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Abstract—We show that we can accurately model t
auditory-nerve discharge patterns in response to sounds as
plex as speech and ask how we may exploit this knowledg
test new strategies for hearing-aid signal processing. We
scribe the auditory-nerve representations of vowels in nor
and noise-damaged ears. The normal representations are
dicted well by a cochlear signal processing model origina
developed by Carney~Carney, L. H. J. Acoust. Soc. Am
93:401–417, 1993!. Basilar-membrane tuning is represented
a time-varying narrow-band filter. Outer hair cell control
tuning is exerted by a nonlinear feedback path. We show
the effects of noise-induced outer hair cell damage can
modeled by scaling the feedback signal appropriately and
the model to test one strategy for hearing-aid speech proc
ing. We conclude by discussing some aspects of future tre
in biomedical engineering approaches to problems of hea
impairment. © 2002 Biomedical Engineering Society.
@DOI: 10.1114/1.1458592#

Keywords—Cochlear models, Hearing impairment, Basil
membrane, Auditory nerve, Hearing aids.

INTRODUCTION

Hearing science has a history in common with b
medical engineering that dates at least to the middle
the nineteenth century. Although biomedical engineer
did not emerge as a recognized discipline until the s
ond half of the twentieth century, we would argue th
the work of Helmholtz in the nineteenth century epit
mized the interdisciplinary approach to problem solvi
typical of biomedical engineering. His monument
achievements include the 1863 publication ofOn the
Sensations of Tone, a book which is to this day essenti
reading for anyone interested in auditory percepti
Helmholtz’s early biomedical contributions include
measurement of the speed of conduction of nerve
pulses along frog nerve and invention of the ophthalm
scope. This combination of fundamental and applied
search activity is what many biomedical engineers str
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for today. In 1855 he became full professor of physio
ogy and anatomy in Bonn, where his teaching was c
sidered unusual ‘‘because he mixed fundamental con
erations, and indeed a little mathematics, with h
anatomy.’’11 One of the questions that Helmholtz co
sidered is how acoustic stimuli are represented in
auditory system. In this paper, we will review som
aspects of the answer to that question and consider
the representation changes with hearing impairment.

The chain of events leading to auditory percepti
begins in the inner ear, the locus of a remarkable f
quency analysis and transduction process. The sequ
of steps is reviewed in Fig. 1~A!. Sound impinges on the
outer ear and causes the eardrum to vibrate; these v
tions are transmitted to the inner ear via the middle
bones. The motion of the middle ear leads to fluid m
tion in the cochlea and ultimately to vibratory displac
ment of the basilar membrane~BM!. Understanding the
nonlinear motion of the BM through modeling has be
the focus of numerous biomedical engineers since
time of Helmholtz and continues to be the source
intense research.6,29 The important aspect of BM motion
is that it is tuned by frequency, so that different fr
quency components of a sound cause BM vibration
different places along its length@Fig. 1~B!#. The result is
a mapping of sound frequency into place along the B
illustrated by the ‘‘best frequency’’ scale in Fig. 1~B!.
This Fourier-like decomposition is the basis for the ton
topic representation of sound in the auditory system a
was originally postulated by Helmholtz in the nineteen
century. Vibration patterns of the BM are transform
into action potential in the auditory nerve by transduc
cells called hair cells which sense the motion of the B
@Fig. 1~A!; Refs. 14 and 24#.

The representation of sound by the action-poten
patterns of auditory-nerve fibers has been stud
extensively10 and modeled using the theory of stochas
processes~e.g., see Refs. 12, 13, and 35!. The auditory
nerve transmits its neural code to the central nerv
system, where the first processing station is the coch
nucleus. Experimental and modeling studies of sig
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158 SACHS et al.
processing in the cochlear nucleus and higher center
the auditory system have been targets of biomedical
gineers since the 1960s.19,26,36An optimistic assessmen
of the current state of knowledge of this peripheral a
ditory system suggests that specification of the audito
nerve code for sounds as complex as speech is wi
our reach.32 That is to say, given a sound-pressure wa
form at the entrance to the external ear, we can ac
rately model the auditory-nerve discharge patterns in
sponse to that sound.

In this paper we ask how we may exploit this know
edge to benefit the hearing impaired. Audiologists d
scribe two types of hearing impairment: conductive he
ing loss and sensorineural hearing loss. Conductive
results from a deficiency in the transmission of acous
energy through the external and middle ears. Such h

FIGURE 1. „A… Summary of the transduction process in the
mammalian cochlea. Sound „air-pressure fluctuations … cause
mechanical vibrations of the eardrum and middle ear bones;
these couple the vibrations to the inner ear, where they pro-
duce vibration of the basilar membrane „BM…. BM vibrations,
in turn, displace the cilia of hair cells which transduce the
vibration into electrical potentials that excite action poten-
tials in auditory-nerve fibers. „B… Illustration of the tonotopic
organization of the cochlea. The BM vibrations are tuned, so
that energy at a given frequency causes a vibration which
peaks at one point along the membrane. The scale at left
shows the mapping of frequencies of maximum displace-
ment „or best frequencies … into place along the BM for the
cat cochlea. Auditory-nerve fibers innervate one hair cell,
and so are sensitive to the BM vibration at that point †„B…

redrawn from Zweig et al. „Ref. 44…‡.
-

-

-

ing loss can be corrected by relatively simple hear
aids which simply amplify sound to compensate for t
frequency-dependent transmission loss. Sensorine
hearing loss results from damage to the hair cells in
inner ear. Not shown in the summary of Fig. 1~A! is that
there are two kinds of hair cells in the mammalian c
chlea, called inner and outer hair cells. Inner hair ce
~IHCs! synapse with auditory nerve fibers and serve
transducer function described in Fig. 1~A!. Outer hair
cells ~OHCs! participate in generating the mechanic
motion of the BM; there is now good evidence that ou
hair cells are responsible for the sensitivity and fr
quency selectivity of BM motion.23 Hair cell damage
produces a complex of effects, including an inability
hear soft sounds, disturbances of loudness, and los
frequency selectivity.20 Even with sophisticated hearin
aids, these effects of sensorineural impairment canno
fully compensated. The usual strategy in hearing-aid
sign is to attempt to restore normal perception of sou
In the work reviewed below, we have taken the altern
strategy of attempting to restore normal patterns of
ditory nerve activity. The goal is to develop models
the neural representation of sound in impaired ears
are accurate enough to suggest and test new strate
for hearing-aid signal processing. We will describe o
simple example of such a strategy.18

NORMAL AUDITORY-NERVE REPRESENTATION
OF VOWELS

As a result of the mechanical tuning of the BM,21

each auditory-nerve fiber is tuned to a best freque
~BF!. This tuning is usually illustrated by a frequenc
tuning curve, which is a plot of the sound pressure at
threshold of response versus frequency. The solid line
Fig. 2~A! shows a schematic tuning curve for a
auditory-nerve fiber. A tone with a frequency and lev
falling above the tuning curve~in the gray area! will
cause an increase in the discharge rate of this neu
above its spontaneous rate. The tuning curve is co
monly characterized by three parameters: BF, thresh
and Q10 dB. The BF is the frequency with the lowes
response threshold; it corresponds to the cochlear p
innervated by the fiber. The threshold value at BF
referred to as the fiber’s threshold.Q10 dB, a measure of
the sharpness of tuning, is defined as the BF divided
the bandwidth of the tuning curve 10 dB above thres
old.

Figure 2~B! shows thresholds plotted against BF for
population of auditory-nerve fibers from several cats17

At any BF there is a range of thresholds, even in norm
ears. The solid line marked ‘‘BTC’’ shows the best
most sensitive thresholds and defines the normal thre
old of hearing, as a function of frequency. Figure 2~C!
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159Biological Basis of Hearing-Aid Design
shows the range ofQ10 dB for normal fibers; there is a
trend for sharper tuning at higher BFs.

The tuning curve describes the responses of audit
nerve fibers to pure tones. It can only predict in gene
terms the responses to a complex stimulus, like speec32

FIGURE 2. Measures of tuning curve characteristics for fi-
bers in a pool of normal hearing cats indicate normal sensi-
tivity and tuning. Modified from Miller et al. „Ref. 17… with
permission from the Acoustical Society of America © 1997.
Symbols denote SR class for the fiber, as shown in the leg-
end. „A… Schematic indicating how BF, threshold, and Q10 are
calculated from the threshold tuning curve. „B… Distribution
of thresholds at BF. The solid line labeled BTC describes the
best thresholds for animals used in this study. „C… Tuning
curve width as measure by Q10 was within the range of val-
ues obtained previously by others †dashed lines from Liber-
man „Ref. 15…; solid lines from Evans and Wilson „Ref. 9…‡.
-

In this paper, we consider the responses to a ste
vowel-like sound, whose spectrum is shown in Fig.
@the ‘‘standard vowel;’’ the ‘‘contrast-enhance
frequency-shaped~CEFS! vowel’’ will be discussed
later#. The sound has the spectrum of the vowel /e / as in
‘‘bet;’’ it is periodic with a fundamental frequency of 10
Hz, so it has a line spectrum. Decades of speech rese
have shown that the identity of a vowel is determined
its formant frequencies, i.e., the frequencies of the sp
tral peaks caused by resonances in the vocal track.25,27

For the spectrum in Fig. 3, the formants are at 0.5 k
~F1!, 1.7 kHz ~F2!, and 2.5 kHz~F3!. From the analysis
of the responses of auditory-nerve fibers to this and si
lar stimuli, the fundamental idea underlying speech e
coding is that fibers with BFs near a formant respo
preferentially to that formant; the responses to the va
ous formants dominate the responses to other frequen
across the population of auditory-nerve fibers.

Because the vowel stimulus has many frequency co
ponents, the analytical technique shown in Fig. 4 is n
essary in order to describe fully a fiber’s responses to
vowel. A 50 ms segment of the time wave form of th
vowel /ae / ~as in ‘‘bat’’! is shown in Fig. 4~A!. As
before, the vowel is periodic with a period of 10 ms; th
four cycles of oscillation in each fundamental perio
correspond to the first formant, as shown in the vowe
magnitude spectrum@Fig. 4~B!#. Figure 4~C! shows a
train of action potentials from an auditory-nerve fib
responding to the vowel. It has been known since
1960s ~Ref. 30! that action potentials recorded from
auditory-nerve fibers tend to occur in synchrony with t
stimulus wave form for frequencies below about 5 kH

FIGURE 3. Power spectra of the standard vowel Õe Õ and
CEFS version. The line spectrum shows the unprocessed
vowel’s spectral shape and the solid line shows the CEFS-
modified spectral envelope. Both are periodic stimuli with a
fundamental frequency of 100 Hz and formants at 500 Hz, 1.7
kHz, and 2.5 kHz. The CEFS vowel was obtained by high-
pass filtering the standard vowel with a cutoff frequency 50
Hz below the second-formant frequency „indicated by the
vertical dashed line …. Modified from Fig. 1 „B… of Miller et al.
„Ref. 18… with permission from the Acoustical Society of
America © 1999.
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FIGURE 4. Method of analyzing auditory nerve responses to a vowel. „A… Time-domain wave form of a 50 ms segment of the
vowel Õae Õ „as in ‘‘bat’’ …. „B… Magnitude spectrum of the vowel. Spectral peaks corresponding to the first „F1… and second „F2…
formants are indicated by the arrows. „C… Example action-potential train of an auditory-nerve fiber in response to one presen-
tation of the vowel. „D… Mean instantaneous discharge rate vs time, obtained by averaging responses like that in „C… over many
repetitions of the vowel. „E… Frequency spectrum of the mean instantaneous discharge rate. The example fiber was tuned near
the F1 frequency and consequently the instantaneous rate is phase locked to the F1 component of the vowel „the fourth
harmonic …. This dominant response is reflected in the large F1 component of the spectrum in „E…. As discussed in the section
on normal auditory-nerve representation of vowels, the higher harmonics in the response reflect distortion of the discharge rate
response by rectification at zero rate.
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This so-called phase locking can be clearly seen in
plot of the instantaneous discharge rate of the fiber v
sus time@Fig. 4~D!#; the stimulus frequencies to whic
the fiber’s action-potential train are phase locked
shown by the magnitude spectrum of the instantane
rate in Fig. 4~E! ~referred to as ‘‘synchronized rate
below!. This fiber’s BF was near the first formant fre
quency and so the instantaneous rate is locked to the
formant ~the fourth harmonic of the fundamental!. This
dominant phase locking is seen as the large peak ma
‘‘F1’’ in Fig. 4 ~E!; the smaller peaks at the harmonics
F1 ~‘‘2 3F1,’’ etc.! are harmonics of the response resu
ing from the fact that the instantaneous rate curve in F
4~D! is rectified at a zero discharge rate.40

Figure 5~A! shows the tuning curve of an auditory
nerve fiber with a BF exactly at the second forma
frequency of the vowel~1.7 kHz!. Figure 5~B! shows
some important aspects of the phase-locked respons
this fiber to the vowel@analyzed as in Fig. 4~E!; Ref.
17#.

Responses are shown at three stimulus intensities
loudnesses. The synchronized rates have a distinct p
at the second formant at the three different sound lev
At the lowest level~31 dB! there are also response com
ponents in a range of frequencies around the sec
t

d

of

r
k
.

formant, which reflect the fact that the tuning curve h
a certain width even near the tip. There are also respo
components at higher frequencies, around the sec
harmonic of the second formant, due to the rectificat
discussed above.

As sound level increases there are two import
changes in the response. First, as expected, the sync
nized rate at the second formant increases, although
increase is clearly not linear. The second-formant am
tude increases at lower levels, but then saturates or e
decreases slightly at the highest levels. This nonlin
behavior is due in great part to a compressive nonline
ity in the amplitude of response of the BM.29 We will
have more to say about this BM compression in t
section on the computational model of normal and i
paired auditory-nerve representation. As the compon
at the second formant increases, components in the
rounding band of frequencies disappear. This pheno
enon is called ‘‘synchrony capture,’’7,8 i.e., the large
spectral peak at the formant captures all of the fibe
synchrony. Synchrony capture is due to the cumulat
effects of nonlinearities in the BM, the inner hair ce
the synapse, and the auditory-nerve fiber.

Figure 6 shows the responses of a population of 4
auditory-nerve fibers arrayed along the abscissa acc
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161Biological Basis of Hearing-Aid Design
ing to fiber BF.33 Each column shows the average sy
chronized rate of a small population of fibers grouped
BF. The amplitude of response is indicated by the size
the symbol at each frequency, as shown in the lege
This plot shows the complete tonotopic representation
the vowel, with fibers arrayed along the abscissa acco
ing to place along the BM~BF! and the strength of phas
locking to different stimulus frequencies arrayed alo
the ordinate. The shaded region shows where fibers
responding to stimulus frequencies close to BF. R
sponses to formant frequencies are localized near t
cochlear place, i.e., the response to the formants is st
gest among fibers tuned to the formant frequency~as

FIGURE 5. „A… Threshold tuning curve for a normal fiber with
BF near F2. The horizontal line indicates the tuning curve
width used to compute Q10 . The vertical dashed line indi-
cates the F2 frequency. The arrow shows the fiber’s BF. „B…

Magnitude spectra of instantaneous rate responses „syn-
chronized rate … of the fiber to the vowel Õe Õ at three sound
levels. The normal conversational speech level is in the
range of 51–71 dB. Modified from Miller et al. „Ref. 17… with
permission from the Acoustical Society of America © 1997.
.
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shown by the three gray boxes!. For example, if we look
at a group of fibers with BFs near the second formant@as
in Fig. 5~A!#, we see a large response only at the seco
formant and its second harmonic~middle gray box!.
Similarly, responses at the first formant place are do
nated by the first formant and its harmonics. The fi
formant response spreads more widely than the sec
to BFs from 0.2 to 1.2 kHz. There is also a noticeab
response to the third formant located near the thi
formant place. These are the defining features of
normal auditory-nerve representation for this vow
strong narrow-band responses to the formants that do
nate at the cochlear place of the formant frequen
These features depend strongly on narrow tuning
synchrony capture in the auditory nerve. This repres
tation is the gold standard toward which we aim in t
design of hearing-aid signal processing.

FIGURE 6. Population distribution of synchronized rates in
normal fibers in response to the standard vowel. The hori-
zontal axis is fiber BF; each column of squares shows the
average synchronized rate for all fibers within a BF bin of
width 0.133 octave. The size of each square represents the
synchronized rate, as defined in the legend; for example, the
largest squares are synchronized rates at or above 120 ac-
tion potentials Õs. Response components fewer than 15 ac-
tion potentials Õs are not plotted. Formant frequency posi-
tions are marked with horizontal arrows to the right of the
figure and points where BF equals formant frequency are
shown by vertical arrows at the bottom of the figure. The
light-gray shaded diagonal area shows phase locking to fre-
quencies within 0.5 octaves of BF. The three gray rectangles
show where fibers are responding in a tonotopically appro-
priate manner to the formants. Modified from Fig. 6 of Schill-
ing et al. „Ref. 33… with permission from Elsevier Science ©
1998.
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162 SACHS et al.
AUDITORY-NERVE REPRESENTATION OF
VOWELS IN NOISE-DAMAGED EARS

We address next what happens to the representa
when the cochlea is damaged. One common caus
sensorineural hearing loss is acoustic trauma produ
by exposure to loud sounds.22 An animal model can be
created by exposing the ear to high-level narrow-ba
noise with the results shown in Fig. 7. The schematic

FIGURE 7. Threshold tuning curve characteristics †calcu-
lated as shown in panel „A…‡ for fibers in a pool of impaired
cats produced by acoustic trauma. Cats were anesthetized
and exposed to a 50 Hz wide band of noise centered at 2 kHz
for 2 h at levels between 110–115 dB SPL „the vertical gray
bar …. „B… Thresholds and „C… Q1 dB for fibers recorded after
acoustic trauma. Solid and dashed lines are the same as in
Fig. 2.
n
f
d

panel A shows the typical effects of acoustic trauma
auditory-nerve fibers with BFs in the vicinity of the ex
posure frequency. These are an increase in the thres
at BF and a broadening of tuning. It has been establis
that these losses can be produced by damage to o
hair cells only, although usually acoustic trauma dama
both outer and inner hair cells.16 Figures 7~B! and 7~C!
show the decrease in sensitivity and in the sharpnes
tuning across a population of fibers; the losses are gr
est for fibers with BFs close to the exposure frequen

Figure 8 shows results from a fiber with BF close
the second formant in a noise-damaged ear.17 The fiber’s

FIGURE 8. „A… Threshold tuning curve for an impaired fiber
with BF near F2. The horizontal line indicates tuning curve
width used to compute Q10 . The vertical dashed line indi-
cates the F2 frequency. The diagonal line fit to the upper
edge of the threshold tuning curve shows the high-
frequency slope; for impaired fibers with broad tuning, BFs
were chosen near the point of departure of the threshold
tuning curve from this straight line „Ref. 15…. The vertical
arrow shows the fiber’s BF. The impaired fiber shows a loss
of sensitivity of about 60 dB. „B… Synchronized responses of
the impaired fiber to the vowel Õe Õ at three sound levels.
Modified from Figs. 8 and 9 of Miller et al. „Ref. 17… with
permission from the Acoustical Society of America © 1997.
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163Biological Basis of Hearing-Aid Design
tuning curve is compared in Fig. 8~A! with that of a
normal fiber; the effect of the exposure on the thresh
shift is clear. Figure 8~B! shows the responses to /e /
from this fiber.17 First, at all stimulus levels the re
sponses are broadband. Notice, in particular, the str
responses to the first formant, and to the difference t
~F2–F1! generated by the first and second formants. N
ther of these components was present in the respons
the normal fiber~cf. Fig. 5!. In addition, there is phas
locking to a number of other frequency components,
seen in the normal case. Clearly, there is not the sa
degree of synchrony capture by the second forman
we saw in the normal fiber.

The effects of the noise damage on the responses
population of 182 fibers to the vowel are illustrated
Fig. 9.33 In the impaired case the phase locking is mu
more diffuse than was seen in Fig. 6 and formant
sponses are no longer localized to their appropriate
places. The impaired fibers respond to the first form
across most of the BF places. The response to the se
formant is considerably weaker at its place in the i
paired ear than in the normal ear and there is no pl
where the second formant dominates the response a
the normal ear. Virtually no separate F3 response is
parent.

We consider next what these abnormalities in the r
resentation of speech in the impaired ear can tell
about the efficacy of signal processing schemes for h
ing aids. The most straightforward and common proce

FIGURE 9. Population distribution of synchronized rates in
impaired fibers in response to the standard vowel. Plotting
conventions are the same as in Fig. 6. The three dark-gray
rectangles emphasize that impaired fibers are not respond-
ing in a tonotopically appropriate manner. That is, responses
to the formants spread to higher BF regions „especially F1 …

and the responses to F2 and F3 are weakened. Modified from
Fig. 7 of Schilling et al. „Ref. 33… with permission from
Elsevier Science © 1998.
of

a

d

n
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ing scheme is simply amplification shaped to the thre
old shift. This ‘‘frequency-shaped’’ amplification boos
the stimulus energy in the regions of threshold shift. T
result for a vowel like /e / is that the second and thir
formants are amplified, but also amplified is energy
frequencies in the trough between the first and sec
formants. Schillinget al.33 found that such amplification
does restore stronger synchrony to F2 in fibers with B
in the F2 frequency region and prevents the upw
spread of synchrony to F1 into higher BF regions. Ho
ever, anomalous responses to frequency componen
the trough region between F1 and F2 were found
fibers with BFs in that region. These abnormal respo
components result from amplification of stimulus ener
in this region, where the amplification is high to matc
the hearing loss profile. They could be misinterpreted
a hearing-impaired listener as a formant peak. Su
anomalous formants are a fundamental problem for he
ing aids with strongly frequency-shaped gain function
including multiband compression aids, where the gain
the boundary between frequency bands can vary con
erably.

A better strategy would be to amplify the F2/F3 r
gion but not the trough region. Milleret al.18 passed the
vowel through a high-pass filter with a cutoff frequen
just below the second formant frequency. The envelop
the spectrum of the contrast-enhanced frequency-sha
vowel is shown in Fig. 3~solid line!. The vertical dashed

FIGURE 10. Population distribution of synchronized rates in
impaired fibers in response to the CEFS vowel. Plotting con-
ventions are the same as in Fig. 6. Note that responses are
seen mainly at the first two formants and that the response
to F1 is confined to its tonotopically appropriate place
„within the diagonal shaded region …. Responses to F2 still
spread to BFs above F2 and there is no response to F3.
Modified from Fig. 10 of Miller et al. „Ref. 18… with permission
from the Acoustical Society of America © 1999.
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164 SACHS et al.
line shows the second-formant frequency and the
shows the high-pass filter cutoff.

Figure 10 illustrates how this signal processing i
proves the representation in the auditory nerve. Ther
no longer a strong response to the trough frequencies
spread of F1 is restricted to frequencies near the
place, and there is a dominant response to F2 at
appropriate place. However, F2 spread is not redu
and there is still no F3 component in the response.

To summarize, we have described the representa
of a simple speech sound in the responses of the aud
nerve in normal ears. We have further described
changes in that representation caused by noise-indu
cochlear impairment and have shown that amplificat
of frequencies in the region of impairment improves t
representation to some extent. Finally, we showed th
processing scheme that targets the formant frequen
does a better, though not perfect, job of restoring
auditory-nerve representation. Note that the CEFS a
rithm presents significant problems to practical reali
tion. With real speech, the cutoff frequency of the a
plification would have to be time varying, following th
second formant frequency of the speech. Algorithms
estimate the formants in real time using short segme
of speech will be an interesting engineering challeng

COMPUTATIONAL MODEL OF NORMAL AND
IMPAIRED AUDITORY-NERVE

REPRESENTATION

Generalizing the experimental program describ
above offers practical problems. Studying the repres
tation of a variety of vowels, consonants, consonan
vowel combination, running speech, speech in noise,
on and on, is impractical in neurophysiological prepa
tions because of the cost and time involved. To ma
matters worse, there are many potential process
schemes that might be pursued. In order to decrease
time and energy burden and to optimize the process
developing signal-processing schemes, we have turne
the construction of models for the normal and damag
ear that are accurate enough to allow us to test n
processing schemes and new speech sounds. Su
model will allow us to eliminate schemes that prove
be of little value and thereby to reduce the cost in tim
money, animals, and people needed to answer th
questions experimentally.

What we require of such models is that it accurat
reproduce the responses of auditory-nerve fibers to
complex, time-varying stimuli that constitute huma
speech. Because we currently have a large databas
experimental results, we are in a position to put can
date models through rigorous testing.

Carney3 has developed a model that can handle
some detail the time-varying speech signals of interes
e

y

d

s

s
f
o

a

e

f

us. The model incorporates many of the details of sig
processing in the cochlea that we believe to be esse
in predicting responses to speech, and it can be modi
to account for hair-cell damage. The original Carn
model for the normal cochlea is shown in Fig. 11.
consists of several sections, each modeling a differ
link in the chain of cochlear processes leading from
sound pressure at the ear canal to discharge pattern
the auditory nerve. Here we will focus on the first se
tion of the model, which describes the outer hair-ce
related properties and the tuning of the BM. The seco
section models the nonlinear transduction and low-p
filtering of the inner hair cell. The third section describ
adaptation of synaptic transmission between the in
hair cell and the auditory nerve and action-potential g
eration in the auditory nerve.34

In the model, BM tuning is represented by a tim
varying narrow-band filter. Outer hair-cell control of BM
motion is exerted by a nonlinear feedback path. The g
and bandwidth of the time-varying filter are controlle
by the feedback signalF(t). The inset in Fig. 11 shows
how the gain and bandwidth of the BM filter change
a function of the feedback signalF(t). F(t) is the time
constant of the components of the filter;F(t) takes its
maximum value of 3t0/2 when the feedback signalVfb is
zero, at low stimulus levels. This gives a sharply tune
high-gain filter. AsVfb increases at higher sound level
F(t) decreases tot0 , increasing both the bandwidth an
attenuation of the filter. Because of the saturating fe
back nonlinearity, the filter is sharp and linear at lo
levels, broader and compressive at moderate levels,
broad and linear at high levels.3 This compressive non
linearity has been well described experimentally in me
surements of BM displacements.29

Damage to outer hair cells or to their stereocilia im
pairs their feedback on BM vibrations, which is thoug
to explain the broadened tips and elevated threshold
tuning curves in impaired ears.16,31 To model these ef-
fects we multiply the feedback signal by a scaling co
stantC, whereC is between 0 and 1. For normal oute
hair-cell function,C is set to 1 and the filter behaves a
is shown in Fig. 11. For impaired OHC function,C is
reduced, which reduces the maximum value ofF(t) to
(11C/2)t0 ; F(t) now varies between that maximum
value and zero, which means that the BM filter has
lower gain and broader bandwidth at low-stimulus lev
and less compression at moderate levels. The effect oC
on model tuning curves is shown in Fig. 12 for mod
fibers with BFs at F2 and F3. These resemble the nor
and damaged fibers in Figs. 5~A! and 8~A!.

Figure 13 shows model population responses to
standard vowel for the normal model@C51, Fig. 13~A!#
and an impaired model@Fig. 13~B!#. In the impaired
model, C for each BF is set to produce a tuning cur
with Q10 dB equal to the twenty-fifth percentile of th
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FIGURE 11. Auditory-periphery
model of Carney „Ref. 3… re-
drawn from Fig. 1 of Carney
„Ref. 3… with permission from
the Acoustical Society of
America © 1993. Abbrevia-
tions: basilar membrane „BM…;
outer hair cell „OHC…; low-pass
„LP… filter; nonlinearity „NL…; in-
ner hair cell „IHC…; auditory
nerve „AN…. Inset: Gain func-
tions for the filter, plotted as
gain vs frequency deviation Df
from BF, are shown in the inset
for five different values of F„t …
between 3 t0Õ2 and t0 , where
t0 is the minimum time con-
stant of the nonlinear filter.
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FIGURE 12. Model tuning curves as a function of OHC im-
pairment: no impairment ×CÄ1.00; complete impairment
×ÄCÄ0.00. Top panel: BF Ä1.7 kHz; bottom panel: BF
Ä2.5 kHz.
data in Fig. 7~C!. In the normal population response@Fig.
13~A!#, synchrony capture is observed at the first a
second formants, as expected. The third-formant
sponse is weaker than it should be because of inacc
cies in the thresholds of high BF fibers. With this exce
tion, the model accurately reproduces the behavior of
data shown in Fig. 6. The impaired population respon
in Fig. 13~B! shows the upward spread of synchrony
F1 and the reduction in response to F2 and F3 obser
in the data~cf. Fig. 9!. The response to F2 is weake
than in the real data and the F1 second-harmonic
sponse at the 1 kHz place is stronger than is seen in
data. However, the general features of the impaired
are captured by the model. Figure 13~C! shows the mod-
eled response to the CEFS vowel for the impaired po
lation. The model shows response enhancements sim
to the data in Fig. 10, in that the spread of F1 is limit
and F2 responses dominate at the F2 place. Howeve
in the real data, the F2 response continues to sprea
fibers with higher BFs and there is still loss of F3 r
sponse.

So, at least in the case of severely impaired OH
the model can reproduce reasonably well the respon
of impaired auditory-nerve fibers to both natural vowe
and to signal-processed vowels. These results encou
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us to suggest that such models will be useful in sugg
ing and testing new signal-processing schemes for h
ing aids over a wide range of stimulus and impairme
conditions. We are currently developing and testing

FIGURE 13. Population responses to the vowel predicted by
the model. „A… Normal ear, standard vowel. „B… Severely im-
paired ear, standard vowel. „C… Severely impaired ear, CEFS
vowel. Plotting conventions as for Fig. 6.
-
-

hearing-impaired version of a newer model by Carn
and colleagues that includes two-tone suppressio41

which may be important in describing auditory-ner
responses for mild to moderate OHC impairment as w
as the effects of IHC impairment.17,39

FUTURE TRENDS

We turn finally to our view of the future of biomedi
cal engineering in auditory research. We foresee b
steady evolutions in the field and what may be cal
paradigm-shifting changes. The kinds of modeling effo
we have described will evolve as more is known abo
the underlying cochlear mechanisms. For example, i
widely thought that the outer hair-cell control of BM
motion is mediated by outer hair-cell ‘‘electromotility.’’2

In response to changes in membrane potential, the o
hair cell rapidly alters its length. Already, there ha
been attempts to model this electromotility at the subc
lular level,5,28 including some very detailed finite
element analyses at subcellular levels.37

Recently, a major step in understanding electromo
ity has been the identification of the putative motor pr
tein in the outer hair cells.42 Voltage-induced shape
changes and a nonlinear membrane capacitance are
served in cultured human kidney cells when they a
induced to express this protein. The more we are able
incorporate new understanding of the molecular mec
nisms underlying hair-cell function into our models, th
more confident we will be in technological developmen
based on those models.

A real paradigm shift may be currently in the makin
that someday could obviate the need for hearing aids
has been known for some time that hair cells in no
mammalian species can regenerate following inner-
damage.4,38 One of the ‘‘Holy Grails’’ of hearing re-
search is the molecular key or keys that will allow h
man cochlear hair cells to regenerate.

Recently, it was reported that overexpression of
transcription factor Math1 in postnatal rat cochlear e
plant cultures resulted in the appearance of extra h
cells.43 The ectopic hair cells were found medial to th
organ of Corti, and their source was columnar epithe
cells, located outside of the sensory epithelium. Althou
this result suggests one exciting path to the Holy Grail
also suggests a number of ways in which that path w
be paved with engineering advances. First, it is obviou
a very long way from transfecting random cells in a
explanted cochlea to transfecting cells in an intact l
human cochlea, and even farther to transfecting targe
cochlear cells. This ultimately will require major ad
vances in gene delivery systems that are likely to
developed by biomedical engineers. Second, the ect
placement of these extra hair cells is an extreme exam
of a problem that faces all efforts at regeneration of
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damaged nervous system. We cannot expect to find
magic key to regeneration, be it a growth factor, a ge
a stem cell, or something now unforeseen, and sim
turn the key to restore function. Instead, it is necessar
reconstruct complex tissues, perhaps by recapitula
part of the developmental sequence. This process
likely to be long and require many steps. A role for t
kind of research described here is to assist in the ev
ation and debugging of the results along the way.

The auditory nerve is the output of the first stage
signal processing in the auditory system. It is also
input to the central nervous system. Over the past 15
years a number of biomedical engineers have turned
studying speech processing in the central auditory s
tem. For example, on the basis of a simple model
speech signal processing in the cochlear nucleus we
pothesized and then identified experimentally a popu
tion of cochlear nucleus cells that may play a crucial r
in the perception of speech.1

But the cochlear nucleus is only one synapse into
central nervous system~CNS!. In our minds the grea
frontier in auditory neuroscience is in unraveling t
central processing responsible for auditory percepti
This process will involve developing the ability to me
sure relevant response properties from freely moving a
mals involved in auditory perceptual tasks. The techn
ogy development alone needed to accomplish this g
will be a biomedical engineering challenge of first ma
nitude. But beyond the technology, just the words ‘‘re
evant response properties’’ implies a knowledge of
issues of systems as complex as the CNS that may
quire a whole new conceptual framework. While we r
ally do not have a good idea about what form that fram
work might take, we do believe that biomedic
engineers, who do not fear complexity, will lead the w
to this new frontier.
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