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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 \wvasid/ 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 AmericdDOI: 10.1121/1.1519544

PACS numbers: 43.64.Bt, 43.64.Pg, 43.64.Sj, 43.6BTM |

I. INTRODUCTION cochleae show damage to both the out@HC) and inner

(IHC) hair cells(Liberman and Dodds, 198%4a&OHC impair-

ment produces broadened and elevated AN fiber threshold

qgging curves(e.g., Kianget al, 1976; Robertson, 1982;
iberman and Dodds, 198%aAlso observed are reductions

in nonlinearities in AN responses, such as two-tone rate sup-

The responses of a normal AN fiber to the vowel presented aﬁr_essmn(Schmledt etal, 1980, 1990;_ Salviet al, 1982_;
stimulus levels appropriate for conversational speech ardiller etal, 1997 and the compressive nature of basilar-
dominated by the formant frequency nearest the fiber's bedpembranéBM) responsesRobles and Ruggero, 200TThe
frequency(BF), a phenomenon known as synchrony capture'atter are seen, for example, in the growth of discharge rate
(Young and Sachs, 1979; Deng and Geisler, 1987b; DeanAN fibers with sound leve{Harrison, 1981 IHC damage
et al, 1987: Miller et al, 1997. In contrast, fibers in an ear Causes elevation of AN fiber threshold tuning curves without
impaired by acoustic trauma respond to a broad range dfroadening their tuningLiberman and Dodds, 198%a
frequency components in the vowel, particularly to formants ~ Because the cochlea is nonlinear, it is difficult to at-
at frequencies below the fibers’ BFs. As a result, the normalfibute changes in AN responses to speech following acoustic
tonotopic representation of the vowel is degraded; most imtrauma to particular aspects of the damage, such as IHC ver-
portant’ responses to the first formarﬁ]_o Spread away sus OHC or tuning versus CompreSSion. A model is helpful in
from their tonotopically appropriate location towards higherthat process. The effects of broadened tuning on responses to
BFs. The upward spread ¢f1 responses means that co- Speech have been studied using computational meGes
chlear locations at which responsesi@ andF3 are nor- sler, 1989; Sachst al, 2002, but these models do not in-
mally seen now respond primarily #®1. This spread oF 1  clude two-tone rate suppressi¢ite former also lacks BM
response reduces the quality of the representatidioand ~ compressiopy and IHC impairment was not investigated.
F3; for example, the discriminability, based on AN re- Our methodology in this paper is to modify the OHC and
sponses, of vowels with differerfi2s is substantially re- IHC sections of an auditory periphery mod@hanget al,,
duced (Miller et al, 1999h. In this paper, we describe a 2001 to produce the desired impairment of model AN fiber
computational model of the auditory periphery that is able tduning curves, both threshold and bandwidth, and observe
describe this degradation of AN representation of speeckhe effects of these changes on model responses to the vowel.
stimuli. The physiological accuracy of the model’s predictions is as-
Anatomical investigations of acoustically traumatizedsessed by comparison with published data. This sort of
model should be useful as a means of quickly and efficiently
testing potential hearing-aid amplification schemes and will
a)A_uthor to whom correspo_nden_ce should be addressed. Departmer_n of .E'eb'rovide a kind of test not commonly used, which is to evalu-
trical and Computer Engineering, Room CRL-229, McMaster University, - e .
1280 Main Street West, Hamilton, Ontario L8S 4K1, Canada. Electronicat€ the ability of amplification to restore normal patterns of
mail: ibruce@ieee.org auditory nerve activity in response to speech. Such informa-

Recent physiological studiéMiller et al, 1997; Schill-
ing et al, 1998; Wonget al, 1998; Miller et al., 1999a, b
have shown that acoustic trauma causes substantial chan
in the auditory nervgAN) representation of a speechlike
stimulus, in this case the synthesized voweglds in “met.”
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tion should be a useful adjunct to psychophysical testing. model’s predictions of normal AN responses to the vowel

We have selected the model of Zhaeal. (2001) be-  stimulus. A simple modification of OHC function in our im-
cause it has a number of features that make it suitable to theroved model allows the effects of acoustic trauma to be
task. First, the model input can be any arbitrary soundimodeled, including various degrees of elevation and broad-
pressure waveform and its output consists of simulated ANening of tuning curves and a proportional loss of compres-
fiber spike times, so the same types of data analyses can k®n and suppression. An analogous modification to the IHC
performed on the model as on the physiological data. Secsection of the model leads primarily to elevation of the tun-
ond, the model has been designed particularly to describe thiBg curve without substantially changing the bandwidth as
synchrony(or phase lockingbehavior of low-frequency AN measured by, values. These different effects of OHC and
fibers. Synchronized response are important to this effort bdHC impairment are consistent with the physiological data
cause synchrony shows directly to which frequency compote.g., Liberman and Dodds, 1984&lere we show that both
nents of a complex stimulus a fiber is responding. SynchronyHC and OHC impairment can cause model fibers with BFs
is particularly revealing when used to analyze the effects ofiear the second and third formants to lose synchrony to those
impairment on responses to speech. Third, the model corformants and become more synchronized to other compo-
tains sections that separately represent the IHCs and OHCsents of the vowel spectrum, as observed in the physiologi-
making it possible to simulate effects of damage to particulacal data. The model also predicts that the amplification
aspects of cochlear function. Fourth, the model parameterscheme previously suggested by Millet al. (19993 re-
have been adjusted for the cat auditory periphery and thtores synchrony capture by the second formant for model
model has been extensively validated by comparison witfiibers with BFs in the second formant region.

data from cat, the same species in which the comparison

There exist a number of alternative models of the audi-  The auditory-periphery model, modified from Zhang
tory periphery, which we decided were less suitable to thet g). (2001, comprises several sections, each providing a
task at hand. The model of Zhargal. (2001 is based on an  phenomenological description of a different part of cochlea
earlier model by Carney1993. The latter model accounts fynction. The model is illustrated in the schematic diagram
for variation of frequency tuning with stimulus level and BM of Fig. 1(a). The details of the normal model can be found in
compression but does not produce two-tone rate suppressiOZhanget al. (2003). In this paper we only describe modifi-
which has been shown to be important in AN responses t@ations made to the Zhargg al. model to improve its accu-
speech(Young and Sachs, 1979; Sachs and Young, 197%acy in predicting responses to speech sounds and the
Miller et al, 1997; Wonget al, 1998. Models by Deng and  changes that are needed to model OHC and IHC impairment.
Geisler (19873, Payton(1988, Jenisonet al. (1991, and  The model code is available on request. All the changes to
Giguere and Woodland1994) also do not include two-tone the normal AN-periphery model from that of Zhareg al.
rate suppression and have not been as extensively validatggo0o1) are summarized in Table I.
against physiological data. The models of Kat#895 and The first section models the filtering properties of the
Robert and Erikssori1999 do include two-tone rate sup- middle eaME), described in detail in Appendix A. Filtering
pression, but this is achieved via feedback control fromby the outer ear is not included, because we are using the
neighboring BM filters. Such lateral feedback does not havenodel to predict physiological data for acoustic stimuli that
an obvious correlate in cochlear physiology and could lead tqvere delivered directly to the tympanic membrane via ear-
unpredictable effects when one section is impaired but adjabars(e.g., Milleret al, 1997. Outer-ear filtering would need
cent sections are normal. Several studies have modeled the be considered for free-field acoustic stimulation.
nonlinear properties of the BM, including level-dependent  The second section describes the “control path,” which
tuning, compression, and two-tone rate suppres$tbeiffer,  includes a wideband, nonlinear, time-varying, band-pass fil-
1970; Duifhuis, 1976; Goldstein, 1990, 1995; Meddisal, ter followed by an OHC nonlinearitfNL) and low-pas$LP)
2001, Irino and Patterson, 2001; Lopez-Poveda and Meddisilter. The purpose of this section is to control the time-
2001). The more recent of these models produce some feararying, nonlinear behavior of the narrow-band signal-path
tures not seen in the Zhareg al. (2001) model, such as a BM filter, which it does by adjusting the bandwidth and gain
shift in BF with intensity (as reported by Andersoet al, of that filter through its time constant,,. The control-path
1971; Johnstonet al, 1986; Zhang and Zwislocki, 1996; filter must be wider than the signal-path filter to account for
Robles and Ruggero, 20p&nd abrupt phase changes in AN wideband nonlinear phenomena such as two-tone rate sup-
responses at very high stimulus levelthe component pression(e.g., Sachs and Kiang, 1968; Costalumisal,
1/component 2 transition, Liberman and Kiang, 1p&fow-  1987; Javelet al, 1978, 1983; Delgutte, 1990; Temchin
ever, these BM models do not include IHCs, synapses, anet al,, 1997.

AN fibers and therefore are not suitable for comparison with  The third section of the model is the “signal path” de-
AN data(Meddiset al., 200J). scribing the filter properties and traveling wave delay of the

Although the Zhanget al. (2001 model is accurate in BM (time-varying, narrow-band filtgr the nonlinear trans-
predicting a large range of physiological data for pure-toneduction and low-pass filtering of the IHCHC NL and LP);
and two-tone stimuli, it has not been tested previously withspontaneous and driven activity and adaptation in synaptic
speechlike stimuli. In this paper, we show that some changesansmissionsynapse modgl and spike generation and re-
to the OHC control of BM tuning are required to improve the fractoriness in the AN(spike generatgr The center fre-
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TABLE I. Summary of differences between the normal auditory periphery
models of Zhanget al. (2001) and of this paper.

A l Stimulus P(t)

Middle-ear

Filtw

Zhanget al. (2002 This paper

/

!

Time-Varying .

tsp
Narrowband /ﬁ\ [
Filter ¢ BF

Tep| Time-Varying
Wideband /i~
Filter 7 !BF

No middle-ear filtering

Synapse gain compensates for
IHC filtering

Symmetric nonlinearity between

Middle-ear filtering as described in
Appendix A

Synapse gain compensates for IHC
and ME filtering[see Eq(1)]

Linear scaling of 4 10° after

wideband filter and OHC Boltzmannwideband filter to compensate for

nonlinearity

removal of symmetric nonlinearity

| = =1 5 =l£ : ) Control Wideband-filter gain normalized  Wideband-filter gain normalized
{THC ¥ : {OHC 1 i [FPath to unity at BF to match narrow-band-filter gain
Signal | 1 \ | : \ | at BF (see Appendix B
Path ! LP i ! LP H
AR I e { """"" OHC LP filter cutoff=800 Hz OHC LP filter cutoff600 Hz
OHC Conc
3 Status ﬁ BM gain versus BF based on BM gain versus BF estimated
ynapse . _
Model | other species from cat AN datasee Eq(B3)]
y
Spike . . L .
Generator scribes the fall-off in pure-tone synchrony with increasing
ok BF above 1 kHz. The preceding IHC nonlinearity produces a
1KS . . . .
Tones dc component in the IHCs of high-BF model fibers, provid-
ing nonsynchronized synaptic drive to such fibers. The spon-
B : : : taneous ratdin this paper, 50 spikes/second before the ef-

fects of refractorinegs adaptation properties, and rate-level
behavior(including threshold and saturatipnf a model fi-

ber are determined by the synapse model. Only high sponta-
neous rate fibers are modeled. The spiking and refractory
behavior are set to model the statistics of spike timing in AN
fibers.

+
<
¥
4
a

A. Middle-ear filter

A ME filter was not included in the Zhanet al. (2001
model but is important in modeling responses to wideband
stimuli such as vowels, because the ME filter changes the
relative levels of stimulus components. We have added a ME
section to the model by combining the ME-cavities model of
Peakeet al. (1992 with the ME (with cavities opehmodel
of Matthews (1983. A digital-filter representation of this
model is described in Appendix A. The ME model has a
(cf. Fig. 1 of that paper Abbreviations: outer hair ce[OHO); low-pass ~ Maximum gain of 32 dHFig. 19b)]. Because the param-
(LP) filter; static nonlinearity(NL); inner hair cell(IHC); best frequency  eters of the Zhanget al. (2001 model are set for no ME
(BF). Cjyc andCqyyc are scaling constants that control IHC and OHC status, model, we scale the gain of the ME filter to a maximum gain

respectively.(b) Gain functions of linear versions of the time-varying . . . .
narrow-band filter in the signal path, plotted as gain versus frequency dle 0 dB. This allows us to avoid adjusting other level-

viation A f from BF. The filter is fourth-order and is plotted for five different dependent parameters of the auditory periphery model. The
values ofr, DEtWEeeNT a0y ANd Tyide; AT= Tramow— Twide- TnamowWas cho-  principal effect of the ME filter is on model thresholds,
Sendto produce a 10-dB ba':l:r\:vi:tgtﬂéiﬁ T%Ban;i&vgdelga:aﬁhgsméf which are shown by the black dashed line in Fig)and are
B;ZteudCZsasmhg\)/(vlmgrtnhga::gr?\inalgtuning of the filtér Withpnormal OHC func- compared to eXpe”mer_]tal datiller et al, 1997.
tion at five different sound pressure levels or alternatively as the nominal 1 here are three differences between model and data.
tuning of the filter for five different degrees of OHC impairment. First, the model thresholds are consistently higher than ex-
perimental ones, which requires an increase in the synapse
gain (see belowrelative to that of Zhangt al. (2001). Sec-
guency of the signal-path BM filter is the primary determi- ond, the model does not accurately reproduce the slope of the
nant of the model fiber’'s BF. The bandwidth and gain of bothbest threshold curve below 1 kHBTC; thin dashed line in
the signal-path, narrow-band filter and the control-pathFig. 2@)]. Low-frequency thresholds in cat preparations vary
wideband filter are varied continuously as a function of thefrom animal to animal(e.g., Liberman, 1978and are af-
control path output. The low-pass filtering of the IHC de- fected by the status of the middle ear bulla cayitpen or

) -1 0 1 2
Af (kITz)

FIG. 1. (a) The auditory-periphery model modified from Zhagtgal. (2001
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>
S

frequency by the desired center frequency of the filter, then

S A0 Miller et al, 1997 ) ) ) ; 2 .

& eol - — Best Threshold Curve | filtered, and finally up-shifted to its original frequencies.

n = = Threshold with ME Model . . .

g LI " |— Thueshold with ME Model _ Each of the three nonlinear low-pass filters may be described

= YT Bre— g, st L Smapse Gai Compensation )y, e diifference equatiofmodified from Eq.(A4) of Car-

f; 20t ) . ney (19931:

O 4 yln]=clp[n]y[n—1]+c2g[n](X[n]+X[n—1]),

2 - 2

B_glo — TIIC & ME Synapse Galn Compensation where x is the filter input,y is the filter output,n is the

2 == IHC Compensation (Zhang et al. 2001) sample number, and the filter coefficientd,s[n] and

E0% c2, 0/ n] are determined by the time constant for the signal-

= path filter 7¢{n] [see Fig. 18)] according to the bilinear

S0t transform(Oppenheim and Schafer, 1989

2 e

%100 ___________________ ClLP[n]:(Ts[[n]ZFs_l)/(Ts[[n]ZFs+1) 3

0.1 1.0 10
BF (kiz) and

FIG. 2. (a) Thresholds versus BF. The gray symbols are single-fiber thresh- CZLP[n] =1 TSF{n]2F5+ 1), )

olds and the thin dashed line is the best threshold c(BV€) for these data  \where the sampling frequen(Fys is set at 500 kHz(Zhang
(Miller et al, 1997. The black dashed line shows the model threshold with . .
the ME included. The black solid line shows the model threshold with theet ,al" 200])' The tlm_e ConStam‘s_F{n] determl,nes both the
ME included plus frequency compensation in the synapse gain for the lowdain and the bandwidth of the filter and varies between the
pass filtering of the MEat ~4.5 kH2), as described belowb) Synapse gain  values7,,ow and 7yige @ccording to the output signal of the
[parameteKce in Eq. (A17) of Zhanget al, 2001 as a function of BF. The  control path. Note that the control path is modified somewhat
dashed line shows the function used in Zhabal. (2001, which compen- . .
sates for the low-pass filtering of the IHC to create constant thresholds as fgom that of Zhang et §l|. (200]) tq |mprov§ the ,fllter
function of BF without ME filtering. The solid line shows the new function dynamics—see Appendix B for details. The single linear LP
described by Eq(1) that also compensates for the low-pass filtering of the filter that follows the three nonlinear LP filters in the signal-
ME to create constant thresholds abové kHz, except for the notch just path BM filters is identical to the nonlinear filters except that
above 4 kHZ see pane(a)]. O . . L. .

its time constant is always,iqe and its dc gairi.e., the gain
at BP is always unity. Figure (b) shows the gain of the

closed; Guinan and Peake, 196The model gives thresh- 1 hath filter for values of, over its whole range; de-

o_Ids near the lower end of the published range and the paf:'reasingrsp fIOM 7arrom 10 Twige iNCreases both the band-

ticular data shown are near the upper end. In order to bett%dth and the attenuation

fit the thresholds at low frequencies, the ME gain function or We will consider the 'behavior of the nonlinear signal-

thhe sygapse gal? cr:]ould be c.hangedh Nglther hﬁsdbeﬁnld\(ngth filter over three different ranges of stimulus intensity.
ere, because of the uncertainty in the data. Third, the lo First, at low stimulus intensities the control path signal is

pass filtering of the ME produces elevated thresholds for BFﬁeingible and therefore{ n]=~ Tyaron. Consequently, the

above 4.5 kHz relative to thresholds in the BF region arounq)andwidth is narrow, gain is high, and the filter is effectively

1.5 kHz. In contrast, thresholds in the experimental data arg,.,, second. at moderate stimulus intensities the control

similar in t_hese two reg_ions. In .Zhareg al. (2001 thg syn- path signal becomes significant, such tha{n] dynami-
apse gairli.e., the function relating the IHC potential to the cally varies betweerr, o, and 7,4, Creating effectively

synaptic release rataried as a function of BF to compen- p,.oaqened tuning, a compressive nonlinearity for stimuli

sate for the Io_w-pass filtering of the IH.C, thus maintaining a\ith frequency components near BF, and two-tone suppres-
constant AN-fiber threshold as a function of BF. We proposeisy, for wideband stimuli. The time constant of the control-
that the synapse gain also compensates for the low-pass f ath filter 7, n] is set to a constant fractioki of 7o{n], to

tering of the_ME above 4.5 _kHZ' This can be ach|_eve in thecreate an area of suppression that is appropriately wider than

model bY using a new function for the synapse daiaram- the excitation tuning curvéZhanget al, 200J). Two-tone

eterKce in Eq. (A7) of Zhanget al, 2001 rate suppression is created in the model when a suppressor
K cp=107-24BFH05 (1)  tone produces negligible energy at the output of the signal-

path filter but has enough energy at the output of the broader

ﬁgntrol-path filter to reduceg{n] via the control path and

consequently reduce the gain of the signal-path filter. Third,

for very large signals, the control path saturates agh]

has an essentially constant value negg.. Thus, at high

intensities the filter has a broad bandwidth and low gain and

is once more linear. These properties simulate the BM tuning
The signal-path BM filters are fourth-order, nonlinear, and nonlinearities that are caused by the activity of healthy

infinite impulse respons@lR) gamma-tone filter¢Patterson OHCs (e.g., Johnstonet al, 1986; Robles and Ruggero,

et al, 1988. Each filter is realized by cascading three non-2001).

linear and one linear first-order, low-pass filtef&hang The value of the time constant,y,., determines the

et al, 200). The stimulus waveform is first down-shifted in bandwidth of model threshold tuning curves. The bandwidth

where BF has the units of kHz. This new function also in-
cludes an increase in the absolute gain so that model thres
olds better match the BTC. Plotted in Figb2 are the old
(dashed lingand new(solid line) functions.

B. OHC control of BM tuning
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100 T A
+ Miller et al. 1997

—_ 75th percentile

i 50th percentile

+ +

------ 25 th. percentile

Stimulus Intensity (dB SPL)

0.1 *
0.1 1.0 10

BF (kHz) of BF = ¥ 1
7.0 kHz
FIG. 3. Normal-caR,, values as a function of BF from Millezt al. (1997). 2057 10 ! 10
The gray symbols indicate values for individual fibers and lines indicate the Stimulus frequency (kHz)
75th(solid line), 50th(dashed ling and 25th(dotted ling percentiles of) 4
values after normalization by a linear fit of I&gy,) versus log(BF). B T —
-~~~ Unity Gain
100 c =
— “OHC

of a tuning curve is usually quantified according to @s,
value, which is equal to BF divided by the bandwidth of the
tuning curve 10 dB above threshold at BF. The desigad
value can be produced in the model by setting ow
=2Qq0/(27wBF) [Eq. (4) of Zhanget al, 2001. In Secs.
IVA, IVB, and IV D, where data from individual AN fibers
are presented, we match mod@l, values to the example
fibers. In Sec. IV C, where data from populations of AN fi-
bers are presented, we use functional relationships to de

scribe trends inQ;o versus BF observed in the population A oA /
N : :

BM Output (dB SPL)

data. In Fig. 3Q;, values from the normal-cat data of Miller "
et al. (1997 are plotted as gray symbols as a fl_mct|on_ of BF - 0,0 0 m 0 20 To0
on a log-log scale. Zhangt al. (2001) used a linear fit of Stimulus Intensity (dB SPL)

log(Q;) values from these data versus log(BF) to set model (G. 4. (&) Modsl tuni function of OHC imbaimment
- . . 4. odel tuning curves as a function O impairment: no
Q1o values. However, at any particular BF there is a range O|mpairment=>COHC=1.00; complete impairmentCopc—0.00. Top panel:

Q1o values observed in the data. AN fibers with differ@it  gr=2.5 kHz: Bottom panel: BE 7.0 kHz. (b) The effects ofCouc on BM
values are likely to have somewhat different responses teompression for a fiber with BF2.5 kHz. The thin dashed line shows a
wideband stimuli such as vowels. Therefore, in this paper wéinear input/output function(no compression shallower slopes indicate
use the three different functions f@, versus BF shown in compression. The arrow indicates that normal OHC function produces a
. . 10 difference in the filter gain of 46 dB between low-intensity stimuli and
Fig. 3, which correspond to the 75th, 50th, and 25th percenkigh.intensity stimuli at a BF of 2.5 kHz. At moderate intensities the filter is
tiles of Qg values after normalization by the linear fit of normally compressive, i.e., slogel. This cochlear amplifiefCA) gain and
log(Q;p) versus log(BF). The equations for the these func-associated compression are progressively lost with increasing OHC impair-

tions are, respectively, ment, i.e., decreasinGonc-

75th Eq. (B3) for a given BF. The CA gain also determines the
l0g10Q10 = 0.4708 logy(BF) +0.5469, (5 strength of BM compressiofsee Fig. 4b)] and two-tone
rate suppressiofZhanget al, 2001).

l0g10Q39"=0.4708 logy( BF) + 0.4664, (6)
I1l. MODELING THE IMPAIRED AUDITORY PERIPHERY
log;0Q75"=0.4708 log( BF) +0.3934, (7) A Modeling OHC impairment
where BE has the units of kHz. In order to model the effects of OHC status on the non-

The value of the time constant,. determines linear BM filter, we introduce a scaling constalic to the
the maximum bandwidth and the minimum gain of output of the control path, such that
the signal-path narrow-band filter, as illustrated in Figp)1 o _ . ,
Zhanget al. (2001 refer to the difference in filter gain be- sp_impaired N1 = Conc( 7ol N~ Tuige) + Tuice: ®
tween 7amow aNd Tyige @S the cochlear amplifi€lCA) gain.  where 0<Cqyc<1. The effects ofCopc on the tuning of the
Based on the third-order nonlinear filter,7,qe  Signal-path filter at its narrowest bandwidth and largest gain
= Tnanowl 0 9CABR/E0 \where gaiga(BF) is determined by  (7ey= Tharow are shown in Fig. ().!
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The effects ofCqpc On tuning curves are illustrated in Fig. 1.0
4(a) for model fibers at two different BFs. To model normal

OHC function,Copc is set to 1 and consequently the filter 2
behavior is normal: tuning curves are narrow and thresholds © 0.1
are low. The upward “notches” in the tuning curves just
above 4 kHz are due to the notch in the ME filisee Fig.
19(b)]. The effects ofCyyc 0N compression are shown in
Fig. 4(b) for one model fiber. WithCopyc=1 the BM filter
exhibits compression for a BF tone from30 dB SPL to
>100 dB SPL. Not shown here, the model also exhibits two-
tone suppression due to the behavior of the wideband non-:
linear filter (Zhanget al,, 2001, which is also apparent in
responses to vowel stimulsee Sec. IV.

To model impaired OHC functiorCoyc is set to some
value between 1 and 0; the lower the value, the greater the
impairment. Reducin@ o causes two changes in the filter
behavior.

First, the effect when the control path signal is small
(i.e., at low sound levelsis to increase the tuning curve
bandwidth and elevate thresholds around BF. Thresholds ing .
the low-frequency “tail” of the tuning curve decrease 0.1 1.0 10
slightly with increasing impairment. This behavior is quali- BF (kHz)

tgnvel)_/ CanISt,ent with phy§|0|09lcal. repqrts of ,hypersenSI_FlG. 5. Determination of model OHC impairment to fit impai@g, values
tive tails in tuning curves with OHC impairmefitiberman 45 a function of BF(a) Three different functions fo€qpc versus unim-
and Dodds, 1984aln addition, a small downward shift in paired BF to produce mildsolid line), moderate(dashed ling and severe
BF is observed in Fig. @) for the model fiber with an un- (dotted line OHC impairment as shown by the corresponding linegbin

impaired BF of 2.5 kHz; we refer to this shifted-BF follow- Definitions of these three cases are given in the @kimpairedQyq versus
impaired BF, withQ,, values normalized by a linear fit to the normal-cat

ing impairment as the “impaired BF.” The shift is due to the yata piotted in Fig. 3. Gray symbols indicate data from individual fibers and
effects of the ME filter and IHC LP filter on the tuning curve thick lines indicate model predictions given the three functionsdgy,c
Shape’ not a Change in the BM filter's center frequency, andghown in(a). Thin lines S‘hOW the 75‘th, 50t-h, and‘25th percentile of the
only occurs in the steep transition bands of the ME and |HCnorm_aI data when normalized by the Ilnear(fnt_m Impalred_ threshold versus _

. . . Impaired BF, where threshold values are given relative to the respective
filters. Upward shifts of less than 0.15 oct occur for Unim-ormal best threshold curves for the data and model. Gray symbols indicate
paired BFs less than 0.5 kHie., in the high-pass transition data from individual fibers and lines indicate the model predictions given the

band of the ME filtey and between-4.2 and 5.0 kHZi.e., in  functions forCoyc shown in(a).

tEe upper edge of tr}e ME, notprd(chV\énI;lvaLd shift; of Ie(sjs thresholds(Liberman and Dodds, 198%aand therefore the
zgnkﬂ'%. oct _ocz:hur Ior unlrr:jpalref th SMEtwete h.3 ag h increase in thresholds is not an uncontaminated indicator of
' z (i.e., in the lower edge of the noteh an € the degree of OHC impairment. In contra§;, values are

low-pass transition band of the IHC filjerPhysiological - - .
not thought to be affected greatly by IHC impairménber-
data show shifts in the BM filter’s center frequency at highman arl:g Dodds 1984aTr?e foII):)wxi/ng mclath%dl is used in

intensities or with impairmente.g., R(_)bles_ and Ruggero, Secs. IVA, IVB, and IV D to model data from single im-
200]; that gre l: rgetrhthan tthof’e st(ka]en_ n tlh IS ”?Od.‘]E'- . paired AN fibers. First, we set the value @f,ow in the
zcon W ir.] h € gonlro path signal 1S S|gn|.|c(3m,d model using the&);, value of an exampl@ormal fiber with
at mo erfa\te to high stimulus mtensﬂ)esompr.essmn and . 5 proximately matching BF. Second, we find a value for
suppression are reduced because 'of the scaling down of t * L that explains the estimate@,, value of the example
tlme-va]lcglng_cgn:jpone_r;t ofin] I[Ftlg.l 4(b)].fT£f|§>;tren:_e _impairedfiber. Third, we apply enough IHC impairmefsee
case Ofonc=" describes compiete 0SS 0 UNCtoN: sac 1110 to explain the remaining threshold shift not ac-
tuning curves are at their highest and broadest and COMpress | ted for by the OHC impairment

sion and suppression are completely lost. Figuty ghows In Sec. IV C, functional relationships betwe€gc and

that for a BF. .Of 2'5. KHz the normal model .produces 4BF are derived to allow modeling of data from populations
cochlear-amplifier gain of-46 dB SPL, as prescribed by Eg. of AN fibers. Three functions are used, which are designed to
(B3). follow the 75th, 50th, and 25th percentiles of tQg, data
from Miller et al. (1997. Figure 8b) shows theQ,, data
from impaired animals normalized by the best fit log-log line
In order to predict data from populations of AN fibers, from normal animals(Fig. 3). The three horizontal lines

we must have estimates of the levels of OHC and IHC im-show the 75th, 50th, and 25th percentiles of the normal data.
pairment as a function of BF. As described by Liberman andrhe decrease i@, data points below the lines are a result
Dodds (19843 and modeled in Fig. 4, damage to the OHCsof acoustic trauma. Figure(® shows three empiricaCqyc
causes both an increase in thresholds and a broadening fianctions designed to fit the 75th, 50th, and 25th percentiles
tuning. However, damage to the IHCs also leads to elevatedf the impaired data. In doing these fits, the normal model fit

o
s B
°o =

Normalized Q 10

o
s

150

100t

50t

Relative Threshold (dB)

B. OHC impairment as a function of BF
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to the 75th percentile line of the normal data was adjusted to ;¢
fit the 75th percentile of the impaired data by varyDgyc,

and similarly for the 50th and 25th percentiles. The three g
lines that follow the data points in Fig(l9 show the result- < 01
ing Qqos for model tuning curves. The irregularities in the
model Q,, values between 3 and 5 kHz result from the ME
notch.

The threshold shifts resulting from the model OHC im-
pairment are shown in Fig.(§. Even severe OHC impair-
ment, as derived from th@,, data, can at best account for
around two-thirds of the threshold shift seen in the impaired-
cat data; we postulate that the remainder should be attributec
to IHC damage. Milleret al. (1997 found that fibers with _ _
BFs near the exposure frequency were under-represented i BF (kliz)
the impaired cats, relative to the normal cats, and argued for o o S
substantia IHC damage, followed by silencing and perhap§)% %, PSS Tnator oL rodes i impamert o ft oimun e
degeneration of some AN fibers. Fibers with less severe IHGroduce the threshold shifts as shown in pai! (b) Impaired thresholds
damage should still be responsive to acoustic stimuli butelative to the respective normal best threshold curves for the data and

; ; ; ; model versus impaired BF. Gray symbols show data from individual fibers
Wlth ele\,/atEd thresholds. Modellng of such IHC Impalrmemand thin lines show threshold shifts for OHC impairmaitne (replotted
is described next. from Fig. 5. The thick lines show the model threshold shifts with IHC
impairment as described in par(@) in combination with the three cases of
OHC impairmentmild (solid line), moderatgdashed ling and severédot-
ted line.
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C. Modeling IHC impairment IV. SYNCHRONIZED RESPONSE TO THE VOWEL /¢/

Elevated threshold tuning curves due to IHC impairment?- Single-fiber data and predictions

can be modeled by decreasing the slope of the function that piller et al. (1997 recorded AN single-fiber responses
relates BM vibration to IHC potentidthe block IHC NLin o the synthesized vowet//with the spectrum shown in Fig.
Fig. 1(@]. At the same time, the saturation potential must7. This synthesized vowel is periodic with a fundamental
remain the same to retain maximum discharge rates close feequency F0) of 100 Hz and formant frequencieS1-F5)
those of normal fiberge.g., Liberman and Kiang, 1984; of 0.5, 1.7, 2.5, 3.3, and 3.7 kHz. Note that the stimulus has
Miller et al, 1999a. Both of these effects can be achievedbeen filtered by the head related transfer functidRTF) of
together in the model by decreasing the slope of the IHC Nla human headWiener and Ross, 1946
block, or equivalently by scaling down the output of the The synchronized responses of AN fibers to-a80 ms
narrow-band BM filter at the input of the IHC nonlinearity vowel stimulus were evaluated by taking the Fourier trans-
using a scaling constar®,c, where 0<Cy,c<1. A value form of the poststimulus time histogra(RSTH normalized
of one produces normal IHC function and a value of zerot0 units of spikes/secondiller et al, 1997. Synchronized
gives total IHC disfunction. To model individual example rates for two fibers with BFs ne&2 are plotted in Fig. 8. At
fibers, a value fo€,c is chosen that accounts for the thresh-the lowest presentation levgpanel (c)], the normal fiber
old shift not explained by OHC impairment. responds to a number of frequency components of the vowel
Figure Ga) shows the values of ¢ that are need to
explain the minimum threshold shift in the AN population 100 ' LN B L L
data not accounted for by the OHC impairment of Figa)5
Figure 6b) shows the threshold shifts as a function of im- L :
paired BF resulting from the IHC impairment in parial in ~
combination with the three cases of OHC impairment from'ifz
Fig. 5(heavy line$. The combined threshold shifts match the E % [ 7
minimum threshold shifts in the data reasonably well. Mini- %
mum rather than average thresholds are fit because we a™ 5 ‘ ‘ ‘ ‘ HH || _
1.0

sume that the distribution of thresholds at any given BF re-
flects variation in synapse gain, i.e., the difference betweer
low and high spontaneous rate AN fibe(Geisler, 1981;
Heinzet al, 200)). Consistent with the data of Liberman and 0.1 _
Dodds (19843, Qg values are relatively unaffected by IHC Frequency (kHz)
impairment in the model, although tuning at levels 20 dB or . _ .
. FIG. 7. Power spectrum of the vowel/ /Jused in the physiological experi-
g'rea'ter above threshold is brgadeneq due to the broadenﬁffnts. Modified from Fig. 1 of Milleret al. (1997 with permission from
filtering of the normal BM at higher stimulus levels. the Acoustical Society of Ameri€a(1997.

60 |
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FIG. 8. Synchronized response of a norif{a)—(c)] and an impaired(d)—
(f)] fiber, both with BFs aroun&2, to the vowel ¢/. Synchronized rate is
the magnitude of the Fourier transform of a PSTihwidth 20 us), with
units of spikes/s. The normal fiber had a BF of 1.7 kHz a@gof 4.4, and
the impaired fiber had a BF of 1.6 kHz, a threshold shift-&0 dB, and a
Qo of 3.8. Reprinted from Fig. 9 of Milleet al. (1997 with permission
from the Acoustical Society of America €1997).

Frequency (kHz)

FIG. 9. Model predictions of a low-frequency (B#2) AN fiber’s syn-
chronized response to the vowel./(a) Normal OHC and IHC Cgyc
=Cuc=1); BF=1.7 kHz. (b) Severely impaired IHC ¢;,c=0.003) and
normal OHC (Cguc=1); unimpaired BF1.7 kHz, impaired BF
~1.6 kHz, threshold shift=60 dB, and impaired,y,~ 3.8.

in the spectral peak arourkeR. This fiber exhibits synchrony match those of the normal fiber from Fig. 8. Like the normal
capture at the two higher stimulus levgtgnels(a) and(b)]:  fiber of Fig. 8, the model fiber synchronizes to a number of
as the stimulus level increases above the fiber threshold, thewel components around the spectral peak at the lowest
responses becomes synchronized almost exclusively to thstimulus intensity(31 dB SPL and almost exclusively to the
vowel component &t 2. In contrast, the impaired fibéd)— F2 component at the higher intensities. Also observed is a
(f)] shows a much more broadband response, particularly teynchronized response to the second harmoni& 2f al-
the higher-intensity first formant. Note the higher presentathough it is somewhat smaller than that of the example nor-
tion levels used to compensate for the elevated threshold ahal fiber. The major cause of the synchrony captur® Byat
this impaired fiber. the higher intensities is the compressive/suppressive nonlin-
Shown in Fig. 9a) are synchronized responses of aearity of the signal-path, narrow-band BM filter. At the 31
model fiber with normal OHC and IHC functionCoye  dB SPL presentation level, around 82% of the signal power
=Cuc=1); the BF, threshold, andQ,, approximately at the output of the narrow-band BM filter is at th@ fre-
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qguency; the narrow-band filter is effectively linear at this A Normal IHC (Cp; -~ 1.0); Impaired OHC (C
presentation leve[Fig. 4(b)]. At 51 and 71 dB SPL, the i —_—
narrow-band filter is operating in its nonlinear range, causing ' [ 113 aB spL :
the percentage of the signal powerr# to increase to 89%
and 92%, respectively. These percentage values are relatively 50 |
unaffected by further processing of the signal by the IHC,
synapse, and spike generator sections of the model.

The example impaired fiber of Figs(B—(f) presents an
interesting case: it has relatively normal pure-tone tuning as
measured byQ,, values but has a broadband synchronized
response to the vowéMiller et al, 1997. How could this
come about? Shown in Fig(l9 are synchronized responses
of a model fiber with severely impaired IHC function
(Ciyc=0.003) and normal OHC functionCpopc=1); the 100 F
impaired BF, threshold shift, an@,, approximately match
those of the impaired fiber from Fig. 8. The model predic-
tions are consistent with the data plotted in Fig&d)8(f),
showing synchrony to many frequency components of the

onc_ 00

Synchronized rate (/s)

vowel (i.e., loss of synchrony capturencluding a particu- 0] 0.5 ) PR
larly large response t61. Examination of the output of each Frequency (KHz)

stage of the model’s signal path shows how synchrony cap-

ture is lost without impairment to the BM filter. As stated B Impaired IHC (C = 0.05); Impaired OHC (C ., .= 0.12)
above, around 92% of the signal power at the output of the 100 F -

narrow-band BM filter is at th&2 frequency for a presen- 113 dB SPL

tation level of 71 dB SPL. This percentage value drops to
only 59% if the presentation level is increased to 93 dB SPL,
because at this level the narrow-band BM filter tuning is very
broad[see Fig. )] and its gain is fairly linear agaifsee

Fig. 4(b)]. However, with normal IHC function the signal at
the output of the narrow-band BM filter is so large that it
falls within the nonlineafsaturating ranges of the IHC non-
linearity and the synapse model. Saturation of the signal sup-
presses the smaller frequency components such that the per
centage of the signal power B2 increases to 80% at the
output of the IHC and 91% at the output of synapse model. ~ 100
That is, synchrony capture is lost at the narrow-band BM
filter at high presentation level but is regained through the
nonlinear processing of the normal IHC and synapse. When
the IHC is impaired, the signal no longer saturates the IHC " , TR
nonlinearity and synapse model, and the percentage of the 0s 1 g
signal power af~2 drops to 38% at the output of the IHC Frequency (kHz)

and 27% at the output of the synapse model, producing the

. . FIG. 10. Model predictions of a low-frequency (Bf2) AN fiber’s syn-
broadband SynChrony observed in F|Qb)9 These results chronized response to the vowel./(a) Totally impaired OHC C,;c=0)

show that loss of synchrony capture at high stimulus levelgng normal IHC C,c=1). (b) Moderately impaired OHC Gopie=0.12)
can be produced solely by IHC impairment, with no impair- and impaired IHC Copc=0.05).

ment of BM tuning necessary.

OHC impairment alone can also give rise to broadband
synchrony at some stimulus levels. Results are shown in Figonce again. This illustrates how in some cases synchrony
10(a) for a model fiber with BF matching the example im- capture can occur without suppression at the level of the BM.
paired fiber of Fig. 8, but with normal IHC functiorC(yc A more typical situation is combined IHC and OHC impair-
=1) and total OHC impairmentGonc=0). At the lower ment like that discussed in Fig. 6. Moderate OHC impair-
two presentation levels the impaired BM response is broadhent (Copc=0.12) combined with IHC impairmentQoyc
enough to create broad synchrony in the model AN fiber. In=0.05) produces broadband synchrony at all presentation
these cases, the BM response is broader and more linear thiavels[Fig. 10b)].
for the normal BM, and the reduced gain of the BM means  The effects of combined IHC and OHC impairment can
that the signal falls more within the linear regions of the IHC also be observed for fibers with BFs in tR@ region. Syn-
nonlinearity and the synapse model, as was the case for IHEhronized rates for two fibers from Milleat al. (1997, one
impairment. At the highest level the signal is large enougmormal and one impaired, with BFs nelaB are plotted in
for the IHC and synapse to produce synchrony captufe2to Fig. 11. Limited synchrony capture is observed in this nor-

100

50 1

0

Synchronized rate (/s)
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FIG. 11. Synchronized response of a norfital—(c)] and an impairedi(d)— Frequency (KEz)

(f)] fiber, both with BFs arouné 3, to the vowel ¢/. The normal fiber had

a BF of 2.5 kHz and &y, of 4.3, and the impaired fiber had a BF of 2.6 £, 12, Model predictions of a moderate-frequency (8F3) AN fiber’s
kHz, a threshold shift of-60 dB, and &Qy, of 1.4. Reprinted from Fig. 10 gynchronized response to the vowel. (&) Normal IHC and OHC Cyuc
of Miller et al. (1997 with permission from the Acoustical Society of =Cgnc=1). (b) Impaired IHC Cjc=0.03) and impaired OHCQopc

America ©(1997. =0.3); unimpaired BF 2.93 kHz, impaired BF2.6 kHz, threshold shift
~60 dB, and impaired);;~1.4.

mal fiber [(@)—(c)]; synchrony capture is not observed in ) o )

most normal fibers with BFs ne#3, although they do ex- Fig. 12b) for a model fiber with impaired IHC Gc

hibit a strong response t%63. The impaired fibef(d)—(f)] ~ =0-03) and OHC Copc=0.3) function; the impaired BF,

again shows much broader tuning, synchronizing particularifhreshold shift, and,, approximately match those of the

to F1 andF2, with little response t¢3. impaired fiber from Figs. 1@)—(f). Like the example fiber,
Shown in Fig. 12a) are synchronized responses of athe impaired model fiber exhibits broadband synchrony to

model fiber with normal OHC and IHC functionCyc the vowel, particularly to the lower-frequency formams

=Cyc=1); the BF, threshold an@,, approximately match andF2, although the synchrony to nonformant harmonics is

those of the normal fiber from Figs. (—(c). The model larger in the model fiber.

fiber synchronizes predominantly to frequency component% . ¢ h

around its BF, consistent with the example normal fiber, al-— Quantitative assessment of synchrony capture

though it does not show the same degree of synchrony cap- Wong et al. (1998 quantified synchrony capture using

ture at the highest presentation level. Results are shown ipower ratios(PR9, which subdivide the response into com-
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ponents related to the formants and other components. Toti - Fiber A: BF = 149 kHz Normal Model: BF = 1.3 kHz

power is the sum of the squares of the synchronized Rtes 1 1 oAt
(kfo) over the first 20 harmonics of the stimulus. Th2 PR~ 2 O-SW/ 08 7T VT TSNS
is the fraction of the total power that is phase-locked to thef: 0.6 TN 0.6
second forman(the 17th harmonic F1&F2-related power % 0.4 ! 0.4
is the sum of the squares of the synchronized rates at th™  , — rl o2
harmonics related td&=1 and F2, which include the 5th 0 --onm;l 0
(F1), 7th F2—2XF1), 10th (2xF1), 12th F2—F1), 60 70 80 90 100 60 70 80 90 100 110
15th (3xF1), 17th 2), and 20th (& F1); the distortion Fiber B: BF — 1.77 kHz Normal Model: BF = 1.7 kHz
products are included in the1&F2 response because they L i N~ A AN~/
most likely result from rectifier distortion in the IHC-AN -2 O.SM\’\/\—J 08 M NTmoNA_—rval
synapseYoung and Sachs, 19Y9The F1&F2-related PR é 0.6 ‘\ 0.6
is the fraction of the total power contained in the & ¢.4 /‘\ 0.4
F1&F2-related harmonics. ™ oz TN 02

Wong et al. (1998 measured power-ratios in AN fibers 0 b 0
in response to a 400-ms synthetic vowel with a spectrun 60 70 80 90 100 o0 W¢ B0 6 100 1l
identical to that of thee/ vowel stimulus shown in Fig. 7, Fiber C: BF = 2.18 kifz Normal Model: BF =2.2 kHz
except that the sampling rate was adjusted so tHaakvays 1 1
fell at the BF of the fiberExample power-ratio data from 2 0-8-/,'\’/\:\/\/\ 0.8 W
Wong et al. (1998 are shown in the left column of Fig. 13 % 0.6f" ¥ \ /\/\\ 0.6 VNN Ao
for four normal fibers with different BFs as labeled. These § 0.4 \‘\\ VI 04 N
data reveal a breakdown in synchrony capturd-Ryat very = 02 R 0.2
high sound levels, where significant responsE tooccurs at 0 ‘ 0
the expense of responseR@. In the left column of Fig. 13, o o & S0 1 60 70 %6 90 100 110
fiber A exhibits synchrony capture 552 (dashed lingat all BiberD: BE = 2.68 kEz ol Model: BE =27 kil
stimulus levels. Fiber B exhibits synchrony captureH# at ) 1
moderate stimulus levels, which is lost at very high levels 0-8\/\/\/‘/\\_ 0.8 M
(=80 dB SPL. When theF2 PR drops, theF1&F2 PR i 0-6,\\ VI 06 \_,'\\ ;s
(solid line) stay the same, showing that tR& response is § 0.4 N 0.4 \ S\
replaced by a response Edl. Fibers C and D have progres- 0.2 \ 0.2 Mo
sively lower intensities at which the transition froR2 to 0 S~ 4

C 0
70 80 90 100 110 60 70 80 90 100 110

F1 synchrony begins. This tendency occurs consistently a Vowel Level (dB SPL) Vowel Level (dB SPL)

BF increases(Wong et al, 1998. The lower and upper
bounds of the shaded regions in the left column of Fig. 1FIG. 13. Normal power ratio data at high sound levels. Left column: four
represent, respectively, the sound levels at which synchro rmal fibers with BFs as labeled, redrawn from Fig. 4 of Waigal.

. . 1998 with permission from Elsevier Scierfte(1998. The solid and
capture byF2 is lost, meaning the vector strength VS dashed lines, respectively, show the fraction of total power in the fiber's

(F2)=|R(F2)|/R(0)<0.5, and the component-ZC2) response that is synchronizedfd andF2 combined F1&F2) or toF2
threshold for F1 (Liberman and Kiang, 1984 The C2  alone. The lower and upper bounds of the shaded regions represent, respec-

threshold is the stimulus level at which a substantial phasévely: the sound levels at which a loss of synchrony captur& Byoccurs
change occurs in the synchronized respofsee Fig. 1 of gggr;h\zifhog]gsr;esngﬁetlﬁsr‘o'd L. Right column: four normal model
Wonget al, 1998 and is thought to correspond to a change

in the mode of stimulation of the fiber. Modeling the

component—]((_:l) to C2. transition for pure—to_ne stimuli has higher intensities, although the effect is weaker than in the
been accomplished using a dual-path BM filterg., Gold-

stein, 1990: Schoonhoveet al, 1994: Meddiset al, 2007, data and the stimulus intensity at which the switch occurs

not included in this model. does not appear to decrease with incr_easing BF. Vrad.
Predictions have been obtained for model fibers with(1998 argueq that the. Iower-lievc'el switch frorlﬁz'to FL .
BFs roughly covering the range of BFs in the Woewgal. synchrony with increasing BF Is Ilkely dge to thg increasing
(1998 data. Consistent with the physiological data, thestreng?h of two-tone suppression with Increasing BF. Th|§
model predictions for normal IHC and OHC functiof,(c  €fect is partly represented in the model by the increase in
=Cone=1) shown in the right column of Fig. 13 exhibit cochlear-ampllﬁer gain with BFFig. 20. Reducmg the gain
synchrony capture b2 at moderate sound levels70 dB for a model fiber with B 2.7 kHz to the gain prescribed for
SPL in all cases One factor that is crucial in producing & model fiber with B 1.3 kHz greatly reduces the switch in
Synchrony capture by‘.z at moderate sound levels is the SynChrony at hlgh intensitie(SeSUItS not ShOV\m In addition,
high-pass filtering of the ME below 1 kHz; without ME fil- there is a small secondary factor not considered by Wong
tering, F1 [<1 kHz for all the Wonget al. (1998 stimuli] ~ etal. (1998, which is that with increasing BF, the
also produces a strong response at moderate intensities. frequency-scaled vowel has an increasing ratio of power at
Also seen in the model predictions in the right columnthe F1 frequency relative to power at the2 frequency,
of Fig. 13 is the transition in synchrony from2 to F1 at becauseF1 is attenuated less by the ME filter. This effect
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Fiber I: BF = 1.39 kHz Crac=0.001; Copc=0.0 pairments give rise to thresholds a@, values approxi-

1 — 1 mately matching those of the four example fibers in the left
% 0.8 0.8 column of Fig. 14. The model predicts the broadband syn-
é 0.6 0.6 chrony (loss of synchrony té-1&F2) seen in the data. The
2 0.4 0.4 AN loss of synchrony td=2 alone is fairly well described for
a 0.2 0.2 I\,' ‘/\/ v some vowel presentation levels but not for others. Example
'0 (Noa A \,J\,x_/ 0 L ~ro~ N fiber | (top-left panel in Fig. 1%has an extremely brpad and
70 80 90 100 110 60 70 80 90 100 110 elevated tuning curve (threshel®0 dB SPL; see Fig. 6 of
Fiber J: BF = 1.65 kHz Crgc= 0.004; Cogc= 1.0 Wong et al, 1998, suggesting that only a C2 response re-
1 1 mains in this impaired fiber. The model fiber with similar BF
% 0.8 0.8 (top-right panel in Fig. 1thas a sharper tuning curve than
o6 0.6 le?/\/\—\/\_/\ the example fiber, even witB o Set to zero, because the
(o] N * .
2 0.4 0.4 ‘/\ \ model can only describe C1 responses. Consequently, the
<041 VL~ =MA \’ < model exhibits some synchrony 2 at high presentation
0.2 l\,.«/\/ AW 0.2 ~ <~ S . .
v \\_ levels, which is not seen in the experimental data. The other
0 70 80 90 100 110 060 70 80 90 100 110 three model fibers with BFs of 1.7, 2.2, and 2.7 k{'ﬂlght
Fiber K: BF = 2.33 kHz Crpc= 0.004; Cope= 0.7 column in Fig. 14 are set to have relatively normal OHC
1 1 function because of the fairly sharp tuning curve tips of ex-
208 0.8 ample fibers J, K, and Ueft column in Fig. 14. The model
~ BM nonlinearity (compression and suppressioproduces
06 0.6 P ppression
£ higher synchrony té-2 at moderate presentation levels than
50.4 0.41 2 S\ . . i )
~ ,\I / A is observed in the example fibers, suggesting that the ex-
0.2 A ol 0.2 T~ ample fibers may be subject to less compression and suppres-
0= 70’ 20 90 100\ 110 Oeo 20 8090 100 110 sion than the model predicts from the tuning curves. These
Fiber L: BF = 2.50 kliz o= 0.015; Cope— 0.4 inaccuracies in the model predictions show the limitations in
1 1 setting model OHC and IHC impairment to match individual
203 0.8 experimental tuning curves.
%06 0.6
% . VA A
£0.4 041N Y v C. Synchrony capture versus BF
0.2 0.2 “~a PR ) )
0 —— f\,-/\,/\ 0 ~v Miller et al. (1997 measured-1, F2, andF3 PRs in a
70 80 90 100 110 60 70 80 S0 100 110 population of fibers across a range of BFs. Model predictions
Vowel Level (dB SPL) Vowel Level (dB SPL) of PRs forF1, F2, andF 3 are plotted as a function of BF in

) . ) ) Fig. 15 for normal fibers and in Fig. 16 for impaired fibers.
FIG. 14. POV\_/er ratio Fia_lt_a for impaired f_|bers _at high sound levels. LeﬂFOllOWing Miller et al. (1997, PRs here include the phase-
column: four fibers exhibiting threshold shifts, with BFs as labeled, redrawn g . )
from Fig. 6 of Wonget al. (1998 with permission from Elsevier Scierite  locked response to the first, second, and third harmonics of
(1998. Right column: four impaired model fibe$HC and OHC impair-  the formant frequency, as long as the frequency of the har-
ment for each as labelgdvith BFs of 1.3, 1.7, 2.2, and 2.7 kHz, respec- monic is less than or equa| to 5 kHz. Lines show model
tively.
predictions and gray hatched areas indicate the range of val-
ues observed in the physiological data of Miliral. (1997).
produces a slightly weaker responseR@ at the highest The model predictions for normal fibe(&ig. 15 fall
intensities. predominantly within the range of values seen in the physi-
During the course of Wongt al.s experiments, the high ological data at both presentation levéd® and 49 dB SPL
presentation levels caused threshold shifts in a number dfiormal fibers synchronize almost exclusively to the formant
fibers. The left column of Fig. 14 shows that in four fibers frequency closest to their BFs. The small peak inftiePR
exhibiting threshold shifts, with different BFs as labeled, theof the model predictions at 1 kHz F1) is due to har-
synchrony toF2 is low at all levels (PR 0.1-0.2) and is monic distortion in the nonlinear BM filter. Such harmonic
only partly shifted toF1; around 40%-50% of the syn- distortion of F1 is also observed in the physiological data at
chrony is lost to other components of the vowel, as wa$9 dB SPL but is not apparent in the data at 49 dB SPL.
observed in Figs. @)—(f) and 11d)—(f). With impaired IHC and OHC functiofFig. 16), model
While the threshold shifts in the Woref al. (1998 ex-  predictions of PRs fall within the range of single-fiber values
periments may be temporary and therefore different infor F1 andF3, but not forF2. At both levelg(112 and 92 dB
mechanism from permanent acoustic traufbi@erman and SPL), synchrony toF2 is overestimated in the BF region
Mulroy, 1982; Gacet al., 1992; Nordmanret al., 2000, itis  aroundF2—possible causes are examined in Sec. V. A sec-
of interest to see how IHC and OHC impairment as modeleand discrepancy is observed at the higher presentation level
in this paper predict the synchrony data in the left column 0f(112 dB SPL: an upward shift in the peak ¢f1 synchrony
Fig. 14. Plotted in the right column of Fig. 14 are resultsis observed in the data when compared to the lower presen-
from the four model fibers of Fig. 13 with individual IHC tation level (92 dB SPL. This shift is seen in the model
and OHC impairment as indicated in the figure. These im{predictions but is less pronounced.
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FIG. 15. Model predictions of normal power ratios fot, F2, andF3 as a FIG. 16. Model predictions of impaired power ratios fot, F2, andF3 as
function of BF for stimulus intensities of 69 dB SK&) and 49 dB SPI(b). a function of impaired BF for stimulus intensities of 112 dB S@ALand 92
Thick lines show model predictions and gray hatched areas indicate thdB SPL (b). Thick lines show model predictions and gray hatched areas
range of values observed in the normal physiological data of Méteal. indicate the range of values observed in the impaired physiological data of
(1997. Vertical dashed lines show the formant frequencies. Predictions ariller et al. (1997. Vertical dashed lines show the formant frequencies.
shown for modelQ,, values that are at the 75tkolid lineg, 50th (dashed Predictions are shown for mod@l,, values that are at the 75¢tholid lines,
lines), and 25th(doted line$ percentiles ofQ,, values for the physiological ~ 50th (dashed lines and 25th(dotted lineg percentiles ofQ,, values for the
data. impaired physiological data, i.e., for the three functionsCef,c given in

Fig. 5@a), and with IHC impairment as shown in Fig(e.

D. Signal processing to restore synchrony capture
hill | il | mant, confounding the identification or discrimination of ac-
In Schilling et al. (1998 and Miller et al. (19993, two tual vowel formants.

different amplification schemes were investigated for their 14 overcome this problem, Milleet al. (19992 devel-
potential to restore normal BF-dependent pattern of SYNpped an alternative frequency-shaping scheme, contrast-
chrony capture for the vowet/ in acoustically traumatized enhancing frequency shapitGEFS, where the edge of the
cats. Schillinget al. (1998 tested a common hearing-aid gain profile is placed not at the frequency where thresholds
processing scheme, where the amplification has a frequenCiegin to increase but rather just below th@ frequency,
shaped gain function in which the gain is larger in regions of¢reating a stronger contrast betweE® and the lower-
greater threshold shift. They found that this amplificationfrequency components such&& and the trough. The spec-
scheme did indeed restrict the upward spread of synchrony @5 of the standard and CEFS vowels are shown in Fig. 17. A
F1 when compared to flat amplification. However, it could 30 dB of gain has been applied to the frequencies alf&e
not prevent the upward spread of synchrony® andF3.  to compensate for threshold shifts of around 60 dB in that
Perhaps more importantly, there was a strong and inapprqegion (see Lybarger, 1978, for an explanation of the “half
priate synchrony of fibers with BFs in the trough regieril  gain rule”). The formant frequencies are identical to the pre-
kHz) betweenF1 andF2 to energy at their BFs. This re- viously describede/ stimulus. In contrast to the previous
sponse was presumably created by the low-frequency edge sfimulus, no HRTF filtering has been applied to the vowels in
the amplification gain function and, in a hearing impairedFig. 17, so theF3 intensity is lower relative té&2, and both
individual, could produce an anomalous perception of a forformant intensities are lower relative Fl.
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CEFS ; — . _
vowol A Impaired [HC (CIH c 0.003); Normal OHC (C OHG 1.0)
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= - 105 dB SPL
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b
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e b 85 dB SPL
E
Frequency (kHz) < sof
FIG. 17. Power spectra of the standard and CEFS versions of the vwawel / 'g
The line spectrum shows the unprocessed vowel's spectral shape and theEo
solid line shows the CEFS-modified spectral envelope. The CEFS vowel &, 0
was obtained by high-pass filtering the standard vowel with a cutoff fre- # 100 T T
quencyf., which is 50 Hz below the second formant frequefiicylicated 65 dB SPL : : :
by the vertical dashed lineModified from Fig. 1b) of Miller et al. (19992 : : :
with permission from the Acoustical Society of Ameficé1999. 50 : : : 7
Shown in Fig. 18 are predictions for the CEFS vowel 0 m@
with the same impaired model fibers as in Figgh)%and 0.1 0.5 1 5
12(b). The presentation levels for the CEFS vowel are 8 dB Frequency (kHz)
Iq\{ver than those used in Figs. 9 and 12 so thatRBenten- B Impaired HC (C,,, = 0.03); Impaired OHC (C,,,, = 0.3
sities are matched to those of the standard vowels. For a 100
model fiber with parameters the same as for Figp) 9im-
105 dB SPL

paired IHC, normal OHC, and impaired BA.6 kHz~F2),
synchrony capture t&2 is mostly regained with the CEFS
vowel[Fig. 18a); cf. normal data in Fig. &]. A model fiber
with parameters the same as for Fig.(ld2(impaired IHC,
impaired OHC, and impaired BF2.6 kHz=F3) exhibits

. 100 :
synchrony capture to theecondformant of the modified z 95 dB SPL
vowel, instead of td=3 [Fig. 180b); cf. normal data in Fig. £
11(a)]. The same undesirable effect is seen in the AN fiber 3
data with CEFS amplificatiofsee Figs. 10 and 11 of Miller g
et al, 1999a. =

g,

wn T
V. DISCUSSION 65 dB SPL

A. Sources of changes in synchrony in acoustically
traumatized cats

The model predictions presented in this paper suggest 0 m&&:&mﬁdﬂm
that both OHC and IHC impairment contribute to the degra- 0.1 0.5 1 5
dation of the tonotopic representation of formant frequencies Frequency (kHz)

(e, B'F-approprlate sypchrqhyn AN fibers damage,d by_ FIG. 18. Model predictions of responses to the CEFS vowel by impaired
aCOUSt'Q trauma. OHC |m_pa|rment_ broadens and ||n_ear|ze§N fibers. The presentation levels are reduced by 8 dB from those used for
BM tuning, thereby causing AN fibers to synchronize tothe standard vowel so that the levels of & components are matched for
many vowel components. This is consistent with the resultéhe CEFS vowel and the standard vowe).Model fiber with parameters the

; : ; same as for Fig. ®): impaired IHC C4c=0.003) and normal OHC
]?lf GeISIZr(:'gég?j' Vﬁho Ltj)seddan AdN quel \lNI(;h a linear EM (tCOHCZ 1); impaired BF=1.6 kHz. (b) Model fiber with parameters the
liter and found that broadened tuning led to an Upwartyme’ as for Fig. 1®): impaired IHC C;;c=0.03) and impaired OHC

spread of synchrony t61 in a few example model fibers. (cg,c=0.3); impaired BF2.6 kHz.

Similar results were found by Saclet al. (2002 with a

model including a nonlinear BM filter. Geisl€t989 argued

that IHC impairment was not necessary to explain physifilter gain and bandwidth. However, our results suggest that
ological data from sound-damaged cochleae, in spite of hissome of the reduced gain in the Geid[£889 filters may be
tological data showing that the degree and extést, BF  better attributed to IHC impairment.

region of damage to IHC stereocilia is typically equal to or Our results show that IHC impairmeaione can pro-
greater than damage to OHC stereocilidberman, 1984; duce significant changes in the synchronized response to a
Liberman and Dodds, 1984a) for a sound-exposure para- vowel[see Fig. &)]. The BM tuning is normally quite broad
digm similar to that of Milleret al. (1997). Geisler(1989  for high-intensity stimuli[see Fig. 1b)], but normal IHC
modeled OHC impairment by directly fitting filter functions function leads to synchrony suppression of smaller vowel
to impaired tuning curves, i.e., by independently varying thecomponents. Synchrony capture caused by the IHC and the

50
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IHC-AN synapse has also been illustrated in previous modphysiological data of Milleret al,, the effect on the slope of
eling studiegSchroeder and Hall, 1974; Geisler, 1985; Pay-an individual AN fiber is difficult to predict and could be any
ton, 1988. The results of this paper add to these previousof the three possibilities: increased, unchanged, or decreased.
studies by suggesting over what range of stimulus intensitiesleasurements of rate-level slopes using a preparation simi-
this occurs. As discussed in Sec. IV A, our model predictdar to that of Milleret al. are consistent with this expectation
that BM nonlinearity(compression and suppressi@are the (M. G. Heinz, personal communicatiprirhus Geisler’s ar-
primary cause of synchrony capture for stimulus intensitieggument, while correct, does not apply to mixed losses of the
between approximately 40 and 80 dB SPL, whereas IHC anty/pe considered here.

synaptic nonlinearitysaturation are the major cause of syn- Our method of separately determining OHC and IHC
chrony capture above 80 dB SPL. In the case of IHC impairdamagegsee Secs. Il B and Il Cis consistent with the con-
ment as modeled in Sec. llIC, high-intensity signals fallclusion that both were present in the impaired cats of Miller
within the linear region of the expanded IHC dynamic rangeet al. (1997, although histological analysis was not per-
and synchrony suppression is substantially reduced. In formed on these cochleae. Furthermore, the extent BF
similar fashion, the reduced BM gain in the case of OHCregion of IHC impairment[Fig. 6(@)] is greater than the
impairment causes the signal to fall within the linear regionextent of OHC impairmenrtFig. 5@)], in agreement with the

of the normal IHC dynamic range, leading to a reduction inhistological data described previousiLiberman, 1984;
synchrony suppression in the IHC, in addition to the alreadyLiberman and Dodds, 1984a,).bIHC impairment was
broader BM response. Note that the results described abowxhieved in the model by decreasing the slope of the IHC
are obtained only with a model including two-tone suppres-onlinearity. However, it is not clear what could be the
sion. In the model of Carne§i993, which does not include physiological correlate of this manipulation. Permanently
any wideband nonlinearities in the BM filter, BM tuning re- closed transduction channéksg., Pickelst al,, 1987 could
mains relatively narrow even at high intensities and thereforéead to a reduced saturation potential and reduced maximum
IHC impairment has little effect. Without two-tone suppres- AN discharge rate, not seen in the détéiller et al, 1997.
sion, only broadening of BM tuning by OHC impairment Permanently open transduction chanridlgyeret al, 1998
causes any substantial change in the AN’s synchrony to therould likely result in a large increase in the resting IHC

vowel (Bruceet al, 1999. potential and perhaps also in the spontaneous discharge rate
of AN fibers, also not seen in the physiological détéer-
B. IHC impairment in acoustically traumatized cats man and Dodds, 1984b; Millest al., 1997. More consistent

with the AN data would be disarray of the stereociliar bundle
Oq<Liberman and Dodds, 1984asuch that greater pressure is
rrequired to reach both threshold and IHC saturation.

Geisler (1989 argued against the significance of IHC
impairment for AN responses partly because a number
studies found relatively normal rate-level dynamic ranges fo
impaired fiberge.g., Salviet al,, 1983; Liberman and Kiang,
1984). The reasoning was that IHC impairment of the type
we have modeled should decrease the slopes of rate-level The results of this study show good qualitative predic-
functions, increasing their dynamic rangésere slope is tion of the effects of acoustic trauma on synchrony to a
measured in a plot of rate versus log sound pressure, as dBsowel, but the quantitative accuracy could benefit from im-
This is true in the model, in that the decrease in IHC gainprovements to the model. One possibility is that our methods
increases the thresholds of AN fibers, which moves their dyef creating OHC and IHC impairment are too simple to cap-
namic ranges into the compression region of the BM inputture the complex biophysical consequences of the mechani-
output function[Fig. 4(b)], thus decreasing their slopes. The cal trauma and subsequent cellular damage. A second possi-
effect would, of course, be smaller for low spontaneous ratéility is that the inaccuracy of th@ormal model at high
(high thresholdl fibers, whose dynamic ranges normally in- presentation levels, as seen in Sec. IV B, may produce simi-
corporate more of the compression regi®achs and Abbas, lar inaccuracies in predicting the impaired data. Two physi-
1974; Yates, 1990 Computation of rate-level slopes for ological phenomena that are not included in the normal
model fibers shows that, when level is expressed on a diBhodel and which may help explain its inaccuracy at high
scale, the effect of IHC impairment with no OHC damagepresentation levels are frequency glides and multi-modal ex-
translates mainly into a threshold shift and the slopes witltitation.
severe IHC impairment are approximately as shallow as nor-  Frequency glides are modulations or sweeps in the in-
mal low-spontaneous rathigh thresholdl fibers(results not  stantaneous frequency of the impulse response of BM filters,
shown. OHC damage, of course has the opposite effect, eialso reflected in the impulse response of AN fibeZarney
ther increasing or making no change in rate-level slopeset al, 1999. Carneyet al. (1999 found that the impulse
because OHC damage reduces the compression in the BMsponse has an upward frequency glide for fibers with BFs
input/output functionFig. 4(b)]. Increases in slope consis- greater than 1500 Hz, almost no glide for BFs between 750
tent with this expectation have been shown in AN fibersand 1500 Hz, and a downward glide for BFs less than 750
following OHC poisoning with kanamycifHarrison, 1981  Hz. They also found that glides are independent of stimulus
and similar changes are inferred from psychophysical maskintensity, but pointed out that the interaction of the glide with
ing experiments in hearing-impaired subje@xenham and the nonlinear envelope of the impulse response could lead to
Plack, 1997. The opposite effects of IHC and OHC damageshifts in BF with level. Broad filters have short time con-
on rate-level slopes mean that, with the mixed losses in thetants and, consequently, their response will be dominated

C. Future model improvements
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more by the starting frequency of the glide; narrow filtersprobably the fact that the Zhangt al. (200) model pro-
have long time constants and will therefore be dominatedluces insufficient two-tone suppression for suppressors be-
more by the final frequency of the glide. This level- low BF, other factors may contribute. We have already ar-
dependent behavior may at least partially explain the BFgued that the lack of frequency glides in the model’s filters
shifts in BM tuning observed in the impaired cochlea and atcould contribute to this difference. Another possibility, re-
high intensities in the normal cochlée.g., Robles and Rug- lated to the modeling of low and medium spontaneous rate
gero, 2001 The lack of a BF shift may contribute to the (higher thresholgfibers, is the fact that the model incorpo-
model’s inaccuracy in predicting the Woegal. (1999 data  rates only the minimal threshold shifig. 6(b)]. Additional
(see Fig. 13 a larger downward BF shift at high intensities threshold shift to model the average thresholds in the data
could reduce synchrony ©2 and increase synchronyEd.  would require a decrease in the IHC/synapse gain. As dis-
This is consistent with the growth of low-side two-tone ratecussed above, decreases in IHC synapse gain have the effect
suppression in the model, which is also weaker than is obof reducing large-signal suppression in the IHC and synapse
served in physiological dat@hanget al., 200J). and result in more broadband responses. Thus if the full
Multi-modal excitation is the presence of more than onerange of thresholds were modeled, then the model data in
vibrational mode in the BM response because of the complekig. 16 would scatter in the direction of lower synchrony to
micromechanics of the organ of Cofé.g., Robles and Rug- F2, which would decrease the difference between model and
gero, 2001 Such multi-modal excitation, also observed in data.
AN responsegLin and Guinan, 2000 cannot be explained
by a single-path BM filter as used in our model; parallelD. Applicability of the model to hearing-aid design

paths are required to model each mode of vibratiGold- The model presented in this paper appears accurate

stein, 1990; Schoonhovest al, 1994; Meddiset al, 2001 enough to be useful in testing the effects of potential hearing-
In multi-path models, the center frequencies of each of the g g P g

parallel filters are typically different, which along with the aid processing schemes on the neural representation of

frequency glide in individual filters could contribute to shifts SPEECH- Such testing would provide information about hear-

in BF with OHC impairment or at high presentation Ievels'negrcagdtsu‘taoI tsel;gﬁlerréirltari &rgwﬂfnirbygss%zhiﬂpﬁg;icf allrr:]d
(Goldstein, 1990; Schoonhovest al, 1994; Meddiset al.,, P P 9- b y 9

2001). The interactions of the different paths might also ex_palrlmfe nt ;15 us.ually'gl tdhe .COChlﬁa’ :gsiems c(ljear' that aOlIJ'sefuI
lain the C1/C2 transitiofLiberman and Kiang, 1984; Wong goal for hearing-aid design shou © progucing au ftory
Et al, 1998 ' ' nerve responses that are as normal as possible. The value of

. . ... the model in this regard is that it is much simpler, more
One feature not considered in any of these models is th 9 P

} . fi xible, and cheaper than physiological experiments. As a
stapedial reflex,.whlch has bgen shown tq rgduce the upvva“/fllidation of the model’s usefulness in this regard, it predicts
spread of maskingi.e., low-side suppressionn AN fibers

. . . . both the benefits and the limitations of the CEFS amplifica-
_(Pan_g and G“'T‘a“' 1987The phyS|oIog|caI data ‘?Xam'”ed tion scheme(Sec. IV D), as they were observed in physi-
in this paper(Miller et al, 1997; 'Wonget a.l" 1998’ Miller ological experiments. There are two limitations on the use-
?t al, 19993 were from anesthetized gats in which the r,eﬂexfulness of the model for such testing: first, there is the
is not present, and therefore modeling of the reflex is no

d ive the d it the d q ncertainty about the quantitative relationship of cat and hu-
necessary to describe the data. However, if the data and mo 1an auditory nerve responses. Reetal. (2002 have ar-

eling results are to be applicable to hearing-aid design, thep, o4 that suppressive interactions among the formants and
the stapedial reflex could be a significant factor in determin-upward spread oF 1 may be a smaller issue in the human
ing the AN response to vowels in hearing-impaired individu-¢qchjea, because of its longer length relative to the range of
als. The ME section of our model could be adapted t0 defqq encies represented. Thus the model will have to be
scribe the effects of the stapedial reflex. This would creat,, jified and validated for the human auditory periphery
another time-varying, nonlinear filter, and the control signaI(Heinz etal, 2001). Second, there is no direct way, at
for the reflex could likely be obtained from a large popula-present, of estimating the specific degree of IHC and OHC
tion of model fibers. _ o impairment in individual human subjects. Methods of diag-
Additionally, it is known tr_\at fibers with d|ﬁ§arent_spon— nosing IHC and OHC impairment are beginning to be devel-
taneous rategand corresponding threshojdsrovide differ- oped(Moore et al, 1999, 2000; Plack and Oxenham, 2000
ent representations of speech stimuli across stimulus intensji+ these methods do not yet provide a practical method of
ties (Sachs and Young, 1979n particular, low and medium - giagnosing individuals’ degrees of hair cell damage. Never-
spontaneous rate fibers provide a better representation g{ejess, the model can still provide valuable information by

vowels in their average discharge rates at high intensities. Evaluating the effectiveness of signal processing for various
would therefore be useful to extend the synapse model to b@ommonly encountered lesions.

able to produce an arbitrary spontaneous rate and the associ-
ated change in the rate-level functid8achs and Abbas,
1974 Yates, 1990 ACKNOWLEDGMENTS
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APPENDIX A: MIDDLE-EAR MODEL

The ME section of the auditory-periphery model was
created by combining the ME cavities model of Peakal.
(1992 with the ME model of Matthewg1983. Both of

these are based on data from cats and are therefore suitable

for use in this model. An electrical-circuit representation of
the composite model is shown in Fig. (&9 circuit-element
values are given in Table Il. The circuit was simplified by
omitting the round-window compliandg,,,, which does not
produce any significant change in the transfer function.

A transfer-function representatioB(s) of the circuit

(i.e., the transfer of pressure outside the eardrum to pressure

across the cochlear partitipwas determined using the com-
puter program SAPWINLiberatoreet al., 1995, giving

NUM(s)

G(S):rl\l(s)’

(A1)

where

Incus, stapes, annular

A Middle ear cavities
ligament and vestibule

Eardrum and malleus
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FIG. 19. (a) Electrical-circuit representation of middle-ear model. Circuit-

element values are given in Table (i) Gain (top panel and phasébottom
pane) of the frequency response of the middle-ear model show@)in
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Circuit-element values for the middle-ear model. Values
for Mf, Rf, Cbc, and Ctc are taken from the caption of Fig. 4 in Pestkal.
(1992 and converted into cgs-units for compatibility with the units
used by Matthews (1983 for all the other values: [pressurg
[volume velocity=cm?/s=[curreni

[acoustic compliande=cn/dyne=[capacitanck=farad;

[acoustic  mags=g/lcnf'=[inductancé=henry; [acoustic = dampinp
=dyne s/cnP=[resistanck=ohm; [acoustic impedandedyne s/cn?
=[impedancé=ohm.

Mf=0.0101 CE1.2x107 1t

Rf=13.7 Li=1.6

Cbc=5.55x 1077 Ls=3.3

Ctc=1.75x 10" Lv=22

Cds=8x10"8 Cal=3.7x10"%

Rds=1300 Rak2x10°

Lds=0.054 Re=1.2x 1¢°

Cdc=3.5x10"" Ro=2.8x10°

Rdc=55.2 Lo=2250

Ldm=0.04 Crw=1x10"8

Nt=55

NUM(s)=4.07874x 10 %58+ 1.04232¢ 10" %%’
+4.1255< 10”458+ 7.48636< 10~ *%s°
+7.1186x10 3%*+8.74363< 10 353,

(A2)
and
DEN(s)=2.41138<10 "%+ 1.91739%< 10 %50
+1.60971x 10 %%°+5.76989%< 10 °6s8
+1.90447<10 51’ +3.87288< 10 #'s°
+5.37782% 10 *s°+4.18754< 10 3%"*
+1.99923< 10 3¢+ 1.20211x 10 %2
+2.61157% 10 s, (A3)

ands s in units of rad/s. From this continuous-time transfer
function, a tenth-order, IIR digital filter was created using the
invfreqz  function in MaTLAB (The MathWorks, Natick,
MA) with a sampling frequency of 100 kHzThe gain and
phase of the frequency response of the digital filter are
shown in Fig. 1%).

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

The dynamics of BM compression and suppression
(Robles et al, 1976; Ruggero and Rich, 199&re deter-
mined in the model by the combination of the control-path
OHC nonlinearity(a Boltzmann functionand the OHC LP
filter [see Fig. 1a)]. The wideband filter of Zhangt al.
(2001 has a varying bandwidth, but the gain at BF is nor-
malized to unity at each time step. With the prescribed asym-
metry for the Boltzmann function, the control path produces
compression in the signal path only over a restricted dynamic
range(<30 dB), so Zhanget al. added a symmetrical, com-
pressive nonlinearity between the wideband filter and the
Boltzmann function to extend this dynamic rangee Fig. 1
of Zhanget al, 200). However, we have found that this
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nonlinearity introduces distortion products intg, and 7, 80
for multi-tone or vowel stimuli, which induce the same un-
desired distortion products into the output of the signal-path,
narrow-band filter. These distortion products can be avoided
if compression in the control path is produced not by a static
nonlinearity but rather by dynamic compression in the wide- & 50
band filter, as it is for the narrow-band filter. This is achieved g
by normalizing the gain at BF not to unity but rather to the © 40f
gain of the narrow-bandsignal path filter, such that both S
filters have roughly the same output for a BF tdne.

The gain normalization is achieved by first setting the 5,
gain of each control-path low-pass filter to unity at BF. The
filter coefficients are calculated for the present value of 10
7l N] {using Egs(3) and(4) with 7.{ n]=Krgf n] instead . : O N ;
of rg{n]}. The center frequency of the control-path wide 8_1 L0 10 100
band filter is not at BF but rather shifted to a frequency BF (ki)
corresponding _tO a pomf[ on the bas_llar membrane 1.2 M. 20. Cochlear amplifier gain versus BF. The dashed line shows the
basal to the fiber BF, i.e., higher in frequency than BFfunction used in Zhangt al. (2002, and the solid line shows the new
(Zhanget al, 2001. Consequently, the gain (ggjfin]) and  function described by E4B3).
the group delay (gig{n]) at BF can be calculated for the
control-path filter according to the equatiojsee pp. 213-
230 of Oppenheim and Schafer989]:

— New function JERH
- - - Old function (Zhang et al. 2001)

70

30

for the removal of the symmetrical nonlinearity, that is, so
that the published parameters for the Boltzmann function are
gain,{n] still 3\[/3propriate. _ _
e have also found it necessary to modify how much
\/1+c1,_p[n]2—2c1,_p[n]cos((wcp—wBF)/FS) CA gain[see Fig. 4b)] is applied at each BF to explai)
- 22, [N]A(1—cod(wep— wpr)[F ) (BL)  the change iMQ;, values for impaired AN fibergsee Sec.
I1IB) and(ii) AN vowel responses at high stimulus intensi-
and ties (see Sec. IV B Equation(7) of Zhanget al. (2001 has
been modified to
grded n]

i = 21 .
cle[n]z—cle[n]cos((wcp— wa)lFo) gainca(BF) =max 15,52 tanh(2.2 log, o BF) +0.15+ 1)(/;}3,)

1+clp[n]*—2c1 p[ n]cos(wep— wgp)/Fo)’

=0.5—
where BF is in the units of kHz. Plotted in Fig. 20 are the old
(B2) (dashed lingand new(solid line) functions for CA gain. The

old function was quite arbitrary and was roughly based on
BM data from guinea pigs and chinchillas; such BM data do
not exist for cats. While the new function is still arbitrary and

by multiplving ¢2. o n1 by gaindnl as given by Eq(B1 yvas_optaingd ind.irectly by looking at the degradation. of tyn_-
a?‘lter thep ri/urﬁberLFc’)[f iarzp?esqgi[vgn bygthe grc))/upqcfelai/ hallg in |mpa|red fibers and at responses to vowel st|mul|_, .|t
elapsed. That is, the gain normalization value is delayed t ay provide a more accurate estimate of cochlear amplifier

match the group delay. The gain might not be set for ever;?am for cats. One indication of this is that the maximum gain

sample because of the fluctuating group delay, in which cas tnow 5c12 ldEbmStea?ho;J?j;B} h'g.h'i':’ IO\{y-tsp(.)an?,ne(ius-
the most recent value for the gain normalization is used' &€ Modet Toers wi of gain have “straight- rate-

After the gain at BF for each of the low-pass filters has beerLeV.eI fun_ctlons((jHehl_nz ﬁ.t”al" bZ(?EOJ) twhlcgg:ri obssr'\al\gg n
set to unity, the output of the entire wideband filter is multi- guinéa pigs and chinchifias but not in c&&achs an as,

. 3 : . 1974; reducing the gain to 52 dB for high-BF fibers pro-
Eg?gxybg;g?i]lt/ eTFa"O"Q to make its gain track that of the duces “sloping-saturation” rate-level functions, as observed

This method of normalizing the gain does not correct for'" cats(resuits not shown
the phase changes with{n]. The phase changes could be ,
compensated for by a time-varying all-pass filter, but Wefunction of Copc. For example, ifCopc=0.5, then the filter'€Q,, will be

have not found this necessary In our S'mmatlons _'f five halfway between the filter'®,, value for normal OHC function Gonc
reduce the cutoff frequency of the LP filter following the 1) and itsQ,,value for complete OHC impairmen€c=0). We have

OHC nonlinearity[see Fig. 1a)] from 800 to 600 Hz andii) chosen this method of scaling, because in Sec. Il B we ug@,, values
ensure that the magnitude of the cochlear-amplifier gain forfrom physiological data to set the level of OHC impairment as a function of
BFs less than 3 kHz is not too large. BF. The filter gain at BF is (sp_impai,e{n]/rna,rov)3, and consequently the

Note that in our version of the model, the output of the impairgd gain(eithe.r linear .or in dB does not change.linearly yvitGOHc
wideband filter is also multiplied by a scaling factor of 4 [s¢€ Fig- )] It is possible to apply an altemative scaling method
X 10° at the input to the Boltzmann function to compensate 7y impaired 1= 7o N1(Tuige/ 7o N1)*~C0rec,

wherewge is the radian frequency @2X BF) corresponding
to the fiber's BF andv, is the center radian frequency of the
wideband filter. The gain normalization is applied to the filter

Scaling 7, in this fashion produces a linear change in the filt€’g as a
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