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Acoustic trauma degrades the auditory nerve’s tonotopic representation of acoustic stimuli. Recent
physiological studies have quantified the degradation in responses to the vowel /}/ and have
investigated amplification schemes designed to restore a more correct tonotopic representation than
is achieved with conventional hearing aids. However, it is difficult from the data to quantify how
much different aspects of the cochlear pathology contribute to the impaired responses. Furthermore,
extensive experimental testing of potential hearing aids is infeasible. Here, both of these concerns
are addressed by developing models of the normal and impaired auditory peripheries that are tested
against a wide range of physiological data. The effects of both outer and inner hair cell status on
model predictions of the vowel data were investigated. The modeling results indicate that
impairment of both outer and inner hair cells contribute to degradation in the tonotopic
representation of the formant frequencies in the auditory nerve. Additionally, the model is able to
predict the effects of frequency-shaping amplification on auditory nerve responses, indicating the
model’s potential suitability for more rapid development and testing of hearing aid schemes.
© 2003 Acoustical Society of America.@DOI: 10.1121/1.1519544#
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I. INTRODUCTION

Recent physiological studies~Miller et al., 1997; Schill-
ing et al., 1998; Wonget al., 1998; Miller et al., 1999a, b!
have shown that acoustic trauma causes substantial cha
in the auditory nerve~AN! representation of a speechlik
stimulus, in this case the synthesized vowel /}/ as in ‘‘met.’’
The responses of a normal AN fiber to the vowel presente
stimulus levels appropriate for conversational speech
dominated by the formant frequency nearest the fiber’s b
frequency~BF!, a phenomenon known as synchrony capt
~Young and Sachs, 1979; Deng and Geisler, 1987b; D
et al., 1987; Miller et al., 1997!. In contrast, fibers in an ea
impaired by acoustic trauma respond to a broad range
frequency components in the vowel, particularly to forma
at frequencies below the fibers’ BFs. As a result, the nor
tonotopic representation of the vowel is degraded; most
portant, responses to the first formant (F1) spread away
from their tonotopically appropriate location towards high
BFs. The upward spread ofF1 responses means that c
chlear locations at which responses toF2 andF3 are nor-
mally seen now respond primarily toF1. This spread ofF1
response reduces the quality of the representation ofF2 and
F3; for example, the discriminability, based on AN r
sponses, of vowels with differentF2s is substantially re-
duced ~Miller et al., 1999b!. In this paper, we describe
computational model of the auditory periphery that is able
describe this degradation of AN representation of spe
stimuli.

Anatomical investigations of acoustically traumatiz
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1280 Main Street West, Hamilton, Ontario L8S 4K1, Canada. Electro
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cochleae show damage to both the outer~OHC! and inner
~IHC! hair cells~Liberman and Dodds, 1984a!. OHC impair-
ment produces broadened and elevated AN fiber thres
tuning curves~e.g., Kiang et al., 1976; Robertson, 1982
Liberman and Dodds, 1984a!. Also observed are reduction
in nonlinearities in AN responses, such as two-tone rate s
pression~Schmiedtet al., 1980, 1990; Salviet al., 1982;
Miller et al., 1997! and the compressive nature of basila
membrane~BM! responses~Robles and Ruggero, 2001!. The
latter are seen, for example, in the growth of discharge
of AN fibers with sound level~Harrison, 1981!. IHC damage
causes elevation of AN fiber threshold tuning curves with
broadening their tuning~Liberman and Dodds, 1984a!.

Because the cochlea is nonlinear, it is difficult to a
tribute changes in AN responses to speech following acou
trauma to particular aspects of the damage, such as IHC
sus OHC or tuning versus compression. A model is helpfu
that process. The effects of broadened tuning on respons
speech have been studied using computational models~Gei-
sler, 1989; Sachset al., 2002!, but these models do not in
clude two-tone rate suppression~the former also lacks BM
compression!, and IHC impairment was not investigate
Our methodology in this paper is to modify the OHC a
IHC sections of an auditory periphery model~Zhanget al.,
2001! to produce the desired impairment of model AN fib
tuning curves, both threshold and bandwidth, and obse
the effects of these changes on model responses to the vo
The physiological accuracy of the model’s predictions is
sessed by comparison with published data. This sort
model should be useful as a means of quickly and efficien
testing potential hearing-aid amplification schemes and
provide a kind of test not commonly used, which is to eva
ate the ability of amplification to restore normal patterns
auditory nerve activity in response to speech. Such inform
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tion should be a useful adjunct to psychophysical testing
We have selected the model of Zhanget al. ~2001! be-

cause it has a number of features that make it suitable to
task. First, the model input can be any arbitrary sou
pressure waveform and its output consists of simulated
fiber spike times, so the same types of data analyses ca
performed on the model as on the physiological data. S
ond, the model has been designed particularly to describe
synchrony~or phase locking! behavior of low-frequency AN
fibers. Synchronized response are important to this effort
cause synchrony shows directly to which frequency com
nents of a complex stimulus a fiber is responding. Synchr
is particularly revealing when used to analyze the effects
impairment on responses to speech. Third, the model c
tains sections that separately represent the IHCs and OH
making it possible to simulate effects of damage to particu
aspects of cochlear function. Fourth, the model parame
have been adjusted for the cat auditory periphery and
model has been extensively validated by comparison w
data from cat, the same species in which the compar
vowel data were collected.

There exist a number of alternative models of the au
tory periphery, which we decided were less suitable to
task at hand. The model of Zhanget al. ~2001! is based on an
earlier model by Carney~1993!. The latter model account
for variation of frequency tuning with stimulus level and B
compression but does not produce two-tone rate suppres
which has been shown to be important in AN response
speech~Young and Sachs, 1979; Sachs and Young, 19
Miller et al., 1997; Wonget al., 1998!. Models by Deng and
Geisler ~1987a!, Payton ~1988!, Jenisonet al. ~1991!, and
Giguère and Woodland~1994! also do not include two-tone
rate suppression and have not been as extensively valid
against physiological data. The models of Kates~1995! and
Robert and Eriksson~1999! do include two-tone rate sup
pression, but this is achieved via feedback control fr
neighboring BM filters. Such lateral feedback does not h
an obvious correlate in cochlear physiology and could lea
unpredictable effects when one section is impaired but a
cent sections are normal. Several studies have modeled
nonlinear properties of the BM, including level-depende
tuning, compression, and two-tone rate suppression~Pfeiffer,
1970; Duifhuis, 1976; Goldstein, 1990, 1995; Meddiset al.,
2001; Irino and Patterson, 2001; Lopez-Poveda and Med
2001!. The more recent of these models produce some
tures not seen in the Zhanget al. ~2001! model, such as a
shift in BF with intensity ~as reported by Andersonet al.,
1971; Johnstoneet al., 1986; Zhang and Zwislocki, 1996
Robles and Ruggero, 2001! and abrupt phase changes in A
responses at very high stimulus levels~the component
1/component 2 transition, Liberman and Kiang, 1984!. How-
ever, these BM models do not include IHCs, synapses,
AN fibers and therefore are not suitable for comparison w
AN data ~Meddiset al., 2001!.

Although the Zhanget al. ~2001! model is accurate in
predicting a large range of physiological data for pure-to
and two-tone stimuli, it has not been tested previously w
speechlike stimuli. In this paper, we show that some chan
to the OHC control of BM tuning are required to improve t
370 J. Acoust. Soc. Am., Vol. 113, No. 1, January 2003
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model’s predictions of normal AN responses to the vow
stimulus. A simple modification of OHC function in our im
proved model allows the effects of acoustic trauma to
modeled, including various degrees of elevation and bro
ening of tuning curves and a proportional loss of compr
sion and suppression. An analogous modification to the I
section of the model leads primarily to elevation of the tu
ing curve without substantially changing the bandwidth
measured byQ10 values. These different effects of OHC an
IHC impairment are consistent with the physiological da
~e.g., Liberman and Dodds, 1984a!. Here we show that both
IHC and OHC impairment can cause model fibers with B
near the second and third formants to lose synchrony to th
formants and become more synchronized to other com
nents of the vowel spectrum, as observed in the physiolo
cal data. The model also predicts that the amplificat
scheme previously suggested by Milleret al. ~1999a! re-
stores synchrony capture by the second formant for mo
fibers with BFs in the second formant region.

II. MODELING THE NORMAL AUDITORY PERIPHERY

The auditory-periphery model, modified from Zhan
et al. ~2001!, comprises several sections, each providing
phenomenological description of a different part of coch
function. The model is illustrated in the schematic diagra
of Fig. 1~a!. The details of the normal model can be found
Zhanget al. ~2001!. In this paper we only describe modifi
cations made to the Zhanget al. model to improve its accu-
racy in predicting responses to speech sounds and
changes that are needed to model OHC and IHC impairm
The model code is available on request. All the changes
the normal AN-periphery model from that of Zhanget al.
~2001! are summarized in Table I.

The first section models the filtering properties of t
middle ear~ME!, described in detail in Appendix A. Filtering
by the outer ear is not included, because we are using
model to predict physiological data for acoustic stimuli th
were delivered directly to the tympanic membrane via e
bars~e.g., Milleret al., 1997!. Outer-ear filtering would need
to be considered for free-field acoustic stimulation.

The second section describes the ‘‘control path,’’ whi
includes a wideband, nonlinear, time-varying, band-pass
ter followed by an OHC nonlinearity~NL! and low-pass~LP!
filter. The purpose of this section is to control the tim
varying, nonlinear behavior of the narrow-band signal-p
BM filter, which it does by adjusting the bandwidth and ga
of that filter through its time constanttsp. The control-path
filter must be wider than the signal-path filter to account
wideband nonlinear phenomena such as two-tone rate
pression~e.g., Sachs and Kiang, 1968; Costalupeset al.,
1987; Javelet al., 1978, 1983; Delgutte, 1990; Temchi
et al., 1997!.

The third section of the model is the ‘‘signal path’’ de
scribing the filter properties and traveling wave delay of t
BM ~time-varying, narrow-band filter!; the nonlinear trans-
duction and low-pass filtering of the IHC~IHC NL and LP!;
spontaneous and driven activity and adaptation in syna
transmission~synapse model!; and spike generation and re
fractoriness in the AN~spike generator!. The center fre-
Bruce et al.: An auditory-periphery model of acoustic trauma
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quency of the signal-path BM filter is the primary determ
nant of the model fiber’s BF. The bandwidth and gain of bo
the signal-path, narrow-band filter and the control-pa
wideband filter are varied continuously as a function of
control path output. The low-pass filtering of the IHC d

FIG. 1. ~a! The auditory-periphery model modified from Zhanget al. ~2001!
~cf. Fig. 1 of that paper!. Abbreviations: outer hair cell~OHC!; low-pass
~LP! filter; static nonlinearity~NL!; inner hair cell~IHC!; best frequency
~BF!. CIHC andCOHC are scaling constants that control IHC and OHC stat
respectively. ~b! Gain functions of linear versions of the time-varyin
narrow-band filter in the signal path, plotted as gain versus frequency
viation D f from BF. The filter is fourth-order and is plotted for five differen
values oftsp betweentnarrow andtwide ; Dt5tnarrow2twide . tnarrow was cho-
sen to produce a 10-dB bandwidth of;450 Hz, andtwide was chosen to
produce a maximum gain change at BF of;41 dB. This plot can be inter-
preted as showing the nominal tuning of the filter with normal OHC fu
tion at five different sound pressure levels or alternatively as the nom
tuning of the filter for five different degrees of OHC impairment.
J. Acoust. Soc. Am., Vol. 113, No. 1, January 2003
h
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scribes the fall-off in pure-tone synchrony with increasi
BF above 1 kHz. The preceding IHC nonlinearity produce
dc component in the IHCs of high-BF model fibers, provi
ing nonsynchronized synaptic drive to such fibers. The sp
taneous rate~in this paper, 50 spikes/second before the
fects of refractoriness!, adaptation properties, and rate-lev
behavior~including threshold and saturation! of a model fi-
ber are determined by the synapse model. Only high spo
neous rate fibers are modeled. The spiking and refrac
behavior are set to model the statistics of spike timing in A
fibers.

A. Middle-ear filter

A ME filter was not included in the Zhanget al. ~2001!
model but is important in modeling responses to wideba
stimuli such as vowels, because the ME filter changes
relative levels of stimulus components. We have added a
section to the model by combining the ME-cavities model
Peakeet al. ~1992! with the ME ~with cavities open! model
of Matthews ~1983!. A digital-filter representation of this
model is described in Appendix A. The ME model has
maximum gain of 32 dB@Fig. 19~b!#. Because the param
eters of the Zhanget al. ~2001! model are set for no ME
model, we scale the gain of the ME filter to a maximum ga
of 0 dB. This allows us to avoid adjusting other leve
dependent parameters of the auditory periphery model.
principal effect of the ME filter is on model threshold
which are shown by the black dashed line in Fig. 2~a! and are
compared to experimental data~Miller et al., 1997!.

There are three differences between model and d
First, the model thresholds are consistently higher than
perimental ones, which requires an increase in the syna
gain ~see below! relative to that of Zhanget al. ~2001!. Sec-
ond, the model does not accurately reproduce the slope o
best threshold curve below 1 kHz@BTC; thin dashed line in
Fig. 2~a!#. Low-frequency thresholds in cat preparations va
from animal to animal~e.g., Liberman, 1978! and are af-
fected by the status of the middle ear bulla cavity~open or

,

e-

-
al

TABLE I. Summary of differences between the normal auditory periph
models of Zhanget al. ~2001! and of this paper.

Zhanget al. ~2001! This paper

No middle-ear filtering Middle-ear filtering as described i
Appendix A

Synapse gain compensates for
IHC filtering

Synapse gain compensates for IHC
and ME filtering@see Eq.~1!#

Symmetric nonlinearity between
wideband filter and OHC Boltzmann
nonlinearity

Linear scaling of 43103 after
wideband filter to compensate for
removal of symmetric nonlinearity

Wideband-filter gain normalized
to unity at BF

Wideband-filter gain normalized
to match narrow-band-filter gain
at BF ~see Appendix B!

OHC LP filter cutoff5800 Hz OHC LP filter cutoff5600 Hz

BM gain versus BF based on
other species

BM gain versus BF estimated
from cat AN data@see Eq.~B3!#
371Bruce et al.: An auditory-periphery model of acoustic trauma
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closed; Guinan and Peake, 1967!. The model gives thresh
olds near the lower end of the published range and the
ticular data shown are near the upper end. In order to be
fit the thresholds at low frequencies, the ME gain function
the synapse gain could be changed. Neither has been
here, because of the uncertainty in the data. Third, the l
pass filtering of the ME produces elevated thresholds for B
above 4.5 kHz relative to thresholds in the BF region arou
1.5 kHz. In contrast, thresholds in the experimental data
similar in these two regions. In Zhanget al. ~2001! the syn-
apse gain~i.e., the function relating the IHC potential to th
synaptic release rate! varied as a function of BF to compen
sate for the low-pass filtering of the IHC, thus maintaining
constant AN-fiber threshold as a function of BF. We propo
that the synapse gain also compensates for the low-pas
tering of the ME above 4.5 kHz. This can be achieve in
model by using a new function for the synapse gain@param-
eterKCF in Eq. ~A17! of Zhanget al., 2001#:

KCF5100.24BF10.5, ~1!

where BF has the units of kHz. This new function also
cludes an increase in the absolute gain so that model thr
olds better match the BTC. Plotted in Fig. 2~b! are the old
~dashed line! and new~solid line! functions.

B. OHC control of BM tuning

The signal-path BM filters are fourth-order, nonline
infinite impulse response~IIR! gamma-tone filters~Patterson
et al., 1988!. Each filter is realized by cascading three no
linear and one linear first-order, low-pass filters~Zhang
et al., 2001!. The stimulus waveform is first down-shifted i

FIG. 2. ~a! Thresholds versus BF. The gray symbols are single-fiber thre
olds and the thin dashed line is the best threshold curve~BTC! for these data
~Miller et al., 1997!. The black dashed line shows the model threshold w
the ME included. The black solid line shows the model threshold with
ME included plus frequency compensation in the synapse gain for the
pass filtering of the ME~at ;4.5 kHz!, as described below.~b! Synapse gain
@parameterKCF in Eq. ~A17! of Zhanget al., 2001# as a function of BF. The
dashed line shows the function used in Zhanget al. ~2001!, which compen-
sates for the low-pass filtering of the IHC to create constant thresholds
function of BF without ME filtering. The solid line shows the new functio
described by Eq.~1! that also compensates for the low-pass filtering of t
ME to create constant thresholds above;1 kHz, except for the notch jus
above 4 kHz@see panel~a!#.
372 J. Acoust. Soc. Am., Vol. 113, No. 1, January 2003
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frequency by the desired center frequency of the filter, th
filtered, and finally up-shifted to its original frequencie
Each of the three nonlinear low-pass filters may be descri
by the difference equation@modified from Eq.~A4! of Car-
ney ~1993!#:

y@n#5c1LP@n#y@n21#1c2LP@n#~x@n#1x@n21# !,
~2!

where x is the filter input,y is the filter output,n is the
sample number, and the filter coefficientsc1LP@n# and
c2LP@n# are determined by the time constant for the sign
path filter tsp@n# @see Fig. 1~a!# according to the bilinear
transform~Oppenheim and Schafer, 1989!:

c1LP@n#5~tsp@n#2Fs21!/~tsp@n#2Fs11! ~3!

and

c2LP@n#51/~tsp@n#2Fs11!, ~4!

where the sampling frequencyFs is set at 500 kHz~Zhang
et al., 2001!. The time constanttsp@n# determines both the
gain and the bandwidth of the filter and varies between
valuestnarrow andtwide according to the output signal of th
control path. Note that the control path is modified somew
from that of Zhang et al. ~2001! to improve the filter
dynamics—see Appendix B for details. The single linear
filter that follows the three nonlinear LP filters in the signa
path BM filters is identical to the nonlinear filters except th
its time constant is alwaystwide and its dc gain~i.e., the gain
at BF! is always unity. Figure 1~b! shows the gain of the
signal-path filter for values oftsp over its whole range; de
creasingtsp from tnarrow to twide increases both the band
width and the attenuation.

We will consider the behavior of the nonlinear signa
path filter over three different ranges of stimulus intens
First, at low stimulus intensities the control path signal
negligible and thereforetsp@n#'tnarrow. Consequently, the
bandwidth is narrow, gain is high, and the filter is effective
linear. Second, at moderate stimulus intensities the con
path signal becomes significant, such thattsp@n# dynami-
cally varies betweentnarrow and twide, creating effectively
broadened tuning, a compressive nonlinearity for stim
with frequency components near BF, and two-tone supp
sion for wideband stimuli. The time constant of the contr
path filtertcp@n# is set to a constant fractionK of tsp@n#, to
create an area of suppression that is appropriately wider
the excitation tuning curve~Zhang et al., 2001!. Two-tone
rate suppression is created in the model when a suppre
tone produces negligible energy at the output of the sign
path filter but has enough energy at the output of the broa
control-path filter to reducetsp@n# via the control path and
consequently reduce the gain of the signal-path filter. Th
for very large signals, the control path saturates andtsp@n#
has an essentially constant value neartwide. Thus, at high
intensities the filter has a broad bandwidth and low gain a
is once more linear. These properties simulate the BM tun
and nonlinearities that are caused by the activity of hea
OHCs ~e.g., Johnstoneet al., 1986; Robles and Ruggero
2001!.

The value of the time constanttnarrow determines the
bandwidth of model threshold tuning curves. The bandwi
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of a tuning curve is usually quantified according to itsQ10
value, which is equal to BF divided by the bandwidth of t
tuning curve 10 dB above threshold at BF. The desiredQ10

value can be produced in the model by settingtnarrow

52Q10/(2pBF) @Eq. ~4! of Zhang et al., 2001#. In Secs.
IV A, IV B, and IV D, where data from individual AN fibers
are presented, we match modelQ10 values to the example
fibers. In Sec. IV C, where data from populations of AN
bers are presented, we use functional relationships to
scribe trends inQ10 versus BF observed in the populatio
data. In Fig. 3,Q10 values from the normal-cat data of Mille
et al. ~1997! are plotted as gray symbols as a function of B
on a log-log scale. Zhanget al. ~2001! used a linear fit of
log(Q10) values from these data versus log(BF) to set mo
Q10 values. However, at any particular BF there is a range
Q10 values observed in the data. AN fibers with differentQ10

values are likely to have somewhat different responses
wideband stimuli such as vowels. Therefore, in this paper
use the three different functions forQ10 versus BF shown in
Fig. 3, which correspond to the 75th, 50th, and 25th perc
tiles of Q10 values after normalization by the linear fit o
log(Q10) versus log(BF). The equations for the these fun
tions are, respectively,

log10Q10
75th50.4708 log10~BF!10.5469, ~5!

log10Q10
50th50.4708 log10~BF!10.4664, ~6!

log10Q10
25th50.4708 log10~BF!10.3934, ~7!

where BF has the units of kHz.
The value of the time constanttwide determines

the maximum bandwidth and the minimum gain
the signal-path narrow-band filter, as illustrated in Fig. 1~b!.
Zhanget al. ~2001! refer to the difference in filter gain be
tweentnarrow and twide as the cochlear amplifier~CA! gain.
Based on the third-order nonlinear filter,twide

5tnarrow102gainCA(BF)/60, where gainCA(BF) is determined by

FIG. 3. Normal-catQ10 values as a function of BF from Milleret al. ~1997!.
The gray symbols indicate values for individual fibers and lines indicate
75th~solid line!, 50th~dashed line!, and 25th~dotted line! percentiles ofQ10

values after normalization by a linear fit of log(Q10) versus log(BF).
J. Acoust. Soc. Am., Vol. 113, No. 1, January 2003
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Eq. ~B3! for a given BF. The CA gain also determines th
strength of BM compression@see Fig. 4~b!# and two-tone
rate suppression~Zhanget al., 2001!.

III. MODELING THE IMPAIRED AUDITORY PERIPHERY

A. Modeling OHC impairment

In order to model the effects of OHC status on the no
linear BM filter, we introduce a scaling constantCOHC to the
output of the control path, such that

tsp–impaired@n#5COHC~tsp@n#2twide!1twide, ~8!

where 0<COHC<1. The effects ofCOHC on the tuning of the
signal-path filter at its narrowest bandwidth and largest g
(tsp5tnarrow) are shown in Fig. 1~b!.1

FIG. 4. ~a! Model tuning curves as a function of OHC impairment: n
impairment⇒COHC51.00; complete impairment⇒COHC50.00. Top panel:
BF52.5 kHz; Bottom panel: BF57.0 kHz. ~b! The effects ofCOHC on BM
compression for a fiber with BF52.5 kHz. The thin dashed line shows
linear input/output function~no compression!, shallower slopes indicate
compression. The arrow indicates that normal OHC function produce
difference in the filter gain of 46 dB between low-intensity stimuli an
high-intensity stimuli at a BF of 2.5 kHz. At moderate intensities the filter
normally compressive, i.e., slope,1. This cochlear amplifier~CA! gain and
associated compression are progressively lost with increasing OHC im
ment, i.e., decreasingCOHC.

e
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The effects ofCOHC on tuning curves are illustrated in Fig
4~a! for model fibers at two different BFs. To model norm
OHC function,COHC is set to 1 and consequently the filt
behavior is normal: tuning curves are narrow and thresho
are low. The upward ‘‘notches’’ in the tuning curves ju
above 4 kHz are due to the notch in the ME filter@see Fig.
19~b!#. The effects ofCOHC on compression are shown i
Fig. 4~b! for one model fiber. WithCOHC51 the BM filter
exhibits compression for a BF tone from;30 dB SPL to
.100 dB SPL. Not shown here, the model also exhibits tw
tone suppression due to the behavior of the wideband n
linear filter ~Zhanget al., 2001!, which is also apparent in
responses to vowel stimuli~see Sec. IV!.

To model impaired OHC function,COHC is set to some
value between 1 and 0; the lower the value, the greater
impairment. ReducingCOHC causes two changes in the filte
behavior.

First, the effect when the control path signal is sm
~i.e., at low sound levels! is to increase the tuning curv
bandwidth and elevate thresholds around BF. Threshold
the low-frequency ‘‘tail’’ of the tuning curve decreas
slightly with increasing impairment. This behavior is qua
tatively consistent with physiological reports of hypersen
tive tails in tuning curves with OHC impairment~Liberman
and Dodds, 1984a!. In addition, a small downward shift in
BF is observed in Fig. 4~a! for the model fiber with an un-
impaired BF of 2.5 kHz; we refer to this shifted-BF follow
ing impairment as the ‘‘impaired BF.’’ The shift is due to th
effects of the ME filter and IHC LP filter on the tuning curv
shape, not a change in the BM filter’s center frequency,
only occurs in the steep transition bands of the ME and I
filters. Upward shifts of less than 0.15 oct occur for uni
paired BFs less than 0.5 kHz~i.e., in the high-pass transitio
band of the ME filter! and between;4.2 and 5.0 kHz~i.e., in
the upper edge of the ME notch!; downward shifts of less
than 0.35 oct occur for unimpaired BFs between;1.3 and
4.2 kHz ~i.e., in the lower edge of the ME notch and th
low-pass transition band of the IHC filter!. Physiological
data show shifts in the BM filter’s center frequency at hi
intensities or with impairment~e.g., Robles and Ruggero
2001! that are larger than those seen in this model.

Second, when the control path signal is significant~i.e.,
at moderate to high stimulus intensities!, compression and
suppression are reduced because of the scaling down o
time-varying component oftsp@n# @Fig. 4~b!#. The extreme
case ofCOHC50 describes complete loss of OHC functio
tuning curves are at their highest and broadest and comp
sion and suppression are completely lost. Figure 4~b! shows
that for a BF of 2.5 kHz the normal model produces
cochlear-amplifier gain of;46 dB SPL, as prescribed by Eq
~B3!.

B. OHC impairment as a function of BF

In order to predict data from populations of AN fiber
we must have estimates of the levels of OHC and IHC
pairment as a function of BF. As described by Liberman a
Dodds~1984a! and modeled in Fig. 4, damage to the OH
causes both an increase in thresholds and a broadenin
tuning. However, damage to the IHCs also leads to eleva
374 J. Acoust. Soc. Am., Vol. 113, No. 1, January 2003
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thresholds~Liberman and Dodds, 1984a!, and therefore the
increase in thresholds is not an uncontaminated indicato
the degree of OHC impairment. In contrast,Q10 values are
not thought to be affected greatly by IHC impairment~Liber-
man and Dodds, 1984a!. The following method is used in
Secs. IV A, IV B, and IV D to model data from single im
paired AN fibers. First, we set the value oftnarrow in the
model using theQ10 value of an examplenormal fiber with
approximately matching BF. Second, we find a value
COHC that explains the estimatedQ10 value of the example
impairedfiber. Third, we apply enough IHC impairment~see
Sec. III C! to explain the remaining threshold shift not a
counted for by the OHC impairment.

In Sec. IV C, functional relationships betweenCOHC and
BF are derived to allow modeling of data from populatio
of AN fibers. Three functions are used, which are designe
follow the 75th, 50th, and 25th percentiles of theQ10 data
from Miller et al. ~1997!. Figure 5~b! shows theQ10 data
from impaired animals normalized by the best fit log-log li
from normal animals~Fig. 3!. The three horizontal lines
show the 75th, 50th, and 25th percentiles of the normal d
The decrease inQ10 data points below the lines are a resu
of acoustic trauma. Figure 5~a! shows three empiricalCOHC

functions designed to fit the 75th, 50th, and 25th percent
of the impaired data. In doing these fits, the normal mode

FIG. 5. Determination of model OHC impairment to fit impairedQ10 values
as a function of BF.~a! Three different functions forCOHC versus unim-
paired BF to produce mild~solid line!, moderate~dashed line!, and severe
~dotted line! OHC impairment as shown by the corresponding lines in~b!.
Definitions of these three cases are given in the text.~b! ImpairedQ10 versus
impaired BF, withQ10 values normalized by a linear fit to the normal-c
data plotted in Fig. 3. Gray symbols indicate data from individual fibers a
thick lines indicate model predictions given the three functions forCOHC

shown in ~a!. Thin lines show the 75th, 50th, and 25th percentile of t
normal data when normalized by the linear fit.~c! Impaired threshold versus
impaired BF, where threshold values are given relative to the respec
normal best threshold curves for the data and model. Gray symbols ind
data from individual fibers and lines indicate the model predictions given
functions forCOHC shown in~a!.
Bruce et al.: An auditory-periphery model of acoustic trauma
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to the 75th percentile line of the normal data was adjuste
fit the 75th percentile of the impaired data by varyingCOHC,
and similarly for the 50th and 25th percentiles. The th
lines that follow the data points in Fig. 5~b! show the result-
ing Q10’s for model tuning curves. The irregularities in th
modelQ10 values between 3 and 5 kHz result from the M
notch.

The threshold shifts resulting from the model OHC im
pairment are shown in Fig. 5~c!. Even severe OHC impair
ment, as derived from theQ10 data, can at best account fo
around two-thirds of the threshold shift seen in the impair
cat data; we postulate that the remainder should be attrib
to IHC damage. Milleret al. ~1997! found that fibers with
BFs near the exposure frequency were under-represente
the impaired cats, relative to the normal cats, and argued
substantial IHC damage, followed by silencing and perh
degeneration of some AN fibers. Fibers with less severe I
damage should still be responsive to acoustic stimuli
with elevated thresholds. Modeling of such IHC impairme
is described next.

C. Modeling IHC impairment

Elevated threshold tuning curves due to IHC impairm
can be modeled by decreasing the slope of the function
relates BM vibration to IHC potential@the block IHC NL in
Fig. 1~a!#. At the same time, the saturation potential mu
remain the same to retain maximum discharge rates clos
those of normal fibers~e.g., Liberman and Kiang, 1984
Miller et al., 1999a!. Both of these effects can be achiev
together in the model by decreasing the slope of the IHC
block, or equivalently by scaling down the output of th
narrow-band BM filter at the input of the IHC nonlineari
using a scaling constantCIHC , where 0<CIHC<1. A value
of one produces normal IHC function and a value of ze
gives total IHC disfunction. To model individual examp
fibers, a value forCIHC is chosen that accounts for the thres
old shift not explained by OHC impairment.

Figure 6~a! shows the values ofCIHC that are need to
explain the minimum threshold shift in the AN populatio
data not accounted for by the OHC impairment of Fig. 5~a!.
Figure 6~b! shows the threshold shifts as a function of im
paired BF resulting from the IHC impairment in panel~a! in
combination with the three cases of OHC impairment fro
Fig. 5 ~heavy lines!. The combined threshold shifts match th
minimum threshold shifts in the data reasonably well. Mi
mum rather than average thresholds are fit because we
sume that the distribution of thresholds at any given BF
flects variation in synapse gain, i.e., the difference betw
low and high spontaneous rate AN fibers~Geisler, 1981;
Heinzet al., 2001!. Consistent with the data of Liberman an
Dodds~1984a!, Q10 values are relatively unaffected by IH
impairment in the model, although tuning at levels 20 dB
greater above threshold is broadened due to the broad
filtering of the normal BM at higher stimulus levels.
J. Acoust. Soc. Am., Vol. 113, No. 1, January 2003
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IV. SYNCHRONIZED RESPONSE TO THE VOWEL Õ}Õ

A. Single-fiber data and predictions

Miller et al. ~1997! recorded AN single-fiber response
to the synthesized vowel /}/ with the spectrum shown in Fig
7. This synthesized vowel is periodic with a fundamen
frequency (F0) of 100 Hz and formant frequencies (F1-F5)
of 0.5, 1.7, 2.5, 3.3, and 3.7 kHz. Note that the stimulus
been filtered by the head related transfer function~HRTF! of
a human head~Wiener and Ross, 1946!.

The synchronized responses of AN fibers to an;80 ms
vowel stimulus were evaluated by taking the Fourier tra
form of the poststimulus time histogram~PSTH! normalized
to units of spikes/second~Miller et al., 1997!. Synchronized
rates for two fibers with BFs nearF2 are plotted in Fig. 8. At
the lowest presentation level@panel ~c!#, the normal fiber
responds to a number of frequency components of the vo

FIG. 6. Determination of model IHC impairment to fit minimum thresho
shifts as a function of BF.~a! Function forCIHC versus unimpaired BF to
produce the threshold shifts as shown in panel~b!. ~b! Impaired thresholds
relative to the respective normal best threshold curves for the data
model versus impaired BF. Gray symbols show data from individual fib
and thin lines show threshold shifts for OHC impairmentalone ~replotted
from Fig. 5!. The thick lines show the model threshold shifts with IH
impairment as described in panel~a! in combination with the three cases o
OHC impairment: mild ~solid line!, moderate~dashed line!, and severe~dot-
ted line!.

FIG. 7. Power spectrum of the vowel /}/ used in the physiological experi
ments. Modified from Fig. 1 of Milleret al. ~1997! with permission from
the Acoustical Society of America© ~1997!.
375Bruce et al.: An auditory-periphery model of acoustic trauma
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in the spectral peak aroundF2. This fiber exhibits synchrony
capture at the two higher stimulus levels@panels~a! and~b!#:
as the stimulus level increases above the fiber threshold
responses becomes synchronized almost exclusively to
vowel component atF2. In contrast, the impaired fiber@~d!–
~f!# shows a much more broadband response, particularl
the higher-intensity first formant. Note the higher presen
tion levels used to compensate for the elevated threshol
this impaired fiber.

Shown in Fig. 9~a! are synchronized responses of
model fiber with normal OHC and IHC function (COHC

5CIHC51); the BF, threshold, andQ10 approximately

FIG. 8. Synchronized response of a normal@~a!–~c!# and an impaired@~d!–
~f!# fiber, both with BFs aroundF2, to the vowel /}/. Synchronized rate is
the magnitude of the Fourier transform of a PSTH~binwidth 20 ms!, with
units of spikes/s. The normal fiber had a BF of 1.7 kHz and aQ10 of 4.4, and
the impaired fiber had a BF of 1.6 kHz, a threshold shift of;60 dB, and a
Q10 of 3.8. Reprinted from Fig. 9 of Milleret al. ~1997! with permission
from the Acoustical Society of America ©~1997!.
376 J. Acoust. Soc. Am., Vol. 113, No. 1, January 2003
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match those of the normal fiber from Fig. 8. Like the norm
fiber of Fig. 8, the model fiber synchronizes to a number
vowel components around theF2 spectral peak at the lowes
stimulus intensity~31 dB SPL! and almost exclusively to the
F2 component at the higher intensities. Also observed i
synchronized response to the second harmonic ofF2, al-
though it is somewhat smaller than that of the example n
mal fiber. The major cause of the synchrony capture byF2 at
the higher intensities is the compressive/suppressive non
earity of the signal-path, narrow-band BM filter. At the 3
dB SPL presentation level, around 82% of the signal pow
at the output of the narrow-band BM filter is at theF2 fre-

FIG. 9. Model predictions of a low-frequency (BF'F2) AN fiber’s syn-
chronized response to the vowel /}/. ~a! Normal OHC and IHC (COHC

5CIHC51); BF51.7 kHz. ~b! Severely impaired IHC (CIHC50.003) and
normal OHC (COHC51); unimpaired BF51.7 kHz, impaired BF
'1.6 kHz, threshold shift'60 dB, and impairedQ10'3.8.
Bruce et al.: An auditory-periphery model of acoustic trauma
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quency; the narrow-band filter is effectively linear at th
presentation level@Fig. 4~b!#. At 51 and 71 dB SPL, the
narrow-band filter is operating in its nonlinear range, caus
the percentage of the signal power atF2 to increase to 89%
and 92%, respectively. These percentage values are relat
unaffected by further processing of the signal by the IH
synapse, and spike generator sections of the model.

The example impaired fiber of Figs. 8~d!–~f! presents an
interesting case: it has relatively normal pure-tone tuning
measured byQ10 values but has a broadband synchroniz
response to the vowel~Miller et al., 1997!. How could this
come about? Shown in Fig. 9~b! are synchronized response
of a model fiber with severely impaired IHC functio
(CIHC50.003) and normal OHC function (COHC51); the
impaired BF, threshold shift, andQ10 approximately match
those of the impaired fiber from Fig. 8. The model pred
tions are consistent with the data plotted in Figs. 8~d!–~f!,
showing synchrony to many frequency components of
vowel ~i.e., loss of synchrony capture!, including a particu-
larly large response toF1. Examination of the output of eac
stage of the model’s signal path shows how synchrony c
ture is lost without impairment to the BM filter. As state
above, around 92% of the signal power at the output of
narrow-band BM filter is at theF2 frequency for a presen
tation level of 71 dB SPL. This percentage value drops
only 59% if the presentation level is increased to 93 dB S
because at this level the narrow-band BM filter tuning is v
broad@see Fig. 1~b!# and its gain is fairly linear again@see
Fig. 4~b!#. However, with normal IHC function the signal a
the output of the narrow-band BM filter is so large that
falls within the nonlinear~saturating! ranges of the IHC non-
linearity and the synapse model. Saturation of the signal s
presses the smaller frequency components such that the
centage of the signal power atF2 increases to 80% at th
output of the IHC and 91% at the output of synapse mod
That is, synchrony capture is lost at the narrow-band B
filter at high presentation level but is regained through
nonlinear processing of the normal IHC and synapse. W
the IHC is impaired, the signal no longer saturates the I
nonlinearity and synapse model, and the percentage of
signal power atF2 drops to 38% at the output of the IH
and 27% at the output of the synapse model, producing
broadband synchrony observed in Fig. 9~b!. These results
show that loss of synchrony capture at high stimulus lev
can be produced solely by IHC impairment, with no impa
ment of BM tuning necessary.

OHC impairment alone can also give rise to broadba
synchrony at some stimulus levels. Results are shown in
10~a! for a model fiber with BF matching the example im
paired fiber of Fig. 8, but with normal IHC function (CIHC

51) and total OHC impairment (COHC50). At the lower
two presentation levels the impaired BM response is br
enough to create broad synchrony in the model AN fiber
these cases, the BM response is broader and more linear
for the normal BM, and the reduced gain of the BM mea
that the signal falls more within the linear regions of the IH
nonlinearity and the synapse model, as was the case for
impairment. At the highest level the signal is large enou
for the IHC and synapse to produce synchrony capture toF2
J. Acoust. Soc. Am., Vol. 113, No. 1, January 2003
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once again. This illustrates how in some cases synchr
capture can occur without suppression at the level of the B
A more typical situation is combined IHC and OHC impa
ment like that discussed in Fig. 6. Moderate OHC impa
ment (COHC50.12) combined with IHC impairment (COHC

50.05) produces broadband synchrony at all presenta
levels @Fig. 10~b!#.

The effects of combined IHC and OHC impairment c
also be observed for fibers with BFs in theF3 region. Syn-
chronized rates for two fibers from Milleret al. ~1997!, one
normal and one impaired, with BFs nearF3 are plotted in
Fig. 11. Limited synchrony capture is observed in this n

FIG. 10. Model predictions of a low-frequency (BF'F2) AN fiber’s syn-
chronized response to the vowel /}/. ~a! Totally impaired OHC (CIHC50)
and normal IHC (CIHC51). ~b! Moderately impaired OHC (COHC50.12)
and impaired IHC (COHC50.05).
377Bruce et al.: An auditory-periphery model of acoustic trauma
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mal fiber @~a!–~c!#; synchrony capture is not observed
most normal fibers with BFs nearF3, although they do ex-
hibit a strong response toF3. The impaired fiber@~d!–~f!#
again shows much broader tuning, synchronizing particula
to F1 andF2, with little response toF3.

Shown in Fig. 12~a! are synchronized responses of
model fiber with normal OHC and IHC function (COHC

5CIHC51); the BF, threshold andQ10 approximately match
those of the normal fiber from Figs. 11~a!–~c!. The model
fiber synchronizes predominantly to frequency compone
around its BF, consistent with the example normal fiber,
though it does not show the same degree of synchrony
ture at the highest presentation level. Results are show

FIG. 11. Synchronized response of a normal@~a!–~c!# and an impaired@~d!–
~f!# fiber, both with BFs aroundF3, to the vowel /}/. The normal fiber had
a BF of 2.5 kHz and aQ10 of 4.3, and the impaired fiber had a BF of 2
kHz, a threshold shift of;60 dB, and aQ10 of 1.4. Reprinted from Fig. 10
of Miller et al. ~1997! with permission from the Acoustical Society o
America © ~1997!.
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Fig. 12~b! for a model fiber with impaired IHC (CIHC

50.03) and OHC (COHC50.3) function; the impaired BF
threshold shift, andQ10 approximately match those of th
impaired fiber from Figs. 11~d!–~f!. Like the example fiber,
the impaired model fiber exhibits broadband synchrony
the vowel, particularly to the lower-frequency formantsF1
andF2, although the synchrony to nonformant harmonics
larger in the model fiber.

B. Quantitative assessment of synchrony capture

Wong et al. ~1998! quantified synchrony capture usin
power ratios~PRs!, which subdivide the response into com

FIG. 12. Model predictions of a moderate-frequency (BF'F3) AN fiber’s
synchronized response to the vowel /}/. ~a! Normal IHC and OHC (CIHC

5COHC51). ~b! Impaired IHC (CIHC50.03) and impaired OHC (COHC

50.3); unimpaired BF52.93 kHz, impaired BF'2.6 kHz, threshold shift
'60 dB, and impairedQ10'1.4.
Bruce et al.: An auditory-periphery model of acoustic trauma
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ponents related to the formants and other components. T
power is the sum of the squares of the synchronized rateR
(k f0) over the first 20 harmonics of the stimulus. TheF2 PR
is the fraction of the total power that is phase-locked to
second formant~the 17th harmonic!. F1&F2-related power
is the sum of the squares of the synchronized rates at
harmonics related toF1 and F2, which include the 5th
(F1), 7th (F2223F1), 10th (23F1), 12th (F22F1),
15th (33F1), 17th (F2), and 20th (43F1); the distortion
products are included in theF1&F2 response because the
most likely result from rectifier distortion in the IHC-AN
synapse~Young and Sachs, 1979!. The F1&F2-related PR
is the fraction of the total power contained in th
F1&F2-related harmonics.

Wong et al. ~1998! measured power-ratios in AN fiber
in response to a 400-ms synthetic vowel with a spectr
identical to that of the /}/ vowel stimulus shown in Fig. 7
except that the sampling rate was adjusted so that F2 always
fell at the BF of the fiber. Example power-ratio data from
Wong et al. ~1998! are shown in the left column of Fig. 1
for four normal fibers with different BFs as labeled. The
data reveal a breakdown in synchrony capture byF2 at very
high sound levels, where significant response toF1 occurs at
the expense of response toF2. In the left column of Fig. 13,
fiber A exhibits synchrony capture byF2 ~dashed line! at all
stimulus levels. Fiber B exhibits synchrony capture byF2 at
moderate stimulus levels, which is lost at very high lev
~>80 dB SPL!. When theF2 PR drops, theF1&F2 PR
~solid line! stay the same, showing that theF2 response is
replaced by a response toF1. Fibers C and D have progres
sively lower intensities at which the transition fromF2 to
F1 synchrony begins. This tendency occurs consistently
BF increases~Wong et al., 1998!. The lower and upper
bounds of the shaded regions in the left column of Fig.
represent, respectively, the sound levels at which synchr
capture by F2 is lost, meaning the vector strength V
(F2)5uR(F2)u/R(0),0.5, and the component-2~C2!
threshold for F1 ~Liberman and Kiang, 1984!. The C2
threshold is the stimulus level at which a substantial ph
change occurs in the synchronized response~see Fig. 1 of
Wong et al., 1998! and is thought to correspond to a chan
in the mode of stimulation of the fiber. Modeling th
component-1~C1! to C2 transition for pure-tone stimuli ha
been accomplished using a dual-path BM filter~e.g., Gold-
stein, 1990; Schoonhovenet al., 1994; Meddiset al., 2001!,
not included in this model.

Predictions have been obtained for model fibers w
BFs roughly covering the range of BFs in the Wonget al.
~1998! data. Consistent with the physiological data, t
model predictions for normal IHC and OHC function (CIHC

5COHC51) shown in the right column of Fig. 13 exhib
synchrony capture byF2 at moderate sound levels~,70 dB
SPL in all cases!. One factor that is crucial in producin
synchrony capture byF2 at moderate sound levels is th
high-pass filtering of the ME below 1 kHz; without ME fil
tering, F1 @,1 kHz for all the Wonget al. ~1998! stimuli#
also produces a strong response at moderate intensities

Also seen in the model predictions in the right colum
of Fig. 13 is the transition in synchrony fromF2 to F1 at
J. Acoust. Soc. Am., Vol. 113, No. 1, January 2003
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higher intensities, although the effect is weaker than in
data and the stimulus intensity at which the switch occ
does not appear to decrease with increasing BF. Wonget al.
~1998! argued that the lower-level switch fromF2 to F1
synchrony with increasing BF is likely due to the increasi
strength of two-tone suppression with increasing BF. T
effect is partly represented in the model by the increase
cochlear-amplifier gain with BF~Fig. 20!. Reducing the gain
for a model fiber with BF52.7 kHz to the gain prescribed fo
a model fiber with BF51.3 kHz greatly reduces the switch i
synchrony at high intensities~results not shown!. In addition,
there is a small secondary factor not considered by W
et al. ~1998!, which is that with increasing BF, the
frequency-scaled vowel has an increasing ratio of powe
the F1 frequency relative to power at theF2 frequency,
becauseF1 is attenuated less by the ME filter. This effe

FIG. 13. Normal power ratio data at high sound levels. Left column: fo
normal fibers with BFs as labeled, redrawn from Fig. 4 of Wonget al.
~1998! with permission from Elsevier Science© ~1998!. The solid and
dashed lines, respectively, show the fraction of total power in the fib
response that is synchronized toF1 andF2 combined (F1&F2) or to F2
alone. The lower and upper bounds of the shaded regions represent, re
tively, the sound levels at which a loss of synchrony capture byF2 occurs
and the component 2 threshold forF1. Right column: four normal mode
fibers with BFs as labeled.
379Bruce et al.: An auditory-periphery model of acoustic trauma
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produces a slightly weaker response toF2 at the highest
intensities.

During the course of Wonget al.’s experiments, the high
presentation levels caused threshold shifts in a numbe
fibers. The left column of Fig. 14 shows that in four fibe
exhibiting threshold shifts, with different BFs as labeled, t
synchrony toF2 is low at all levels (PR'0.1– 0.2) and is
only partly shifted toF1; around 40%–50% of the syn
chrony is lost to other components of the vowel, as w
observed in Figs. 8~d!–~f! and 11~d!–~f!.

While the threshold shifts in the Wonget al. ~1998! ex-
periments may be temporary and therefore different
mechanism from permanent acoustic trauma~Liberman and
Mulroy, 1982; Gaoet al., 1992; Nordmannet al., 2000!, it is
of interest to see how IHC and OHC impairment as mode
in this paper predict the synchrony data in the left column
Fig. 14. Plotted in the right column of Fig. 14 are resu
from the four model fibers of Fig. 13 with individual IHC
and OHC impairment as indicated in the figure. These

FIG. 14. Power ratio data for impaired fibers at high sound levels. L
column: four fibers exhibiting threshold shifts, with BFs as labeled, redra
from Fig. 6 of Wonget al. ~1998! with permission from Elsevier Science©

~1998!. Right column: four impaired model fibers~IHC and OHC impair-
ment for each as labeled! with BFs of 1.3, 1.7, 2.2, and 2.7 kHz, respe
tively.
380 J. Acoust. Soc. Am., Vol. 113, No. 1, January 2003
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pairments give rise to thresholds andQ10 values approxi-
mately matching those of the four example fibers in the
column of Fig. 14. The model predicts the broadband s
chrony~loss of synchrony toF1&F2) seen in the data. The
loss of synchrony toF2 alone is fairly well described for
some vowel presentation levels but not for others. Exam
fiber I ~top-left panel in Fig. 14! has an extremely broad an
elevated tuning curve (threshold'90 dB SPL; see Fig. 6 of
Wong et al., 1998!, suggesting that only a C2 response r
mains in this impaired fiber. The model fiber with similar B
~top-right panel in Fig. 14! has a sharper tuning curve tha
the example fiber, even withCOHC set to zero, because th
model can only describe C1 responses. Consequently,
model exhibits some synchrony toF2 at high presentation
levels, which is not seen in the experimental data. The o
three model fibers with BFs of 1.7, 2.2, and 2.7 kHz~right
column in Fig. 14! are set to have relatively normal OH
function because of the fairly sharp tuning curve tips of e
ample fibers J, K, and L~left column in Fig. 14!. The model
BM nonlinearity ~compression and suppression! produces
higher synchrony toF2 at moderate presentation levels th
is observed in the example fibers, suggesting that the
ample fibers may be subject to less compression and sup
sion than the model predicts from the tuning curves. Th
inaccuracies in the model predictions show the limitations
setting model OHC and IHC impairment to match individu
experimental tuning curves.

C. Synchrony capture versus BF

Miller et al. ~1997! measuredF1, F2, andF3 PRs in a
population of fibers across a range of BFs. Model predictio
of PRs forF1, F2, andF3 are plotted as a function of BF in
Fig. 15 for normal fibers and in Fig. 16 for impaired fiber
Following Miller et al. ~1997!, PRs here include the phase
locked response to the first, second, and third harmonic
the formant frequency, as long as the frequency of the h
monic is less than or equal to 5 kHz. Lines show mod
predictions and gray hatched areas indicate the range of
ues observed in the physiological data of Milleret al. ~1997!.

The model predictions for normal fibers~Fig. 15! fall
predominantly within the range of values seen in the phy
ological data at both presentation levels~69 and 49 dB SPL!.
Normal fibers synchronize almost exclusively to the forma
frequency closest to their BFs. The small peak in theF1 PR
of the model predictions at 1 kHz (23F1) is due to har-
monic distortion in the nonlinear BM filter. Such harmon
distortion ofF1 is also observed in the physiological data
69 dB SPL but is not apparent in the data at 49 dB SPL.

With impaired IHC and OHC function~Fig. 16!, model
predictions of PRs fall within the range of single-fiber valu
for F1 andF3, but not forF2. At both levels~112 and 92 dB
SPL!, synchrony toF2 is overestimated in the BF regio
aroundF2—possible causes are examined in Sec. V. A s
ond discrepancy is observed at the higher presentation l
~112 dB SPL!: an upward shift in the peak ofF1 synchrony
is observed in the data when compared to the lower pre
tation level ~92 dB SPL!. This shift is seen in the mode
predictions but is less pronounced.

ft
n
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D. Signal processing to restore synchrony capture

In Schilling et al. ~1998! and Miller et al. ~1999a!, two
different amplification schemes were investigated for th
potential to restore normal BF-dependent pattern of s
chrony capture for the vowel /}/ in acoustically traumatized
cats. Schillinget al. ~1998! tested a common hearing-a
processing scheme, where the amplification has a freque
shaped gain function in which the gain is larger in regions
greater threshold shift. They found that this amplificati
scheme did indeed restrict the upward spread of synchron
F1 when compared to flat amplification. However, it cou
not prevent the upward spread of synchrony toF2 andF3.
Perhaps more importantly, there was a strong and inap
priate synchrony of fibers with BFs in the trough region~;1
kHz! betweenF1 andF2 to energy at their BFs. This re
sponse was presumably created by the low-frequency edg
the amplification gain function and, in a hearing impair
individual, could produce an anomalous perception of a

FIG. 15. Model predictions of normal power ratios forF1, F2, andF3 as a
function of BF for stimulus intensities of 69 dB SPL~a! and 49 dB SPL~b!.
Thick lines show model predictions and gray hatched areas indicate
range of values observed in the normal physiological data of Milleret al.
~1997!. Vertical dashed lines show the formant frequencies. Predictions
shown for modelQ10 values that are at the 75th~solid lines!, 50th ~dashed
lines!, and 25th~doted lines! percentiles ofQ10 values for the physiological
data.
J. Acoust. Soc. Am., Vol. 113, No. 1, January 2003
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mant, confounding the identification or discrimination of a
tual vowel formants.

To overcome this problem, Milleret al. ~1999a! devel-
oped an alternative frequency-shaping scheme, contr
enhancing frequency shaping~CEFS!, where the edge of the
gain profile is placed not at the frequency where thresho
begin to increase but rather just below theF2 frequency,
creating a stronger contrast betweenF2 and the lower-
frequency components such asF1 and the trough. The spec
tra of the standard and CEFS vowels are shown in Fig. 17
30 dB of gain has been applied to the frequencies aboveF2,
to compensate for threshold shifts of around 60 dB in t
region ~see Lybarger, 1978, for an explanation of the ‘‘ha
gain rule’’!. The formant frequencies are identical to the p
viously described /}/ stimulus. In contrast to the previou
stimulus, no HRTF filtering has been applied to the vowels
Fig. 17, so theF3 intensity is lower relative toF2, and both
formant intensities are lower relative toF1.

he

re

FIG. 16. Model predictions of impaired power ratios forF1, F2, andF3 as
a function of impaired BF for stimulus intensities of 112 dB SPL~a! and 92
dB SPL ~b!. Thick lines show model predictions and gray hatched ar
indicate the range of values observed in the impaired physiological dat
Miller et al. ~1997!. Vertical dashed lines show the formant frequencie
Predictions are shown for modelQ10 values that are at the 75th~solid lines!,
50th ~dashed lines!, and 25th~dotted lines! percentiles ofQ10 values for the
impaired physiological data, i.e., for the three functions ofCOHC given in
Fig. 5~a!, and with IHC impairment as shown in Fig. 6~a!.
381Bruce et al.: An auditory-periphery model of acoustic trauma
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Shown in Fig. 18 are predictions for the CEFS vow
with the same impaired model fibers as in Figs. 9~b! and
12~b!. The presentation levels for the CEFS vowel are 8
lower than those used in Figs. 9 and 12 so that theF2 inten-
sities are matched to those of the standard vowels. F
model fiber with parameters the same as for Fig. 9~b! ~im-
paired IHC, normal OHC, and impaired BF51.6 kHz'F2),
synchrony capture toF2 is mostly regained with the CEF
vowel @Fig. 18~a!; cf. normal data in Fig. 8~a!#. A model fiber
with parameters the same as for Fig. 12~b! ~impaired IHC,
impaired OHC, and impaired BF52.6 kHz'F3) exhibits
synchrony capture to thesecondformant of the modified
vowel, instead of toF3 @Fig. 18~b!; cf. normal data in Fig.
11~a!#. The same undesirable effect is seen in the AN fi
data with CEFS amplification~see Figs. 10 and 11 of Mille
et al., 1999a!.

V. DISCUSSION

A. Sources of changes in synchrony in acoustically
traumatized cats

The model predictions presented in this paper sugg
that both OHC and IHC impairment contribute to the deg
dation of the tonotopic representation of formant frequenc
~i.e., BF-appropriate synchrony! in AN fibers damaged by
acoustic trauma. OHC impairment broadens and linear
BM tuning, thereby causing AN fibers to synchronize
many vowel components. This is consistent with the res
of Geisler~1989!, who used an AN model with a linear BM
filter and found that broadened tuning led to an upw
spread of synchrony toF1 in a few example model fibers
Similar results were found by Sachset al. ~2002! with a
model including a nonlinear BM filter. Geisler~1989! argued
that IHC impairment was not necessary to explain phy
ological data from sound-damaged cochleae, in spite of
tological data showing that the degree and extent~i.e., BF
region! of damage to IHC stereocilia is typically equal to
greater than damage to OHC stereocilia~Liberman, 1984;
Liberman and Dodds, 1984a, b! for a sound-exposure para
digm similar to that of Milleret al. ~1997!. Geisler~1989!
modeled OHC impairment by directly fitting filter function
to impaired tuning curves, i.e., by independently varying

FIG. 17. Power spectra of the standard and CEFS versions of the vowe}/.
The line spectrum shows the unprocessed vowel’s spectral shape an
solid line shows the CEFS-modified spectral envelope. The CEFS vo
was obtained by high-pass filtering the standard vowel with a cutoff
quencyf c , which is 50 Hz below the second formant frequency~indicated
by the vertical dashed line!. Modified from Fig. 1~b! of Miller et al. ~1999a!
with permission from the Acoustical Society of America© ~1999!.
382 J. Acoust. Soc. Am., Vol. 113, No. 1, January 2003
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filter gain and bandwidth. However, our results suggest t
some of the reduced gain in the Geisler~1989! filters may be
better attributed to IHC impairment.

Our results show that IHC impairmentalone can pro-
duce significant changes in the synchronized response
vowel @see Fig. 9~b!#. The BM tuning is normally quite broad
for high-intensity stimuli@see Fig. 1~b!#, but normal IHC
function leads to synchrony suppression of smaller vow
components. Synchrony capture caused by the IHC and

the
el
-

FIG. 18. Model predictions of responses to the CEFS vowel by impa
AN fibers. The presentation levels are reduced by 8 dB from those use
the standard vowel so that the levels of theF2 components are matched fo
the CEFS vowel and the standard vowel.~a! Model fiber with parameters the
same as for Fig. 9~b!: impaired IHC (CIHC50.003) and normal OHC
(COHC51); impaired BF51.6 kHz. ~b! Model fiber with parameters the
same as for Fig. 12~b!: impaired IHC (CIHC50.03) and impaired OHC
(COHC50.3); impaired BF52.6 kHz.
Bruce et al.: An auditory-periphery model of acoustic trauma
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IHC-AN synapse has also been illustrated in previous m
eling studies~Schroeder and Hall, 1974; Geisler, 1985; Pa
ton, 1988!. The results of this paper add to these previo
studies by suggesting over what range of stimulus intens
this occurs. As discussed in Sec. IV A, our model predi
that BM nonlinearity~compression and suppression! are the
primary cause of synchrony capture for stimulus intensi
between approximately 40 and 80 dB SPL, whereas IHC
synaptic nonlinearity~saturation! are the major cause of syn
chrony capture above 80 dB SPL. In the case of IHC imp
ment as modeled in Sec. III C, high-intensity signals f
within the linear region of the expanded IHC dynamic ran
and synchrony suppression is substantially reduced. I
similar fashion, the reduced BM gain in the case of OH
impairment causes the signal to fall within the linear reg
of the normal IHC dynamic range, leading to a reduction
synchrony suppression in the IHC, in addition to the alrea
broader BM response. Note that the results described ab
are obtained only with a model including two-tone suppr
sion. In the model of Carney~1993!, which does not include
any wideband nonlinearities in the BM filter, BM tuning re
mains relatively narrow even at high intensities and theref
IHC impairment has little effect. Without two-tone suppre
sion, only broadening of BM tuning by OHC impairme
causes any substantial change in the AN’s synchrony to
vowel ~Bruceet al., 1999!.

B. IHC impairment in acoustically traumatized cats

Geisler ~1989! argued against the significance of IH
impairment for AN responses partly because a numbe
studies found relatively normal rate-level dynamic ranges
impaired fibers~e.g., Salviet al., 1983; Liberman and Kiang
1984!. The reasoning was that IHC impairment of the ty
we have modeled should decrease the slopes of rate-
functions, increasing their dynamic ranges~here slope is
measured in a plot of rate versus log sound pressure, as!.
This is true in the model, in that the decrease in IHC g
increases the thresholds of AN fibers, which moves their
namic ranges into the compression region of the BM inp
output function@Fig. 4~b!#, thus decreasing their slopes. Th
effect would, of course, be smaller for low spontaneous r
~high threshold! fibers, whose dynamic ranges normally i
corporate more of the compression region~Sachs and Abbas
1974; Yates, 1990!. Computation of rate-level slopes fo
model fibers shows that, when level is expressed on a
scale, the effect of IHC impairment with no OHC dama
translates mainly into a threshold shift and the slopes w
severe IHC impairment are approximately as shallow as n
mal low-spontaneous rate~high threshold! fibers~results not
shown!. OHC damage, of course has the opposite effect,
ther increasing or making no change in rate-level slop
because OHC damage reduces the compression in the
input/output function@Fig. 4~b!#. Increases in slope consis
tent with this expectation have been shown in AN fibe
following OHC poisoning with kanamycin~Harrison, 1981!
and similar changes are inferred from psychophysical ma
ing experiments in hearing-impaired subjects~Oxenham and
Plack, 1997!. The opposite effects of IHC and OHC dama
on rate-level slopes mean that, with the mixed losses in
J. Acoust. Soc. Am., Vol. 113, No. 1, January 2003
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physiological data of Milleret al., the effect on the slope o
an individual AN fiber is difficult to predict and could be an
of the three possibilities: increased, unchanged, or decrea
Measurements of rate-level slopes using a preparation s
lar to that of Milleret al. are consistent with this expectatio
~M. G. Heinz, personal communication!. Thus Geisler’s ar-
gument, while correct, does not apply to mixed losses of
type considered here.

Our method of separately determining OHC and IH
damage~see Secs. III B and III C! is consistent with the con
clusion that both were present in the impaired cats of Mil
et al. ~1997!, although histological analysis was not pe
formed on these cochleae. Furthermore, the extent~i.e., BF
region! of IHC impairment @Fig. 6~a!# is greater than the
extent of OHC impairment@Fig. 5~a!#, in agreement with the
histological data described previously~Liberman, 1984;
Liberman and Dodds, 1984a, b!. IHC impairment was
achieved in the model by decreasing the slope of the I
nonlinearity. However, it is not clear what could be th
physiological correlate of this manipulation. Permanen
closed transduction channels~e.g., Pickelset al., 1987! could
lead to a reduced saturation potential and reduced maxim
AN discharge rate, not seen in the data~Miller et al., 1997!.
Permanently open transduction channels~Meyeret al., 1998!
would likely result in a large increase in the resting IH
potential and perhaps also in the spontaneous discharge
of AN fibers, also not seen in the physiological data~Liber-
man and Dodds, 1984b; Milleret al., 1997!. More consistent
with the AN data would be disarray of the stereociliar bund
~Liberman and Dodds, 1984a!, such that greater pressure
required to reach both threshold and IHC saturation.

C. Future model improvements

The results of this study show good qualitative pred
tion of the effects of acoustic trauma on synchrony to
vowel, but the quantitative accuracy could benefit from i
provements to the model. One possibility is that our meth
of creating OHC and IHC impairment are too simple to ca
ture the complex biophysical consequences of the mech
cal trauma and subsequent cellular damage. A second p
bility is that the inaccuracy of thenormal model at high
presentation levels, as seen in Sec. IV B, may produce s
lar inaccuracies in predicting the impaired data. Two phy
ological phenomena that are not included in the norm
model and which may help explain its inaccuracy at hi
presentation levels are frequency glides and multi-modal
citation.

Frequency glides are modulations or sweeps in the
stantaneous frequency of the impulse response of BM filt
also reflected in the impulse response of AN fibers~Carney
et al., 1999!. Carneyet al. ~1999! found that the impulse
response has an upward frequency glide for fibers with B
greater than 1500 Hz, almost no glide for BFs between 7
and 1500 Hz, and a downward glide for BFs less than 7
Hz. They also found that glides are independent of stimu
intensity, but pointed out that the interaction of the glide w
the nonlinear envelope of the impulse response could lea
shifts in BF with level. Broad filters have short time co
stants and, consequently, their response will be domina
383Bruce et al.: An auditory-periphery model of acoustic trauma



rs
te
l-
B
a

-
e

s

te
o

n
le

-
in

le

th
e
ts
ls

x

th
a

d

ex
no

o
he
in
u
de
a
na
la

-

n

n
s.

so
,

th

sio
is

be-
ar-
rs

e-
ate
-

ata
dis-
effect
pse
full
a in
to
and

rate
ng-

of
ar-

and
im-
eful
ory
ue of
re
s a
cts
ca-
i-
se-
he
hu-

and
n

e of
be
ry
t

HC
g-
el-

of
er-
by
ous

g

el;
more by the starting frequency of the glide; narrow filte
have long time constants and will therefore be domina
more by the final frequency of the glide. This leve
dependent behavior may at least partially explain the
shifts in BM tuning observed in the impaired cochlea and
high intensities in the normal cochlea~e.g., Robles and Rug
gero, 2001!. The lack of a BF shift may contribute to th
model’s inaccuracy in predicting the Wonget al. ~1998! data
~see Fig. 13!; a larger downward BF shift at high intensitie
could reduce synchrony toF2 and increase synchrony toF1.
This is consistent with the growth of low-side two-tone ra
suppression in the model, which is also weaker than is
served in physiological data~Zhanget al., 2001!.

Multi-modal excitation is the presence of more than o
vibrational mode in the BM response because of the comp
micromechanics of the organ of Corti~e.g., Robles and Rug
gero, 2001!. Such multi-modal excitation, also observed
AN responses~Lin and Guinan, 2000!, cannot be explained
by a single-path BM filter as used in our model; paral
paths are required to model each mode of vibration~Gold-
stein, 1990; Schoonhovenet al., 1994; Meddiset al., 2001!.
In multi-path models, the center frequencies of each of
parallel filters are typically different, which along with th
frequency glide in individual filters could contribute to shif
in BF with OHC impairment or at high presentation leve
~Goldstein, 1990; Schoonhovenet al., 1994; Meddiset al.,
2001!. The interactions of the different paths might also e
plain the C1/C2 transition~Liberman and Kiang, 1984; Wong
et al., 1998!.

One feature not considered in any of these models is
stapedial reflex, which has been shown to reduce the upw
spread of masking~i.e., low-side suppression! in AN fibers
~Pang and Guinan, 1997!. The physiological data examine
in this paper~Miller et al., 1997; Wonget al., 1998; Miller
et al., 1999a! were from anesthetized cats in which the refl
is not present, and therefore modeling of the reflex is
necessary to describe the data. However, if the data and m
eling results are to be applicable to hearing-aid design, t
the stapedial reflex could be a significant factor in determ
ing the AN response to vowels in hearing-impaired individ
als. The ME section of our model could be adapted to
scribe the effects of the stapedial reflex. This would cre
another time-varying, nonlinear filter, and the control sig
for the reflex could likely be obtained from a large popu
tion of model fibers.

Additionally, it is known that fibers with different spon
taneous rates~and corresponding thresholds! provide differ-
ent representations of speech stimuli across stimulus inte
ties ~Sachs and Young, 1979!. In particular, low and medium
spontaneous rate fibers provide a better representatio
vowels in their average discharge rates at high intensitie
would therefore be useful to extend the synapse model to
able to produce an arbitrary spontaneous rate and the as
ated change in the rate-level function~Sachs and Abbas
1974; Yates, 1990!.

The major deviation between the model and data is
difference in response toF2 in the impaired case~Fig. 16!.
This difference is apparently related to the weak suppres
of F2 by F1 shown in Fig. 13. While the main cause
384 J. Acoust. Soc. Am., Vol. 113, No. 1, January 2003
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probably the fact that the Zhanget al. ~2001! model pro-
duces insufficient two-tone suppression for suppressors
low BF, other factors may contribute. We have already
gued that the lack of frequency glides in the model’s filte
could contribute to this difference. Another possibility, r
lated to the modeling of low and medium spontaneous r
~higher threshold! fibers, is the fact that the model incorpo
rates only the minimal threshold shift@Fig. 6~b!#. Additional
threshold shift to model the average thresholds in the d
would require a decrease in the IHC/synapse gain. As
cussed above, decreases in IHC synapse gain have the
of reducing large-signal suppression in the IHC and syna
and result in more broadband responses. Thus if the
range of thresholds were modeled, then the model dat
Fig. 16 would scatter in the direction of lower synchrony
F2, which would decrease the difference between model
data.

D. Applicability of the model to hearing-aid design

The model presented in this paper appears accu
enough to be useful in testing the effects of potential heari
aid processing schemes on the neural representation
speech. Such testing would provide information about he
ing aids to supplement that provided by psychophysics
perceptual testing. Because the primary lesion in hearing
pairment is usually in the cochlea, it seems clear that a us
goal for hearing-aid design should be producing audit
nerve responses that are as normal as possible. The val
the model in this regard is that it is much simpler, mo
flexible, and cheaper than physiological experiments. A
validation of the model’s usefulness in this regard, it predi
both the benefits and the limitations of the CEFS amplifi
tion scheme~Sec. IV D!, as they were observed in phys
ological experiments. There are two limitations on the u
fulness of the model for such testing: first, there is t
uncertainty about the quantitative relationship of cat and
man auditory nerve responses. Recioet al. ~2002! have ar-
gued that suppressive interactions among the formants
upward spread ofF1 may be a smaller issue in the huma
cochlea, because of its longer length relative to the rang
frequencies represented. Thus the model will have to
modified and validated for the human auditory periphe
~Heinz et al., 2001!. Second, there is no direct way, a
present, of estimating the specific degree of IHC and O
impairment in individual human subjects. Methods of dia
nosing IHC and OHC impairment are beginning to be dev
oped~Mooreet al., 1999, 2000; Plack and Oxenham, 2000!,
but these methods do not yet provide a practical method
diagnosing individuals’ degrees of hair cell damage. Nev
theless, the model can still provide valuable information
evaluating the effectiveness of signal processing for vari
commonly encountered lesions.
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APPENDIX A: MIDDLE-EAR MODEL

The ME section of the auditory-periphery model w
created by combining the ME cavities model of Peakeet al.
~1992! with the ME model of Matthews~1983!. Both of
these are based on data from cats and are therefore su
for use in this model. An electrical-circuit representation
the composite model is shown in Fig. 19~a!; circuit-element
values are given in Table II. The circuit was simplified b
omitting the round-window complianceCrw , which does not
produce any significant change in the transfer function.

A transfer-function representationG(s) of the circuit
~i.e., the transfer of pressure outside the eardrum to pres
across the cochlear partition! was determined using the com
puter program SAPWIN~Liberatoreet al., 1995!, giving

G~s!5
NUM~s!

DEN~s!
, ~A1!

where

FIG. 19. ~a! Electrical-circuit representation of middle-ear model. Circu
element values are given in Table II.~b! Gain ~top panel! and phase~bottom
panel! of the frequency response of the middle-ear model shown in~a!.
J. Acoust. Soc. Am., Vol. 113, No. 1, January 2003
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NUM~s!54.07874310255s811.04232310250s7

14.1255310246s617.48636310242s5

17.1186310238s418.74363310236s3,

~A2!

and

DEN~s!52.41138310270s1111.91739310265s10

11.60971310260s915.76989310256s8

11.90447310251s713.87288310247s6

15.37782310243s514.18754310239s4

11.99923310235s311.20211310232s2

12.61157310244s, ~A3!

ands is in units of rad/s. From this continuous-time transf
function, a tenth-order, IIR digital filter was created using t
invfreqz function in MATLAB ~The MathWorks, Natick,
MA ! with a sampling frequency of 100 kHz.2 The gain and
phase of the frequency response of the digital filter
shown in Fig. 19~b!.

APPENDIX B: IMPROVED DYNAMICS FOR OHC
CONTROL OF THE BM FILTER

The dynamics of BM compression and suppress
~Robles et al., 1976; Ruggero and Rich, 1991! are deter-
mined in the model by the combination of the control-pa
OHC nonlinearity~a Boltzmann function! and the OHC LP
filter @see Fig. 1~a!#. The wideband filter of Zhanget al.
~2001! has a varying bandwidth, but the gain at BF is no
malized to unity at each time step. With the prescribed asy
metry for the Boltzmann function, the control path produc
compression in the signal path only over a restricted dyna
range~,30 dB!, so Zhanget al. added a symmetrical, com
pressive nonlinearity between the wideband filter and
Boltzmann function to extend this dynamic range~see Fig. 1
of Zhang et al., 2001!. However, we have found that thi

TABLE II. Circuit-element values for the middle-ear model. Value
for Mf, Rf, Cbc, and Ctc are taken from the caption of Fig. 4 in Peakeet al.
~1992! and converted into cgs-units for compatibility with the uni
used by Matthews ~1983! for all the other values: @pressure#
5dyne/cm2[@voltage#5volt; @volume velocity#5cm3/s[@current#
5ampere; @acoustic compliance#5cm5/dyne[@capacitance#5farad;
@acoustic mass#5g/cm4[@inductance#5henry; @acoustic damping#
5dyne•s/cm5[@resistance#5ohm; @acoustic impedance#5dyne•s/cm5

[@impedance#5ohm.

Mf50.0101 Cj51.2310211

Rf513.7 Li51.6
Cbc55.5531027 Ls53.3
Ctc51.7531027 Lv522
Cds5831028 Cal53.7310210

Rds51300 Ral523105

Lds50.054 Rc51.23106

Cdc53.531027 Ro52.83105

Rdc555.2 Lo52250
Ldm50.04 Crw5131028

Nt555
385Bruce et al.: An auditory-periphery model of acoustic trauma
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nonlinearity introduces distortion products intotsp and tcp

for multi-tone or vowel stimuli, which induce the same u
desired distortion products into the output of the signal-pa
narrow-band filter. These distortion products can be avoi
if compression in the control path is produced not by a st
nonlinearity but rather by dynamic compression in the wid
band filter, as it is for the narrow-band filter. This is achiev
by normalizing the gain at BF not to unity but rather to t
gain of the narrow-band~signal path! filter, such that both
filters have roughly the same output for a BF tone.3

The gain normalization is achieved by first setting t
gain of each control-path low-pass filter to unity at BF. T
filter coefficients are calculated for the present value
tcp@n# $using Eqs.~3! and~4! with tcp@n#5Ktsp@n# instead
of tsp@n#%. The center frequency of the control-path wid
band filter is not at BF but rather shifted to a frequen
corresponding to a point on the basilar membrane 1.2
basal to the fiber BF, i.e., higher in frequency than
~Zhanget al., 2001!. Consequently, the gain (gaincp@n#) and
the group delay (grdcp@n#) at BF can be calculated for th
control-path filter according to the equations@see pp. 213–
230 of Oppenheim and Schafer~1989!#:

gaincp@n#

5A11c1LP@n#222c1LP@n#cos„~vcp2vBF!/Fs…

2c2LP@n#2~12cos„~vcp2vBF!/Fs…!
~B1!

and

grdcp@n#

50.52
c1LP@n#22c1LP@n#cos„~vcp2vBF!/Fs…

11c1LP@n#222c1LP@n#cos„~vcp2vBF!/Fs…
,

~B2!

wherevBF is the radian frequency (2p3BF) corresponding
to the fiber’s BF andvcp is the center radian frequency of th
wideband filter. The gain normalization is applied to the fil
by multiplying c2LP@n# by gaincp@n# as given by Eq.~B1!
after the number of samples given by the group delay
elapsed. That is, the gain normalization value is delayed
match the group delay. The gain might not be set for ev
sample because of the fluctuating group delay, in which c
the most recent value for the gain normalization is us
After the gain at BF for each of the low-pass filters has be
set to unity, the output of the entire wideband filter is mu
plied by (tsp@n#/tnarrow)

3 to make its gain track that of th
narrow-band filter.

This method of normalizing the gain does not correct
the phase changes withtcp@n#. The phase changes could b
compensated for by a time-varying all-pass filter, but
have not found this necessary in our simulations if we~i!
reduce the cutoff frequency of the LP filter following th
OHC nonlinearity@see Fig. 1~a!# from 800 to 600 Hz and~ii !
ensure that the magnitude of the cochlear-amplifier gain
BFs less than 3 kHz is not too large.

Note that in our version of the model, the output of t
wideband filter is also multiplied by a scaling factor of
3103 at the input to the Boltzmann function to compens
386 J. Acoust. Soc. Am., Vol. 113, No. 1, January 2003
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for the removal of the symmetrical nonlinearity, that is,
that the published parameters for the Boltzmann function
still appropriate.

We have also found it necessary to modify how mu
CA gain @see Fig. 4~b!# is applied at each BF to explain~i!
the change inQ10 values for impaired AN fibers~see Sec.
III B ! and ~ii ! AN vowel responses at high stimulus intens
ties ~see Sec. IV B!. Equation~7! of Zhanget al. ~2001! has
been modified to

gainCA~BF!5max$15,52~ tanh„2.2 log10~BF!10.15…11!/2%,
~B3!

where BF is in the units of kHz. Plotted in Fig. 20 are the o
~dashed line! and new~solid line! functions for CA gain. The
old function was quite arbitrary and was roughly based
BM data from guinea pigs and chinchillas; such BM data
not exist for cats. While the new function is still arbitrary an
was obtained indirectly by looking at the degradation of tu
ing in impaired fibers and at responses to vowel stimuli
may provide a more accurate estimate of cochlear ampl
gain for cats. One indication of this is that the maximum ga
is now 52 dB instead of 70 dB: high-BF, low-spontaneou
rate model fibers with 70 dB of gain have ‘‘straight’’ rate
level functions~Heinz et al., 2001! which are observed in
guinea pigs and chinchillas but not in cats~Sachs and Abbas
1974!; reducing the gain to 52 dB for high-BF fibers pro
duces ‘‘sloping-saturation’’ rate-level functions, as observ
in cats~results not shown!.

1
Scalingtsp in this fashion produces a linear change in the filter’sQ10 as a
function of COHC. For example, ifCOHC50.5, then the filter’sQ10 will be
halfway between the filter’sQ10 value for normal OHC function (COHC

51) and itsQ10 value for complete OHC impairment (COHC50). We have
chosen this method of scalingtsp because in Sec. III B we useQ10 values
from physiological data to set the level of OHC impairment as a function
BF. The filter gain at BF is (tsp–impaired@n#/tnarrow)

3, and consequently the

impaired gain~either linear or in dB! does not change linearly withCOHC

@see Fig. 1~b!#. It is possible to apply an alternative scaling meth

tsp–impaired@n#5tsp@n#~twide /tsp@n# !12COHC8 ,

FIG. 20. Cochlear amplifier gain versus BF. The dashed line shows
function used in Zhanget al. ~2001!, and the solid line shows the new
function described by Eq.~B3!.
Bruce et al.: An auditory-periphery model of acoustic trauma
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so that the gain in dB changes linearly with an alternative scaling fa
COHC8 .
2This sampling frequency is sufficient to produce an accurate and s
filter over the important frequency range~0.1–10 kHz!. Even so, care mus
be taken to ensure stability when implementing the filter with fixe
precision algorithms—please contact the authors for further advice on
issue.

3The outputs of the narrow- and wideband filters will not be identical fo
BF tone because~i! the center-frequency of the wideband filter is above
and consequently the phase at BF fluctuates withtcp@n# and~ii ! the wide-
band filter, in contrast to the narrow-band filter, is not followed by a lin
band-pass filter.
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