoustic spectral information was mapped to cochlear lo
tions that were shifted apically or basally relative to t
acoustic location for that information~for NH listeners! or
relative to each listener’s clinical frequency-to-electrode m
~for CI listeners!. They found that vowel recognition wa
robust to tonotopic shifts up to 3 mm, but dropped sign
cantly for larger shifts. This result matches well with clas
cal studies on frequency shifting~Daniloff et al., 1968; Na-
gafuchi, 1976; Tiffany and Bennett, 1961!.

In a similar study, Dormanet al. ~1997! measured the
effect of a shift in mm between the acoustic frequency ra
presented and the cochlear range to which it was presen
In the acoustic simulations the analysis filter bands w
fixed, and sine wave carriers were shifted in mm along
cochlea relative to the normal acoustic place for that inf
mation. Speech recognition performance dropped as
stimulated electrode locations were shifted basally from
normal tonotopic location.

Shannonet al. ~1998! measured speech recognition u
der conditions that produced a nonlinear warping of
frequency-place mapping. They used a noise-band voc
to implement a logarithmic or exponential transformation b
tween acoustic frequency and the normal cochlear place
that frequency. Although four spectral channels of inform
tion were presented, listeners’ performance with the war
mapping dropped to the same level as that seen with a sin
channel noise vocoder. This result suggests that nonlin
frequency-place warping can eliminate listeners’ ability
utilize spectral cues.

As an extension to previous studies dealing w
frequency-place distortions, the present study explored
effects on speech recognition when the acoustic freque
range delivered is larger or smaller than the normal coch
range.

Note that neither the present study nor the previous s
ies discussed above address the potential effects of lear
Research by Rosenet al. ~1999! showed that, following a
short training process, listeners could partially adapt to ba
ward spectral shifts of as much as 6.5 mm. Another study~Fu
et al., 2002! showed significant improvement over the fir
few days by cochlear implant patients using a 2–4-mm a
cally shifted frequency-place map, but only little change w
observed over the following 3 months. At the end of t
3-month training period consonant and HINT sentence r
ognition scores were comparable to the baseline sco
while vowel and TIMIT sentence recognition scores we
still significantly lower than the baseline scores obtain
with the patient’s own clinical map before the beginning
the test. In the present experiments the emphasis is on sp
pattern recognition without any training. The intention w
to test the ability of central pattern recognition mechanis
to accommodate alterations in the peripheral pattern of in
mation with no time to adapt.

Frequency compression has historically been used in
attempt to increase the performance of hearing aids. M
hearing aid users have hearing loss at high frequencies
residual hearing at lower frequencies. To make better us
this residual hearing the spectrum of the speech was low
and compressed so that the entire speech information
J. Acoust. Soc. Am., Vol. 113, No. 4, Pt. 1, April 2003 D. Baskent a
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delivered to the audible range of the patient. The main te
niques used for this purpose were slow playback, freque
shifting, vocoding, and zero-crossing-rate division. In ter
of frequency-to-place mapping most of these manipulati
consisted of a compressed apical cochlear shift. Braidaet al.
~1979! reviewed frequency compression/shifting studies a
concluded that frequency lowering did not result in any su
stantial improvement in speech recognition, and often
creased the performance compared to simple amplificat
Reedet al. ~1983! evaluated the effect of frequency lowerin
on consonant recognition in a more systematic way, pa
metrically varying the frequency compression scheme fr
linear compression to nonlinear frequency-place warpi
The results from this study confirmed that frequency low
ing did not improve consonant recognition. Linear frequen
compression, where the whole frequency range was c
pressed, resulted in worse consonant recognition scores
a frequency warping compression in which only higher f
quencies were spectrally compressed and lowered.

These studies provide insight into the mechanisms u
by the central nervous system for storing and retrieving to
topic patterns of speech. If speech patterns were stored
‘‘positionally relocatable’’ fashion, then a tonotopic shift th
maintained the overall spatial distribution should still be
telligible. This is clearly not the case, because freque
shifting usually reduces speech recognition. If only the re
tive order of spectral features were important, then mo
tonic alterations in the tonotopic pattern would still be inte
ligible. This is also not the case, because frequency shif
usually reduces speech recognition. The present experim
was designed to further quantify the importance of line
compression or expansion of the tonotopic pattern of inf
mation ~in cochlear mm!. If the central pattern recognition
system stores and retrieves information in terms of the r
tive tonotopic pattern, then it might be able to tolerate
substantial amount of linear compression or expansion.

These issues are not only noteworthy in terms of und
standing the relative importance of peripheral vs central p
tern recognition for speech, but are of critical importan
for the design and fitting of cochlear implants and hear
aids. In a cochlear implant, the electrode array is typica
inserted into the scala tympani, reaching a depth of 20–
mm inside the round window. The average insertion de
from 20 Nucleus implant patients was estimated to be 20
by Ketten et al. ~1998!. However, newer electrode design
are intended to achieve array insertions as deep as 30
~Gstoettneret al., 1999!. The active stimulation range is typi
cally 16 mm in length for Clarion I and Clarion II, and 16.
mm for Nucleus 22 and Nucleus 24 devices. According
Greenwood’s~1990! frequency-to-place equation, and a
suming a 35-mm cochlear length in humans, this stimula
cochlear region corresponds to an acoustic frequency ra
of 500–6000 Hz in humans for a 25-mm insertion depth, a
an acoustic frequency range of 1–12 kHz for a 20-mm ins
tion depth of the electrode array. Present cochlear impla
2065nd R. Shannon: Frequency-place compression and expansion
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offer only a limited choice of analysis filters, which cann
be changed individually to match a given patient’s electro
location. Most commercial implant speech processors as
a wider fixed acoustic frequency range to this limited c
chlear region regardless of the length or the insertion de
of the electrode array. For example, Clarion II assigns
acoustic range of 350–8000 Hz~Advanced Bionics Corpo-
ration, 2001! and the default frequency allocation of th
Nucleus-22 implant~SPEAK strategy Table 9! assigns a fre-
quency range of 150 Hz–10 kHz to the electrodes~Cochlear
Corporation, 1995!. The latter acoustic range would no
mally cover a 25-mm range in the cochlea, specifically fro
5 to 30 mm from the round window, rather than the 16.5 m
covered by the electrode array. Thus, mapping the la
acoustic frequency range onto the electrode array results
compression of the frequency-to-place mapping. In some
chlear implant patients there may also be a tonotopic s
due to the discrepancy between the actual electrode loca
and the acoustic information assigned. The present exp
ment evaluated the effect of frequency-place compressio
speech recognition in normal-hearing listeners in conditi
that simulated two implant electrode insertion depths.

In addition to compression, frequency-place expans
was also evaluated. In this condition, the midfrequency
gion was expanded in terms of its representation in the
chlea, effectively increasing the sensory resolution wit
this frequency range. This frequency-place expansion
analogous to the ‘‘acoustic fovea’’ in bats or cetacea
where a large portion of the cochlea is devoted to the sm
frequency region used for echolocation~e.g., Echteleret al.,
1994!. While this type of expansion results in the loss
some acoustic information, the most critical spectral inf
mation is presented to a larger cochlear region, resultin
better neural resolution~increased mm/Hz! within that range.

II. METHOD

A. Subjects

Six normal-hearing listeners, aged 26 to 34, participa
in the study. All subjects were native speakers of Americ
English and had thresholds better than 20 dB HL at aud
metric frequencies between 125 and 8000 Hz. One sub
was excluded from the sentence recognition test because
was already familiar with the sentences in the database.
other 32-year-old subject was added to the sentence reco
tion test to maintain six subjects for each test.

B. Stimuli

The speech recognition tasks consisted of medial vo
and consonant discrimination, and sentence recognition.
stimuli were presented via a loudspeaker in a sound fiel
70 dB on an A-weighted scale.

Consonant stimuli were taken from materials record
by Turneret al. ~1992, 1999! and Fuet al. ~1998! at a 44.1-
kHz sampling rate. Six presentations~three male and three
female talkers! were made of 14 medial consonants /" $ ) ,
% & ' ! 2 b # Y 3 6/, presented in an /~/-consonant-/~/ context.
Tokens were presented in random order by custom softw
~Robert, 1998!, and subjects were instructed to select t
2066 J. Acoust. Soc. Am., Vol. 113, No. 4, Pt. 1, April 2003 D. Ba
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consonant they heard from the set of 14 possible conson
displayed on the screen. The resulting consonant confu
matrices were analyzed for information received on
production-based categories of voicing, manner, and plac
articulation~Miller and Nicely, 1955!. Chance performance
level for this test was 7.14% correct, and the single-tai
95% confidence level was 11.77% correct based on a b
mial distribution.

Vowel stimuli were taken from the phoneme set r
corded by Hillenbrandet al. ~1995! at a 32-kHz sampling
rate. The tokens were presented to the listeners in ran
order via custom software~Robert, 1998!, and subjects were
instructed to select the vowel they heard from the set of
possible vowels displayed on the screen. Ten presentat
~five male and five female talkers! were made of 12 media
vowels, including 10 monophthongs and 2 diphthongs p
sented in an /*/-vowel-/$/ context~heed, hid, head, had, hod
hawed, hood, who’d, hud, heard, hayed, hoed!. Chance level
on this test was 8.33% correct, and the single-tailed 9
confidence level was 12.48% correct based on a binom
distribution.

Recognition of words in sentences was measured u
the custom software~TIGER SPEECH RECOGNITION SYSTEM

developed by Qian-Jie Fu! with Texas Instruments
Massachusetts Institute of Technology~DARPA/TIMIT ! cor-
pus of sentence materials~National Institute of Standard
and Technology, 1990!. The sentences were of moderate-t
hard difficulty, such that individual words were difficult t
predict from the context of the sentence, and sentences w
spoken by multiple talkers. For each condition, the perce
correct score was acquired for 20 sentences of varying len
from each listener. The length of the sentences varied fro
words to 12 words. The groups of 20 sentences were
pared such that the average word length per sentence
6–8 words. They were presented without any context inf
mation and no sentences were repeated to an individua
tener. Sentences were not balanced for difficulty, so 20 s
tences were used for each condition to obtain a sample
included varying levels of difficulty. In addition, the order o
the presentation of sentences was completely randomized
ing a random number generator for each subject so tha
subjects heard different sentences for different conditio
Consequently differences arising from varying difficulty
the sentences were randomly distributed across different
ditions and different subjects. Subjects were asked to re
what they had heard. The percent-correct score was obta
by counting the percentage of words repeated correctly
the subject.

This study concentrates on effects of frequency-pla
compression and expansion on speech recognition with
any learning effects. We typically observe a short-term ad
tation to the test procedure by inexperienced subjects wh
all scores~regardless of the condition! increased slightly over
the first 3 days of the testing. However, the scores remai
more or less stable after this initial adaptation period. T
was not observed with subjects who already had experie
in similar experiments. To minimize any learning effects f
the specific experimental conditions no practice was p
vided on any conditions prior to data collection, even f
skent and R. Shannon: Frequency-place compression and expansion
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TABLE I. Frequency-place mismatch conditions for the 4-channel processor at the simulated 20-mm ele
insertion depth. The name of each condition represents the change in frequency range expressed in mm
the analysis and carrier bands. For each condition the table lists the following information for the an
bands: cochlear location in mm from the round window, cutoff frequencies for a 4-band processor, an
frequency range. Because the simulated electrode location was fixed, the noise carrier bands cove
frequency range from 1168 to 11 837 Hz in all conditions, and the frequency partition of carrier bands w
shown in the center entry.

Frequency-place
mismatch
condition

Cochlear
location

of
analysis
bands
~mm!

Bandpass filter
cutoff frequencies

for 4 channels
~Hz!

Frequency range
of analysis

bands
~Hz!

25 mm ~expansion! 15–9 2476 3080 3822 4736 5 860 2476–5 860
23 mm ~expansion! 17–7 1843 2663 3822 5459 7 771 1843–7 771
21 mm ~expansion! 19–5 1363 2301 3822 6289 10 290 1363–10 290

0 mm ~matching! 20–4 1168 2138 3822 6749 11 837 1168–11 837
11 mm ~compression! 21–3 999 1985 3822 7243 13 612 999–13 612
13 mm ~compression! 23–1 722 1710 3822 8337 17 990 722–17 990
15 mm ~compression! 25–0 513 1471 3822 9594 23 762 513–23 762
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new subjects, and no feedback was given in any part of
testing. In addition, to reduce a possible adaptation to a
ticular condition, all conditions with all stimuli were pre
sented to subjects in a completely random order. Theref
any effects of learning on scores would be distributed acr
different conditions with different subjects.

C. Signal processing

The noise-band vocoder technique described by Sh
non et al. ~1995! was implemented inMATLAB to generate
the stimuli. First, speech materials were bandpass filte
into a number of contiguous frequency bands by sixth-or
Butterworth filters. The23-dB cutoff frequencies were de
termined according to Greenwood’s~1990! frequency-to-
place mapping equation. The exact frequency ranges and
off frequencies were determined depending on the spe
experimental conditions~see Tables I and II!. The speech
envelope was extracted from each band by half-wave re
fication and low-pass filtering using a third-order Butte
worth filter whose output was 3 dB down at a cutoff fr
quency of 160 Hz. The noise carrier bands representing
, Vol. 113, No. 4, Pt. 1, April 2003 D. Baskent a
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stimulation region in the cochlea were obtained from wh
noise by sixth-order Butterworth filters where the cutoff fr
quencies (23-dB points! were determined by the condition
The extracted speech envelopes were used to modulate
noise carrier bands, and all modulated noise bands w
combined to form the processed speech. The amplitude l
of the processed speech was adjusted such that the ori
and processed tokens had the same overall rms energy.

D. Mapping conditions

Speech materials were processed using 4, 8, or 16
quency bands. Two different electrode array locations w
simulated, representing insertion depths of 20 and 25
from the round window. For all expansion and compress
conditions the stimulation region covered by the simula
electrode array was fixed at 16 mm~comparable to the typi-
cal length of the electrode array for many implant device!.
The 20-mm insertion depth condition simulated an electro
array located between 4 and 20 mm from the round wind
and the 25-mm insertion depth condition simulated a lo
tion between 9 and 25 mm from the round window. Becau
ctrode
uencies
een 513
t

TABLE II. Frequency-place mismatch conditions for a 4-channel processor at the simulated 25-mm ele
insertion depth. For each condition the table lists the cochlear locations of the analysis bands, cutoff freq
of the bandpass filters, and the total analysis frequency range. The noise carrier bands were fixed betw
and 5860 Hz with the partition shown as in the center of the table. The15-mm condition is the one mos
similar to frequency-to-electrode assignment used in a cochlear implant with a full electrode insertion.

Frequency-place
mismatch
condition

Cochlear
location

of
analysis
bands
~mm!

Bandpass filter
cutoff frequencies

for 4 channels
~Hz!

Frequency range
of analysis

bands
~Hz!

25 mm ~expansion! 20–14 1168 1471 1843 2300 2 864 1168–2 864
23 mm ~expansion! 22–12 851 1262 1843 2663 3 822 851–3 822
21 mm ~expansion! 24–10 611 1081 1843 3080 5 085 611–5 085

0 mm ~matching! 25–9 513 999 1843 3310 5 860 513–5 860
11 mm ~compression! 26–8 428 922 1843 3557 6 750 428–6 750
13 mm ~compression! 28–6 290 785 1843 4106 8 944 290–8 944
15 mm ~compression! 30–4 184 665 1843 4736 11 837 184–11 837
2067nd R. Shannon: Frequency-place compression and expansion
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the stimulation region was fixed at 16 mm, electrode lo
tions were represented by noise bands that were 4 mm w
in terms of cochlear location for the 4-band condition, 2 m
wide for the 8-band condition, and 1 mm wide for the 1
band condition.

In the simulation, the noise carrier bands determine
cochlear location stimulated. The ‘‘acoustic analysis ban
are the filters used to process and extract the acoustic e
lope information used to modulate the carrier bands~Fig. 1!.
The distribution of carrier bands was kept fixed for ea
simulated insertion depth while the analysis bands were
tematically altered to create the conditions of frequen
place expansion or compression.

The cutoff frequencies of each analysis band and
related cochlear locations for the 4-band processors are s
marized in Table I for the 20-mm simulated insertion dep
and Table II for the 25-mm simulated insertion depth. Filte
for the 8- and 16-band conditions were determined by div
ing the four bands into two or four equal parts~in mm! and
using Greenwood’s~1990! formula to determine the acoust
frequencies for the band edges. The 0-mm condition refer
a perfect match between analysis and carrier bands. Thus
cochlear location and frequency cutoffs listed for the 0-m
condition specify the fixed locations and frequencies of b
analysis and carrier bands. Cochlear locations are all sp
fied in terms of mm from the round window, using Gree
wood’s ~1990! formula, assuming a 35-mm cochlear leng
for the human. In the15-mm condition, the analysis ban
range was 5 mm wider than the carrier band range on b

FIG. 1. Frequency-place mapping conditions for 4-channel processor a
simulated 25-mm electrode insertion depth. For this condition the n
carrier bands were fixed~9–25 mm: 510–5800 Hz!. The speech envelope
was extracted from the analysis bands and used to modulate the noise c
bands. The top panel shows the15-mm compression condition schemat
cally: the analysis bands are mapped onto narrower carrier bands.
middle panel shows the 0-mm condition schematically, in which the anal
and carrier bands are matched. The lower panel shows the25-mm expan-
sion condition schematically, in which analysis bands are mapped
wider carrier bands.
2068 J. Acoust. Soc. Am., Vol. 113, No. 4, Pt. 1, April 2003 D. Ba
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apical and basal ends, causing a frequency-place comp
sion of approximately 2 octaves. Similarly, in the25-mm
condition, the analysis band range was 5 mm shorter on e
end, causing a frequency-place expansion of about 2 octa
The 15-mm compression condition in Table I most close
simulates the typical frequency-place compression obse
in the standard clinical map of the Nucleus speech proc
sors. Also, 15-mm compression and25-mm expansion
conditions for the simulated 25-mm insertion depth a
shown schematically in Fig. 1, as well as the matching ca
Here, one can see that the simulated electrode locations
from 9 to 16 mm from the round window and the frequen
range used to modulate each noise carrier band is diffe
for every condition.

As the analysis filters were changed from25-mm to
15-mm conditions, the amount of acoustic information d
livered was changed. An important control condition w
included to evaluate the effect of the varying amount
acoustic information. In these control conditions the analy
bands and noise carrier bands were always matched in
quency place. These baseline conditions were not intende
simulate any electrode insertion depth or spacing, becaus
a cochlear implant the electrode position and length are fi
after the implant surgery. Rather, the baseline conditions o
assess the effect of changing the overall acoustic bandw
Performance in the baseline condition indicates the effec
the gain or loss of acoustic information resulting from t
expansion or truncation of the analysis frequency range.
difference in performance between the baseline condi
and the compression–expansion condition is due to
frequency-place distortion only.

III. RESULTS

Percent-correct scores for consonants, vowels, and
tences were obtained with 4-, 8-, and 16-channel proces
at simulated insertion depths of 20 and 25 mm. In Figs. 2
the number of channels increases from 4 to 8 to 16 in
left, middle, and right panels, respectively, of each figu
The average percent-correct scores of six subjects, corre
for chance @p5100* (score-chance)/(100-chance)#, are
plotted for consonant and vowel recognition. The avera
score of six subjects is plotted for sentence recogniti
Within each panel the filled symbols present results from
baseline conditions in which analysis and carrier bands w
always matched, and the open symbols present results
the experimental conditions in which the frequency-pla
mapping was expanded or compressed.

A. Consonants

The consonant recognition scores are presented in F
for the 20-mm simulated insertion depth and Fig. 3 for t
25-mm simulated insertion depth.

First, consider the data from the baseline conditio
~filled symbols!, where the analysis and carrier bands we
always matched. Consonant recognition increased o
slightly as the analysis~and matched carrier! bands were
widened (15-mm baseline condition! from the simulated
electrode range. However, as the analysis and carrier b
were narrowed (25-mm baseline condition! there was a loss

he
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skent and R. Shannon: Frequency-place compression and expansion
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of acoustic information~due to the reduced acoustical ban
width! that resulted in lower consonant recognition. This
duction in consonant recognition was more severe in
simulated 20-mm insertion depth condition~Fig. 2! because
more low-frequency information was eliminated.

Next, consider the data from the experimental misma
conditions ~open symbols!, where the analysis filter fre
quency range was smaller, equal to, or larger than the si
lated electrode length, resulting in frequency-place exp
sion, matching, or compression, respectively. Note t
performance in the mismatched conditions was always e
to or poorer than the baseline conditions. Thus, there are
contributing factors to the reduced performance:~1! the re-
duction in the amount of information delivered, and~2! the
distortion in frequency-place mapping.

A one-way repeated-measures ANOVA test was use
assess the significance of the drop in the performance

FIG. 2. Consonant recognition percent scores for the simulated 20-mm
trode insertion depth, as a function of compression or expansion in
frequency-place mapping. The number of spectral bands increases from
8 to 16 in the left, middle, and right panels, respectively. The percent-co
scores represent the average performance of 6 normal-hearing subject
rected for chance, and the error bars represent the standard deviation.
symbols denote the baseline condition where the carrier bands were a
matched to the analysis band frequency range. Open symbols denot
compression–expansion conditions where the carrier bands were fixed
the analysis bandwidth was varied. The stars at the bottom of the fi
denote significant differences between the baseline~filled symbols! and mis-
match~open symbols! conditions: one star indicatesp,0.05, two stars for
p,0.01, and three stars forp,0.001.
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expansion/compression mismatch conditions from
matched condition. Each run included only the expansion
compression percent scores in addition to the 0-mm matc
percent score at a particular insertion depth with a spec
number of channels. The baseline scores were not inclu
in the ANOVA to isolate the effect of expansion or compre
sion only on speech recognition. The baseline condition w
compared to the corresponding mismatch condition w
paired t-tests.

The analysis revealed that all frequency expansion c
ditions reduced performance significantly from the 0-m
matched condition. CorrespondingF andp values are shown
in Table III. A substantial amount of this drop was due to t
loss of acoustic information, as indicated by the filled sy
bols. An additional drop was observed for some conditio
when the frequency-place mapping was expanded~open
symbols!.

A paired t-test analysis compared the baseline~filled
symbols! and expansion~open symbols! performance. Con-
ditions that are significantly different are indicated with sta
on the bottom of the figure. One star denotes significant
ference with ap value of p,0.05, two stars denotep
,0.01, and three stars denotep,0.001. The analysis show
a significant difference for23-mm expansion for most pro
cessors at both insertion depths. The difference was gene
not significant for25-mm expansion, possibly because t

FIG. 3. Consonant recognition, similar to Fig. 2, but for carrier bands sim
lating a 25-mm insertion depth.
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TABLE III. F andp values calculated with one-way repeated-measures ANOVA for expansion and com
sion mismatch conditions for consonant recognition at 20-mm and 25-mm simulated insertion depths.

Expansion at
20-mm insertion F(3,15) p

Compression at
20-mm insertion F(3,15) p

4 channel 54.60 ,0.001 4 channel 0.01 1
8 channel 89.05 ,0.001 8 channel 0.23 0.87

16 channel 117.79 ,0.001 16 channel 0.66 0.59

Expansion at Compression at
25-mm insertion F(3,15) p 25-mm insertion F(3,15) p

4 channel 15.10 ,0.001 4 channel 7.40 ,0.01
8 channel 62.60 ,0.001 8 channel 26.99 ,0.001

16 channel 90.26 ,0.001 16 channel 15.38 ,0.001
2069nd R. Shannon: Frequency-place compression and expansion



ve
v
a

d

tio
m
c

es
e
t

th
o

s
ith
ve

a
in
th

on
f
-
th

o
im

o
fo
e
ow
an

te
a
t
i

n

of

-
e

th

m
th
a

pth
in-
ex-

ere
ng

of
as
o

by
om-

in-
in-
n is
. 2
con-
by
ell

ing

nd
re-

s at
atch
s of

pec-
left,
performance was limited by a floor effect~previous studies
have found 30%–40%-correct consonant recognition e
for single-channel noise processors, indicating that this le
of performance is possible using only temporal cues: V
Tasellet al., 1987; Shannonet al., 1995!. The difference was
also not significant for21-mm expansion, which produce
performance similar to the 0-mm matched condition.

Thus, even though the cochlear tonotopic representa
of the spectral information was expanded, resulting in i
proved spectral resolution within the pattern, performan
was poorer than the matched condition. This result sugg
that improved resolution in the spectral domain does not n
essarily improve speech recognition, probably because
information is not in the appropriate cochlear place. In
present experiment, which did not provide any practice
time to accommodate to the new mapping, expansion
frequency-place mapping always resulted in poorer con
nant recognition. It is possible that additional practice w
the experimental processors would have resulted in impro
performance.

Frequency-place compression did not have a signific
effect on consonant recognition for the 20-mm simulated
sertion depth, yet there was significant decrease from
matched 0-mm condition~10%–20% drop at15-mm com-
pression! in performance for the 25-mm simulated inserti
depth~as shown in Table III!. For the extreme condition o
frequency-place compression (15 mm) there was a signifi
cant reduction in performance of 10%–15% relative to
baseline condition for 8- and 16-channel processors.

There was no clear difference between the pattern
results for 4, 8, and 16 channels other than the overall
provement in performance with more channels.

B. Consonant feature analysis

Information transmitted on the consonant features
place, manner, and voicing is plotted in Figs. 4 and 5
20-mm and 25-mm simulated insertion depths, respectiv
Within each figure the top, middle, and lower panels sh
the percent of information transmitted on place, manner,
voicing, respectively.

Information transmission percent scores are calcula
from the confusion matrices where the diagonal entries
the numbers of correct answers and the off-diagonals are
confusions. A measure for the transmission of information
the covariance between the input and the output, as give

Cov~x,y!52(
i , j

pi j log
pipj

pi j
,

wherepi , pj , pi j are directly related to the frequencies
occurrences of stimulusi , responsej , and joint occurrence
of stimulusi and responsej , respectively. Next, the covari
ance is converted to the information transmission perc
score by normalization such that it yields 100% when
subject identifies all phonemes accurately~Miller and Nicely,
1955!.

Note that information received on manner at 20-m
simulated insertion and on voicing at both insertion dep
was not affected by frequency-place compression, and m
2070 J. Acoust. Soc. Am., Vol. 113, No. 4, Pt. 1, April 2003 D. Ba
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ner information received at 25-mm simulated insertion de
was only slightly affected. Yet, both manner and voicing
formation transmission scores dropped significantly with
pansion~see Table IV for correspondingF and p values!.
Also, the compression/expansion mismatch scores w
similar to baseline scores for manner and voicing, implyi
that these features are mostly affected by the bandwidth
acoustic information. The performance for both features w
similar for different number of channels and for the tw
simulated insertion depths.

In contrast, place information was strongly affected
expansion at both simulated insertion depths, and by c
pression at 25-mm simulated insertion depth~Table IV!. The
overall pattern of the performance changed from 20-mm
sertion to 25-mm insertion, and the information received
creased with increasing number of channels. This patter
very similar to the consonant recognition results of Figs
and 3, and therefore it appears that the overall shape of
sonant recognition performance was primarily determined
the loss of place information. This observation agrees w
with previous studies, which found that manner and voic
cues are more robust to spectral manipulations~Shannon
et al., 1998!.

C. Vowels

Vowel recognition scores for simulated 20-mm a
25-mm insertion depths are presented in Figs. 6 and 7,

FIG. 4. Information transmission percent scores for consonant feature
20-mm simulated insertion depth as a function of frequency-place mism
conditions. The features are grouped into production-based categorie
place, manner, and voicing, in the top, middle, and bottom rows, res
tively. The number of spectral bands increases from 4 to 8 to 16 in the
middle, and right panels, respectively.
skent and R. Shannon: Frequency-place compression and expansion
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spectively. Vowel recognition was much more strongly
fected by frequency-place mismatch than consonant reco
tion; performance decreased significantly from the matc
0-mm condition with both expansion and compression m

FIG. 5. Consonant feature information transmission, similar to Fig. 4,
for carrier bands simulating a 25-mm insertion depth.
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match conditions (F and p values obtained by one-wa
repeated-measures ANOVA are given in Table V!. Overall
performance improved as more spectral bands were used
the pattern of results was similar for 4, 8, and 16 bands.
8 and 16 channels, vowel recognition decreased as the an

t

FIG. 6. Vowel recognition percent scores for carrier bands simulatin
20-mm insertion depth, as a function of compression or expansion in
frequency-place mapping. The number of spectral bands increases from
8 to 16 in the left, middle, and right panels, respectively. The percent-cor
scores represent the average performance of 6 normal-hearing subjects
rected for chance, and the error bars represent the standard deviation.
symbols denote the baseline condition where the carrier bands were al
matched to the analysis band range. Open symbols denote the compres
expansion conditions where the carrier bands were fixed and the ana
bandwidth was varied. The stars at the bottom of the figure denote sig
cant differences between the baseline~filled symbols! and mismatch~open
symbols! conditions: one star indicatesp,0.05, two stars forp,0.01, and
three stars forp,0.001.
pres-
epths.
TABLE IV. F andp values calculated with one-way repeated-measures ANOVA for expansion and com
sion mismatch conditions for consonant feature recognition at 20-mm and 25-mm simulated insertion d

Expansion at
20-mm insertion

Place Manner Voicing

F(3,15) p F(3,15) p F(3,15) p

4 channel 63.42 ,0.001 9.09 ,0.01 6.90 ,0.01
8 channel 63.01 ,0.001 10.18 ,0.001 12.97 ,0.001

16 channel 347.90 ,0.001 21.15 ,0.001 25.77 ,0.001

Compression at
20-mm insertion

4 channel 1.55 0.24 1.51 0.25 4.47 ,0.05
8 channel 1.48 0.26 0.16 0.92 3.52 ,0.05

16 channel 2.49 0.10 2.43 0.11 0.62 0.62

Expansion at
25-mm insertion

4 channel 2.19 0.13 8.98 ,0.01 6.10 ,0.01
8 channel 38.92 ,0.001 24.90 ,0.001 16.32 ,0.001

16 channel 55.35 ,0.001 72.88 ,0.001 26.62 ,0.001

Compression at
25-mm insertion

4 channel 7.46 ,0.01 3.77 ,0.05 1.19 0.35
8 channel 25.38 ,0.001 5.06 ,0.05 0.75 0.54

16 channel 15.59 ,0.001 15.43 ,0.001 6.04 ,0.01
2071nd R. Shannon: Frequency-place compression and expansion
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sis frequency range was reduced~baseline condition going
from 15 mm to25 mm), and a further drop in recognitio
was seen for both frequency-place compression and ex
sion as a result of the mismatch.

As in consonant recognition the stars at the bottom
each panel indicate significant difference between base
~filled symbols! and mismatch~open symbols! conditions de-
termined by paired t-test.

For 8- and 16-channel processors both frequency-p
expansion of25 mm and compression of15 mm resulted in
a 20%–30% drop in recognition compared to the matc
condition~the flat performance with the 4-channel proces
at 25-mm insertion depth may have been limited by the ov
all poor level of performance!. Note that the Nucleus co
chlear implant processor mentioned above typically use
frequency-place assignment that is similar to the15-mm
compression condition, which produced a significant red
tion in vowel recognition.

Although a reduction in the acoustic frequency ran
normally causes a drop in performance, Fig. 7 shows an
provement in vowel recognition for the baseline expans
condition for 4-channel processor at 25-mm insert
@F(6,30)54.13,p,0.01#. This improvement could be du
either to an increase in resolution or to a better freque
partition of the analysis bands.

FIG. 7. Vowel recognition percent scores for noise carrier bands simula
a 25-mm electrode insertion depth, as a function of compression or ex
sion in the frequency-place mapping.
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Note that there was probably a floor effect for the e
pansion conditions with the simulated 20-mm insertio
where increasing the number of channels did not increase
intelligibility ~Fig. 6, leftmost data point of each panel!. Both
25-mm and23-mm expansion results were close to chan
level, which might be due to the loss of all low-frequen
information below 1850 Hz (23-mm condition! or below
2476 Hz (25-mm condition!.

D. Sentences

The percentage of words recognized in TIMIT senten
is presented in Figs. 8 and 9 for 20-mm and 25-mm sim
lated insertion depths, respectively. Due to the limited nu
ber of sentence sets available, the matched baseline pe
mance was measured only for extreme mismatch condit
(25-mm expansion and15-mm compression!. For all
numbers of channels and both simulated insertion depths
best performance was obtained when the analysis and ca
bands were matched.

g
n-
FIG. 8. Sentence recognition percent scores for noise carrier bands sim
ing a 20-mm electrode insertion depth, as a function of compression
expansion in the frequency-place mapping. The number of channels
creases from 4 to 8 to 16 in the left, middle, and right panels, respectiv
The percent-correct scores represent the average performance of 6 no
hearing subjects, and the error bars represent the standard deviation.
symbols denote the baseline condition where the carrier bands were al
matched to the analysis band frequency range. Open symbols denot
compression–expansion conditions where the carrier bands were fixed
the analysis bandwidth was varied.
ession
TABLE V. F andp values calculated with one-way repeated-measures ANOVA for expansion and compr
mismatch conditions for vowel recognition at 20-mm and 25-mm simulated insertion depths.

Expansion at
20-mm insertion F(3,15) p

Compression at
20-mm insertion F(3,15) p

4 channel 40.26 ,0.001 4 channel 14.28 ,0.001
8 channel 78.55 ,0.001 8 channel 14.86 ,0.001

16 channel 235.08 ,0.001 16 channel 2.05 0.15

Expansion at
25-mm insertion F(3,15) p

Compression at
25-mm insertion F(3,15) p

4 channel 1.29 0.31 4 channel 1.95 0.17
8 channel 32.67 ,0.001 8 channel 22.31 ,0.001

16 channel 39.54 ,0.001 16 channel 32.94 ,0.001
skent and R. Shannon: Frequency-place compression and expansion
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Note that the drop in performance for frequency-pla
expansion (25 mm) was dramatic compared to the match
condition ~Table VI!. Performance at the25-mm condition
drops to 5% correct for the 20-mm simulated insertion dep
and 15% for 25-mm insertion depth for all three spect
resolutions. For the 16-channel processor this drop
75–80 percentage points. Although much of this loss w
due to the information loss~filled symbols!, there was an
additional 20–40-point drop in performance due to t
frequency-place expansion at the 25-mm simulated inser
depth.

A smaller drop in performance was observed
frequency-place compression. There was a drop of 15
percentage points from the 0-mm baseline condition to
15-mm baseline condition, even though the overall f
quency range increased by about 2 octaves. There wa
additional drop of 20–30 percentage points from t
15-mm baseline to the15-mm compression condition
This 15-mm compression condition is similar to the typic
frequency-place assignment used in Nucleus cochlear
plants.

IV. DISCUSSION

The best speech recognition performance was alw
observed in conditions where frequency information w

FIG. 9. Sentence recognition percent scores for noise carrier bands sim
ing a 25-mm electrode insertion depth, as a function of compressio
expansion in the frequency-place mapping.
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matched to its normal acoustic cochlear place. In most c
ditions, altering the frequency-place mapping by either co
pression or expansion resulted in poorer speech recogni

A. Implications for cochlear implants

The present study observed a reduction of approxima
20 percentage points in vowel and sentence recogni
when a frequency range was compressively mapped on
cochlear range that was smaller by 2 octaves (15-mm com-
pression condition!. Even though a broader frequency ran
of acoustic information is presented in this condition, perf
mance was reduced due to the distortion in the frequen
place assignment. This compressive frequency-to-place m
ping is similar to the mapping used in Nucleus cochle
implant systems, in which the acoustic frequency range
150 Hz to 10 kHz is typically mapped onto electrodes th
occupy the cochlear locations that normally respond to
acoustic range of only 500–6000 Hz. This result implies t
speech recognition performance in cochlear implants m
be improved by as much as 20% if the frequency range
each electrode could be mapped according to the nor
acoustic characteristic frequency of that cochlear location

How can a cochlear implant speech processor be
justed to achieve the best mapping of frequency informat
onto the most appropriate cochlear place, given the varia
ity in cochlear length and electrode insertion depth acr
patients? In implant listeners there is uncertainty in the ex
location of the electrodes and further uncertainty as to
location of the stimulated neurons. Recent advances in
aging technology allow sufficient resolution to evaluate t
depth of electrode insertion and to detect the presence of
kinks or abnormalities in the electrode carrier~Kettenet al.,
1998!. However, these imaging procedures are costly, ti
consuming, deliver large doses of radiation, and still may
provide all of the necessary information. For example, ev
knowledge of the exact cochlear location of an electrode
no guarantee that the stimulation of neurons is actually
curring at that location. The actual stimulation location c
be affected by the pattern of local nerve survival or by u
usual current pathways due to bone growth and fibr
blockage. In addition, the actual site of stimulation may be
the spiral ganglion, whereas Greenwood’s formula holds
stimulation at the basilar membrane. These factors prod
additional uncertainties regarding the appropriate frequen
place mapping in implant patients. The data presented ab

lat-
or
pres-
TABLE VI. F andp values calculated with one-way repeated-measures ANOVA for expansion and com
sion mismatch conditions for sentence recognition at 20-mm and 25-mm simulated insertion depths.

Expansion at
20-mm insertion F(3,15) p

Compression at
20-mm insertion F(3,15) p

4 channel 18.53 ,0.001 4 channel 6.87 ,0.01
8 channel 66.88 ,0.001 8 channel 8.76 ,0.01

16 channel 256.22 ,0.001 16 channel 13.91 ,0.001

Expansion at
25-mm insertion F(3,15) p

Compression at
25-mm insertion F(3,15) p

4 channel 11.64 ,0.001 4 channel 4.29 ,0.05
8 channel 147.89 ,0.001 8 channel 3.59 ,0.05

16 channel 233.12 ,0.001 16 channel 22.17 ,0.001
2073nd R. Shannon: Frequency-place compression and expansion
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control for these factors by making the measurements
normal-hearing listeners, in whom the actual stimulation
cations can be controlled, at least within the constraints
the normal acoustic spread of excitation. Due to these un
tainties, the optimal frequency-place alignment in an impl
patient might best be determined functionally, by adjust
the frequency range and distribution across the implan
electrode array to achieve the best performance. A sim
optimizing algorithm, paired with a sensitive phonetic co
trast test, could provide an efficient method for converg
on an optimal frequency-place mapping for an individu
patient, without the costs and risks of x rays and CT sca
The present results may help to define the inherent trade
between electrode depth, number of electrodes, and
quency range.

Another uncertainty comes from anatomical and g
metrical issues regarding the stimulation of deeper turns
the cochlea. Electrodes in cochlear implants do not alw
reside between 9 and 25 mm or between 4 and 20 mm in
the round window, the two conditions simulated in this stu
The latest generation of CI electrodes, such as Clarion H
cus, Nucleus Contour, or Med-El Combi401 offers deeper
insertion, possibly up to 30 mm. Even though these speci
designed electrodes make it possible to reach more ap
locations inside the cochlea, it is unknown if it is possible
stimulate the spiral ganglia corresponding to low frequ
cies. Cell bodies of the spiral ganglia from the apical turn
the cochlea are located in the modiolus of the cochl
middle turn, and so are physically~and presumably electri
cally! closer to electrodes in the middle turn than to the m
dial wall of the cochlea in the apical turn. Studies of pit
have shown little change in pitch with electrode location
electrodes that were deeply inserted into the apical turn, s
gesting that there may be a point of diminishing returns
terms of electrode insertion depth~Cohenet al., 1996!. And,
even with the new electrode designs, the array cannot alw
be fully inserted due to cochlear ossification or otosclero
Thus, the actual location of the implanted electrode is di
cult to determine accurately, and the location of the neur
actually stimulated by each electrode adds a further laye
uncertainty.

New studies are presently being conducted in patie
with substantial residual hearing, where the electrode arra
only shallowly inserted in an attempt to preserve any resid
acoustic hearing. In these special cases it may be particu
important to assign the appropriate frequency-place m
ping, because the electrically stimulated hearing must c
bine with residual acoustic hearing. Indeed, preliminary
sults~Turner and Gantz, 2001; Brillet al., 2001! suggest that
combined electric and acoustic hearing is best when the e
trodes in the basal turn receive high-frequency informat
that is matched to their tonotopic location.

B. Trade-off between spectral resolution and overall
bandwidth

Some of the present results indicate a trade-off betw
spectral resolution~number of bands! and overall bandwidth.
For a given number of bands there may be an optim
bandwidth—too small a bandwidth would discard too mu
2074 J. Acoust. Soc. Am., Vol. 113, No. 4, Pt. 1, April 2003 D. Ba
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important speech information, and too wide a bandwid
would increase the frequency range of each band, redu
the relative resolution. Consider the baseline conditio
~filled symbols in Figs. 2–9!. In these conditions the analys
bands were always matched in frequency to the car
bands, while the number of bands was held constant. For
16-band conditions, a larger bandwidth generally produ
better performance whereas for 8 bands the performance
generally unchanged as the overall bandwidth was increa
relative to the standard matched condition~0 mm!. However,
when there were only 4 bands of spectral resolution av
able, there was a complex interaction between the bandw
and spectral resolution. In many cases, performance drop
both when the bandwidth was increased, and decreased
tive to the standard matched condition. As bandwidth
creased the relative spectral resolution increased, but
was not sufficient to offset the loss of information. As ban
width increased the additional spectral information was o
set by the loss of relative spectral resolution~e.g., Figs. 6, 8,
and 9: compare 4-channel 0-mm and15-mm baseline con-
ditions!, resulting in poorer performance in spite of the larg
bandwidth.

An expansion in the frequency-place mapping cou
theoretically improve speech recognition by spreading
the critical speech spectral region to a larger range in
cochlea. Echolocating animals have evolved such a stra
to provide better tonotopic resolution in the small frequen
region of their echo signal. However, in the present stu
such expansion conditions mostly resulted in poorer spe
recognition. The only exception was for the 4-channel p
cessor with a 25-mm simulated insertion depth. This w
likely due to an artifact of band edge placement: the 0-m
condition contained no band division in between 999 a
1843 Hz~see Table II!, while the25-mm expansion condi-
tion contained a band division at 1472 Hz, which is an i
portant frequency for distinguishing high from low seco
formant frequencies. In this particular condition, the con
bution from this better frequency partition might have co
pensated for the loss of bandwidth. With a limited number
bands, the placement of the frequency divisions appear
be more important than the overall frequency range. Alter
tively, the slight improvement in performance in the expa
sion condition could be due to the improved resolution
this condition. The small frequency range of 1168–2864
was represented across a larger cochlear region that w
have normally responded to a range of 513–5860 Hz. T
expansive mapping may have helped recognition by stim
lating a larger neural population with information from th
smaller frequency range. Whichever explanation is corr
~better band partition or expanded representation! the same
effects were not observed with more than 4 bands.

C. Potential effects of learning

One aspect of speech pattern recognition not addre
by the present study is the potential effect of learning. Rec
work has demonstrated that NH subjects listening to simu
tions of cochlear implants can improve their scores
speech recognition with only a modest amount of pract
~Rosenet al., 1999!. Rosenet al. used noise-band vocoder
skent and R. Shannon: Frequency-place compression and expansion
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in which the frequency-place mapping was shifted basally
as much as 6.5 mm. Listeners improved significantly in th
ability to recognize phonemes and words with these shi
representations after only a few hours of training. Howev
their performance after this limited amount of training w
still far poorer than their recognition with the unshifte
speech. It is not clear if further training would allow com
plete recovery of performance to the unshifted levels.
et al. ~2002! measured speech recognition in three cochl
implant listeners after a 3-mm apical shift in the frequen
to-electrode assignments. Initially, speech recognition w
reduced dramatically. After 10 days of everyday experie
with the shifted map there was a significant improvemen
recognition, but then only little further improvement was o
served over the next 3 months. This result suggests that t
may be a limit to the amount of possible relearning. It is n
clear if listeners would be able to adapt to a frequency-pl
compression or expansion over time. In the present exp
ments the emphasis was solely on speech pattern recogn
with no practice or time for accommodation.

D. Implications for speech pattern recognition

The present results illustrate the limitations of cent
pattern recognition mechanisms for speech, which may p
vide insights into the critical parameters of the pattern s
age and retrieval process of central nervous system. E
though it is known that the patients adapt over time a
improve their understanding of speech, it is still unclear h
much plasticity exists in these central nervous syst
mechanisms and whether the ability to accommodate
some types of alterations~e.g., frequency-place shift! might
be easier than other types of alterations~e.g., nonlinear
frequency-place distortion!.

The pattern of results observed in the present exp
ment, when combined with previous results on frequen
place shifting~Fu and Shannon, 1999; Dormanet al., 1997!,
warping ~Shannonet al., 1998!, and frequency lowering
~Braidaet al., 1979; Reedet al., 1983! suggests that the cen
tral pattern recognition of speech is not stored in terms o
abstract pattern, but in terms of an absolute pattern. Sp
recognition in healthy acoustic hearing can tolerate a sm
degree of distortion in this frequency-place pattern, proba
to accommodate the natural range of variation in real-wo
listening conditions, e.g., differences in the gender of
talkers, talking speeds and styles, and different amount
masking and interference in the listening environment. T
results of the present study, combined with the results
previous studies on frequency-place distortions, suggest
speech patterns can tolerate only a relatively small amoun
distortion ~2–3 mm! in tonotopic space. If the periphera
representation of the pattern of speech information is shif
warped, expanded, or compressed beyond this tolerated
chlear distance of 2–3 mm, speech recognition will be s
nificantly reduced.~It should be noted that none of thes
studies gave the subjects the opportunity to adapt to the
torted mappings.!

Figure 10 presents a schematic representation of a vo
spectrum and the various types of distortion that result i
reduction in multitalker vowel recognition to approximate
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50% correct. These representations will be altered as they
processed by the cochlea and the central nervous system
for simplicity they are shown here by their physical spect
representation in terms of distance along the cochlea. The
curve shows the original spectrum of the vowel /{/, presented
in terms of mm along the cochlea. In this undistorted rep
sentation listeners will generally be able to identify 12 vo
els at nearly 100% correct, even with multiple talkers a
with the spectral resolution reduced to 16 channels. The
ond curve shows the same vowel in which spectral inform
tion has been removed to create a 5-mm hole in the ap
spectral region, resulting in a drop to 50%-correct recog
tion ~Shannonet al., 2001!. The third curve shows the vowe
represented by a three-band noise vocoder, which all
46% correct on multitalker vowel recognition~Fu et al.,
1998!. The fourth curve shows the effect of a frequenc
place expansion by a factor of 1.6, which results in 54
correct vowel recognition with 16 bands~23-mm condition
from Fig. 7!. The fifth curve shows the effect of frequenc
place compression by a factor of 0.6, which results in 57
correct recognition (15-mm condition from Fig. 7!. And,
the bottom curve shows the spectrum of an /{/ that has been
shifted 5 mm basally in the cochlea, resulting in 44%-corr
vowel recognition~from Fu and Shannon, 1999!. This com-
parison suggests that the central pattern recognition me
nisms are sensitive to the absolute tonotopic location of
cochlear pattern. If the frequency-place information is in t
correct location, the central pattern recognition can toler
the loss of a full octave of spectral information in the critic
low-frequency region, or an extreme loss of spect
resolution—down to three bands. However, if the pattern
distorted by a frequency-place shift or compression or exp
sion, then speech recognition is impaired even with go
spectral resolution. In terms of cochlear implants, ev

FIG. 10. A review of various frequency-place distortions on vowel reco
nition. The top curve is the original spectral representation of the vowe{/
plotted in terms of cochlear distance. The second curve shows the s
vowel with a 5-mm apical hole. Next is the vowel represented by a 3-b
noise vocoder. The fourth curve is the frequency-place expansion with
expansion factor of 1.6~10-mm extent expanded to 16 mm!, followed by the
frequency-place compression with a compression factor of 0.6~26-mm ex-
tent compressed to 16 mm!. Finally, the bottom curve shows the spectrum
an /{/ that has been shifted by 5 mm basally in the cochlea.
2075nd R. Shannon: Frequency-place compression and expansion
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if an implant patient is able to use many electrodes eff
tively, their performance might be limited by distortion in th
frequency-place mapping.

It is possible that distortion in frequency-place mappi
is responsible for at least part of the variability in perfo
mance across implant patients. If this is the case, then ad
ments to the speech processor to produce a better mat
frequency-place mapping may produce improvements
speech recognition.
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