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A phenomenological model was developed to describe responses of high-spontaneous-rate
auditory-nerve(AN) fibers, including several nonlinear response properties. Level-dependent gain
(compressiop) bandwidth, and phase properties were implemented with a control path that varied
the gain and bandwidth of tuning in the signal-path filter. By making the bandwidth of the control
path broad with respect to the signal path, the wide frequency range of two-tone suppression was
included. By making the control-path filter level dependent and tuned to a frequency slightly higher
than the signal-path filter, other properties of two-tone suppression were also included. These
properties included the asymmetrical growth of suppression above and below the characteristic
frequency and the frequency offset of the suppression tuning curve with respect to the excitatory
tuning curve. The implementation of this model represents a relatively simple phenomenological
description of a single mechanism that underlies several important nonlinear response properties of
AN fibers. The model provides a tool for studying the roles of these nonlinearities in the encoding
of simple and complex sounds in the responses of populations of AN fiber00@ Acoustical
Society of America.[DOI: 10.1121/1.1336503

PACS numbers: 43.64.Bt, 43.64.PBLM ]

I. INTRODUCTION Nonlinearities that are the focus of this study include the

Phenomenological models for auditory-neri&N) re-  compressive changes in gain and bandwidth as a function of
sponses provide a useful tool for studying the representatioftimulus level, the associated changes in the phase of phase-
of simple and complex sounds at the first level of neuralocked responses, and two-tone suppression. These phenom-
coding in the auditory system. These models allow hypothena have all been related to a single mechanism in the inner
esis testing of the mechanisms that underlie various respong&r, often referred to as the cochlear amplifieatuzzi and
properties. They also provide a tool for creating populationRobertson, 1988; Patuzzi, 1996; Holley, 199%he chal-
responses that can be used to quantify the information availenge of the present study was to develop a model with a
able to the central nervous syste(@NS) for different  single mechanism that produces these different response
stimuli. In this study, a phenomenological model for AN properties. The development of the model was guided by the
responses was developed that focuses on several nonlingdata available in the literature, where possible. However,
response properties of AN fibers. The motivation for the dephysiological descriptions of nonlinear response properties
velopment of this model was to provide a more accurate antypically focus on one or two properties at a time, and have
quantitative description of the responses of AN fibers tobeen conducted in a number of different species. Therefore,
complex sounds, such as noise-masked stimuli and speetiie goal of the present study was to develop a model that
sounds. To study the encoding of complex stimuli, inclusioncaptures the key features of several AN nonlinearities, while

of nonlinear interactions between frequency components ikeeping the model as simple as possible.
the stimulus is important. Evidence for nonlinear gain in the inner ear was first
described in terms of a compressive nonlinearity, or reduc-
dAddress for correspondence: Laurel H. Carney, PhD, Department of Bio:[Ion in gain as stimulus level was mcr.eased to relatively high
medical Engineering, 44 Cummington St., Boston, MA 02215. Electronicl€Vels(Rhode, 1971 More recent studies have demonstrated

mail: carney@bu.edu that the compressive nonlinearity affects responses from as
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low as 20 dB SPL up to the highest levels test@d0 dB  reponse tuning curves that include “tails,” as well as several
SPLD in the most sensitive eafRuggeroet al, 1997. Rug-  aspects of two-tone rate suppression, including the asymme-
geroet al. (1992 and Cooper and Rhod&996 showed that try of suppression for low-side versus high-side suppressors,
the compressive nonlinearity and two-tone suppression argynchrony capture by low-frequency tones, simple-tone in-
both affected by the same experimental manipulations, praterference, and the generation of combination toft&sld-
viding evidence that these two nonlinear properties are likelystein, 1990, 1995; Lin and Goldstein, 1998Vhile there is

to be due to a single mechanism. Two-tone suppression hame overlap between the phenomena described by the
previously been described in a number of studies of the ANporesent model and by the MBPNL model, there are several
(e.g., Sachs and Kiang, 1968; Costalupesal., 1987; Javel important conceptual differences between the two modeling
et al, 1978, 1983; Delgutte, 1990; Temcheat al, 1997, approaches. The MBPNL model consists of parallel path-
inner hair cells(IHCs) (Cheatham and Dallos, 1989, 1990, ways comprised of static filters that interact through memo-
1992; Nuttall and Dolan, 1993and basilar membran®M) ryless nonlinearities, whereas the model presented here con-
(e.g., Ruggeret al, 1992; Nuttall and Dolan, 1993; Rhode sists of a simple bandpass filter with time-varying gain and
and Cooper, 1993, 1996; Cooper, 1296wo-tone suppres- bandwidth. In addition, most of the simulations presented
sion grows with suppressor tone level at different rates dehere include models for the IHC and the IHC-AN synapse;
pending upon the frequency of the suppressor with respect tilne goal of this model is to provide AN discharge pattdass

the characteristic frequendyCostalupeset al., 1987; Javel opposed to cochlear respongesnd comparisons of model

et al, 1983; Delgutte, 1990; Ruggeret al, 1992; Rhode output are primarily made to AN response properties de-
and Cooper, 1996 This property of two-tone suppression scribed in the literature. The detailed relationship between
will influence the responses of AN fibers to complex wide-phases of BM and AN responses, which vary with stimulus
band sounds. The present model includes this asymmetricidequency, characteristic frequend¢ZF, the frequency to
aspect of two-tone suppression as well as the compressiwghich an AN fiber is most sensitiyeand SPL(e.g., Ruggero

nonlinearity associated with the cochlear amplifier. and Rich, 1987; Narayaet al, 1998; Cheatham and Dallos,
The model described here significantly extends a previ1999 are beyond the scope of this study.
ous model developed by Carndé$#993, which included The level-dependence of the phase of Bdg., Geisler

compression and level-dependent bandwidths and phasemd Rhode, 1982; Ruggeet al., 1997, IHC (Cheatham and
but not realistic two-tone suppression. The wide-band, feedPallos, 1998, and AN (e.g., Andersonet al, 1971 re-
forward control path in the present model replaces the feedsponses to tones at frequencies above and below CF is a
back control mechanism used in the previous model and isonlinear response property that is potentially important for
critical for including two-tone suppression. Wide-band sup-the encoding of complex sounds.g., Carney, 1994 This
pression mechanisms superimposed on the more narrowjyroperty cannot be described by the MBPNL model. The
tuned excitatory process have previously been suggested atidy presented here examines the relationship between
explaining some of the properties of two-tone suppressiottevel-dependent phase and two-tone suppression and illus-
(Geisler and Sinex, 1980; Delgutte, 1990 trates that a single mechanism can be used to incorporate
The model proposed here joins several other phenomboth properties in a phenomenological model. Note that the
enological models of basilar membrane and/or AN re-model presented here does not attempt to include all of the
sponses. This model focuses on the nonlinear response proproperties explained by the MBPNL and other models. In
erties of auditory-nerve fibers described above, especially thparticular, tails of tuning curves and simple-tone interfer-
level-dependent phase properties and two-tone suppressicnce, which can be explained by MBPNL models, are not
Level-dependent phase properties of AN responses have natldressed by this model. Also, this model does not include
been a focus of other modeling studies, but several havasymmetrical filter shapes, which are the focus of Irino and
addressed the problem of two-tone suppression and relatdtatterson’s1997) auditory filter model that includes a level-
nonlinear response properties. dependent “glide” of the instantaneous frequency of AN
Several modeling studies have explored combinations oimpulse responses as a function of time. Actual BM and AN
linear filters and memoryless nonlinearities that provide pheresponses have glides that are level-indepen@egt, Recio
nomenological representations of responses at the level @it al, 1996; de Boer and Nuttall, 1997; Carnetyal., 1999,
the basilar membran@without inclusion of models for the and the direction of the glide varies with CF in AN responses
inner hair cells and IHC-AN synapkdnitial models of this  (Carneyet al,, 1999. Inclusion of this potentially important
type included the bandpass nonlineaiBPNL) models of temporal response property into an AN model would be of
Pfeiffer (1970 and Duifhuis(1976. Goldstein(1990, 199% interest for future studies.
extended this approach with a multiple bandpass nonlinear Another feature of several AN models is the inclusion of
(MBPNL) model, which included two interacting paths, one high, medium, and low spontaneous-rate AN fib@riber-
with a low-pass filter followed by a memoryless nonlinearity, man, 1978 Sachs and Abbad974 and Schoonhoveet al.
and one with a bandpass filter. Several nonlinear cochleal998 investigated phenomenological models that explained
response properties can be explained by this model due t@te-level functions for AN fibers with different spontaneous
the level-dependent interaction of the two paths, which camates in terms of the relation between AN threshold and BM
be thought of as representing multiple modes of BM excita-<compression. Also, detailed models of the IHC-AN synapse
tion (e.g., Lin and Guinan, 2000 (e.g., Schwid and Geisler, 1982; Meddis, 1986, 1988; Wes-
The MBPNL model describes level-dependent iso-terman and Smith, 1988; Geisler, 1990; Hewitt and Meddis,
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1991; Lopez-Povedat al, 1998 provide descriptions of Stimulus P(t)
several features of AN rate-level functions. In the study pre- VWWWWF I
sented here, results are limited to high spontaneous-rate AN Time_Vari Wideob
. Stgnal me-varing A - T, 'l e— a_
fibers. . ' ' P2l | Narrowband 1\ 15 Filter /[
One benefit of the filterbank model developed here is Filter /ey !
that it allows the simulation of population responses of AN Linear N NL
fibers to simple and complex sounds. Previous models have Filter 7‘
also been developed for this purpose, and these models share ’”VMWUW’“ l Py Control
some of the properties of the present model. Jenétoal. R s et , NL PZ;zm
(1991 developed a composite model for AN responses that

included level-dependent peripheral filter bandwidths, which

were based on filters derived from a database of AN rate- ' THC 1

level functions. Deng and Geisl¢€t987 developed a com- | :\ LP
posite model for AN responses based on a nonlinear cochlear R S ‘
model with longitudinal stiffness coupling. Giguere and A“J\MMMMMMW‘C(‘)

Woodland (1994 proposed an analog/digital composite fi
model that included the compressive nonlinearity. All of Synapse

these models were tested primarily with speech stimuli, and Model %T(t)
showed several interesting features, such as synchrony cap- Ahmmm | s(t) W
ture by low-frequency formants. None of these models were —

tested closely using simple tones or pairs of tones to explore G‘Lneram

the details of their level-dependent phase properties or de- PSTH

500 Trials

The model described in the present study shares some Times JUMM&MMM
general features with a recent model proposed by Robert and
Eriksson(lggg, which included nonlinear gain, bandwidth, FIG. 1. Block diagram of the AN model. The waveforms.that illustrate the
and some aspects of two-tone suppression. However, t%iuttocr)lgeaatcgstage are the responses of a 500 Hz CF fiber to a 50 dB SPL
Robert and Erikssor1999 model did not address several '

key response properties that are a focus of the present study. )
For example, their study did not include the temporal re.2mples of AN responses from the literature; note that the

sponse properties of AN fibers, such as the dependence parameters of the model were the_ same for all simulat_ions.
synchrony on level and frequency, and the Ievel-dependené'elo_wever* the levels of the _stlmull test_ed were sometimes
of the phase of phase-locked responses. In addition, they dl%d]usted to accommodate differences in threshold between

not address the asymmetry in suppression growth above artge model and a particular AN fiber. The model parameters

below CF. Their model involved a feedback control mecha2® primarily based on the responses of AN fibers in cat;

nism that combined control signals from neighboring fibers10WeVer, data from other species were used when necessary.

with different CFs to achieve an effectively wider-band con—The mpdel pre_septgd here S focused on nonlinear t_unlng
trol path, and thus wide-band two-tone suppression. properties and is limited to high-spontaneous-rate AN fibers.
In tk;e present study, the strategy is instead to use Hﬂteractions between nonlinear aspects of basilar-membrane

wide-band feedforward path, which allows the properties oguningt; and the properties Otf the IfHC'AI‘N synapsae crea(’;_e dif-
two-tone suppression to be included in a model of a singléerent responste Aﬁr;_)geréesh ord :k\)l\tl) alng 4:mte um-
CF fiber (without having to simulate responses of the neigh—Spon aneous-rate ibeSachs an as, 19g4uture

boring fibers. Furthermore, the level-dependent gain andstudy in this series will focus on inclusion of more detail in

bandwidth of the feedforward control path in the presentn® 'HC-AN synapse, as well as the interaction of the prop-

model allow the asymmetry of two-tone suppression to beer'ues of the synapse with the other nonlinear features of the

included. Because studies of information coding in the audi—present model, and will thus extend this model to include the
tory system are still investigating the roles of temporal infor-Other spontaneous-rate groups.
mation and/or average discharge rate, this model was de-
signed to simulate both aspects of the AN discharges with ag, MODEL DESCRIPTION
much accuracy as possible, over wide ranges of CF and SPk. Overview

This report presents the overall design and implementa--
tion of the model and shows responses of the model to a  The general scheme of the AN model implementdtien
number of stimuli that have been used in physiological studillustrated in Fig. 1. The input to the model is the instanta-
ies of AN fibers. The next section describes each stage of theeous pressure waveform of the stimulus in Pascals. The
model and its parameter valuésither in equations or in a effects of the external and middle ears are not considered
table), justification for parameter choices, and an explanatiorhere. The model includes properties described in recent
of the major effects of each parameter. Following the modephysiological studies of the auditory system; however, it is a
description, response properties of the model are shown armthenomenological model and the main effort is to simulate
discussed. Model responses are compared to several esealistic level-dependent average-rate and temporal re-

tails of two-tone suppression. ’ 1 L M jspike
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sponses of AN fibers with the simplest possible model. To  g(t)=u(t—a)(t—a)” e """ codwct—a)] (1)
determine the model parameters, experimental data available ) ) ) )

in the literature were used whenever possible and reasonabfé’€reu(-) is the unit-step functiony is a delay added to the
assumptions were made when there were no data to supporf@mmatone responseis the time constantyce is the radian
particular parameter value. The selection of parameters arlffduency corresponding to the characteristic frequeagy
equations in the model was guided mainly by the respons@_f the model fiber, and is the order of the filter. This func-

properties of the model rather than by the mechanisms of thiion has a simple expression in the frequency don@atter-

actual physiological system. The two major parts of the nonSOnet al, 1988:

linear filtering section of the model are tlsggnal pathand ) 1
the feedforwarctcontrol path(Fig. 1). G(w)=0.5r"(y—1)le 1o 1T ir o 5
The tuning of the signal patfcorresponding roughly to [1tjr(w= )]
tuning on the basilar membranis modeled by a cascade of 1
a time-varying filter and a linear filter. The control path acts + [1+ 70+ wcp]”
to regulate the tuning of the time-varying signal-path filter »
and is responsible for the compression and suppression ef- _ Ty=Dlele® o0 @
fects observed in model AN responses. The bandpass filter in T 21tjr (w—wep]” TCF T
the control path has a broader bandwidth than the signal pa’%herej is V=1,

to achieve two-tone suppression over a wide frequenc . . . .
PP 9 y The signal path consists of a nonlinear third-order gam-

range. A saturating nonlinearity followed by a low-pass filter ) . . .
in t?le control pat% determine}; the dynan}fnic rangpe and thgnatone filter followed by a linear first-order gammatone fil-

dynamics of the compression and suppression. The contr er. The nonlinear filter is implemented by frequency shifting

signal is then shifted and scaled to adjust the threshold an(Ee input signal downward by CF, then using a cascade of

: ) : . three first-order low-pass filters, based on the strategy of
range of compressiofeach fiber is scaled based on its)CF : ,
The output of the signal-path filter is then passed througlfatterson_et_ al. (1988)' The lOWTPaSS filters were imple-
models for the IHC and IHC-AN synapse that represent cor—rm:mtefj digitally using the IIR b_|||near tran_sformatl()@_p—
responding processing stages in the cochlea. A nonhomoggfanhe'm and Schafer, 1975 he time delay in the nonlin-

neous Poisson-process model with refractory effects is used f||t_er is the additional delay t_hat Is required for a gamma-
tone filter to represent the AN impulse response, including

to generate the discharge times of the AN fiber. Brief de- " tical. and tic del d
scriptions and values for all model parameters are provideg‘f’we INg-wave, acoustical, and synaptic de @arney an
. in, 1988; Shera and Guinan, 2000 he delay is a function
in Table 1. : . .

of CF, estimated from fits of gammatone functions to mea-
sured reverse-correlation functiofGarney and Yin, 1988;
Carney, 1993

— - /A
The signal-path filter represents the tuning properties of ~ *(CP)=Ape "cF" =27/ wce, ©)

a specific location on the basilar membrane; the output of thehere A, and A, are from Carney(1993 and X is the
signal-path filter provides the input to the IHC model. The distance(mm) from the apex of the basilar membrane from
signal path consists of a time-varying filter followed by a | jperman’s(1982 frequency map for cat.

linear filter. The gain and bandwidth of the time-varying  From Eq.(2) it is clear that both the gain and bandwidth
narrow-band filter are changed continuously as the contrabf the filter are controlled by the time-varying time constant
signal fluctuates, varying on a cycle-by-cycle basis withz(t). The output of the control path specifies the time con-
stimulus fluctuations below 800 Hiimited by the low-pass  stantr, (t) for each of the three first-order gammatone filters
filter in the control path The signal-path time-varying filter in the cascade that comprises the time-varying third-order
is the source of the level-dependent-phase and the two-tonetter in the signal path. The time constangy(t) varies over
suppression response nonlinearities illustrated in the figureg range determined by, (for sharp tuning at low SPL
below. The nonlinear filter also introduces asymmetry in theand 7,4, (for broad tuning at high SPL where 70w IS
output signal, resulting in a dc component that varies acrosgreater thanr,;4. The time-invariant time constant for the
stimuli and sound levels. This dc componéwhich may or  first-order linear gammatone filter in the signal path is set to
may not be biophysically appropriates difficult to accom- 7 .. and the gain of this filter is set to 0 dB at CF. The
modate USing the S|mp||f|Ed model Stages that follow thQ/aJueS OanarrOWand Tuwide @l determined by the tuning prop-
nonlinear signal-path filter. Therefore, the final stage in thesrties of AN fibers. A linear fit of measured values @f,
signal-path filter is a linear bandpass filter that eliminates thethe ratio between CF and bandwidth measured 10 dB above

dc component of the response. the fiber thresholdfor cat AN fibers (Miller et al, 1997
Both the time-varying nonlinear filter and the linear fil- getermines the value af

ter in the signal path were based on gammatone filters, which narron

have been used in several studies to represent the impulse - _ £¥10 4
responses of AN fiber&lohannesma, 1972; de Boer, 1975; namow: 2 7CF’

de Boer and de Jongh, 1978; de Boer and Kruidenier, 1990: I

Carney and Yin, 1988; Carney, 1993 he impulse response lehere theQ10 data is fit by
of the gamma-tone filter is given by 1091o(Q10) =0.4708 logy( CF/100Q + 0.4664. 5)

B. Signal-path filter
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TABLE I. Description of the parameters used in the AN model. The desired values of PST histogram charac-
teristics are used to derive parameter values for Westerman and S¢(h8B8 three-store diffusion modésee

the Appendix. The resulting values of these characteristics for the model response are not the same as these
input parameter values due to the effects of refractoriness. For example, the spontaneous rate of the model fiber
response is approximately 45 spikes/s, rather than the 50 spikes/s indicated in the tablésbel&ig. 7.

Parameters Description Values

Basilar membrane tuning filter and control path

While 7410w IS based on physiological data in the literature

WcE characteristic frequency of the fibéad/9

@ delay of the onset tone responses for (sat See Eq(3)

Ap coefficient for traveling wave delagms) 8.13

AL length constant for traveling wave del@ym) 6.49

XcE distance from apex of basilar membra(mem)

7(t) output of the control path

Tharrow estimated time constant at low sound level See(BQ.

Twide estimated time constant at high sound level See(6q.

Yep order of the wide bandpass filter in control path 3

wep center frequency of the wide bandpass filter 1.2 mm basal to fiber CF

K ratio of time constant in control path to that in signal path 40028 74e/ Tharrow

Acp parameter in logarithmic nonlinearity 970

Bep parameter in logarithmic nonlinearity 2.75

Cep parameter in logarithmic nonlinearity 0.69

X0¢p parameter in Boltzman function 7.6

S0¢p parameter in Boltzman function 12

XLcp parameter in Boltzman function 5

slep parameter in Boltzman function 5

shift. parameter in Boltzman function 0.125

cute, cutoff frequency of control-path low-pass filtétz) 800

Kep order of control-path low-pass filter 3

dc estimated dc shift of CP low-pass filter output at high 0.37

level

Ro ratio of 7 g (lower bound ofrgp) t0 Thamowl[S€E EQ(13)] 0.05
Inner hair cell model

Aihco scalar in IHC nonlinear functiofsee Eq.(16)] 0.1

Bine parameter in IHC nonlinear functidisee Eq(15)] 2000

Cine parameter in IHC nonlinear functidisee Eq.(16)] 1.74

Dine parameter in IHC nonlinear functidisee Eq.(16)] 6.87e-9

CUtjc cutoff frequency of IHC low-pass filteHz) 3800

Kine order of IHC low-pass filter 7

p1 parameter irVj, rectifying function 0.0143

P2 parameter inV;,. rectifying function See Eq198)
Synapse

spont spontaneous rate of fibéspikes/$ 50

Ass steady state ratespikes/$ 350

TST short-term time constarims) 60

TR rapid time constantms) 2

Ar/sT rapid response amplitude to short-term response 6

amplitude ratio

PTS peak to steady state ratio 8.6

P max permeability at high sound level 0.6
Spike generator and refractoriness

c0 parameter for relative refractoriness 0.5

cl parameter for relative refractoriness 0.5

sO parameter for relative refractorine@as) 1.0

sl parameter for relative refractorine@as) 125

Ra absolute refractory perio@ins) 0.75

and is the main parameter for the sharp low-level tuning of
the signal-path filter, the actual tuning properties of the com-

— —gain(CF)/60
Twide™ TnarmowlO gain(CF) )

(6)

plete model output are affected by the compressive nonlinbased on the third-order nonlinear filter.

earity of the model. The parametey;4. is chosen based on The gain of the cochlear amplifier, or equivalently the
the desired filter gain at high levels. The difference betweeramount of compression in the model, is a simple function of
Twide @Nd Tarrow iS directly related to the gain of the cochlear CF and is limited between 15 d@t low CFg and 70 dB(at
amplifier at a given CF: high CF3 as follows:
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gainCF)=max{15,mir{ 70, 20+ 42 log,( CF/1000]}. (7) gainy(t) =1+ [Krg wcr— wep) 12, 9)

The gain of the cochlear amplifier, or the amount of com-j is V=1, andwcr is the radian frequency corresponding to

pression, has not been well characterized at many CFs in c3he fiber's CE. The center frequency of the wideband
The function above was chosen based on a maximum gain %fontrol-path filter, we, Was computed using Liberman’s

70 dB for high-CFRuggercet al, 1997; Nuttall and Dolan, (1985 frequency map based on the 1.2 mm basal shift from
1996 and a minimum gain of around 15 dB at low CFs cr The parameter gaig(t) is calculated for every time step
(.Cooper and Rhode, 1996, 199?b_s_erved in other mamma- o the simulation to normalize the gain of the control-path
lian species, with a smooth transition between low and highiiiar 10 0 dB at CE.

CFs, as observed psychophysically in huméHicks and Experimental data show that the cochlear response is

Bacon, 1998 This gain function could be easily modified |ihaar at low sound levels and becomes compressive at me-

when d.ata are obtained from cat; however, the present impledium and high level§Ruggercet al, 1997. The slope of the
mentation represents the generally accepted concept thal,,hression has been shown to be as low as 0.2 dB/dB in
there is stronger compression at high CFs than at low CFgpe range of 40-80 dB SPL. Two different saturating non-

For model responses to pure tones at stimulus frequencigg,q .. fnctions are used in the control path to implement
more than an octave away from CF, there was not muclys compression. A symmetrical logarithmic function

change in gain as a function of stimulus leyste Eq.(2)],
which is consistent with the data of Ruggezbal. (1997). VIX(t)]=sgrix(t) B¢, log(1+Agp|x(t)| Sep), (10)

i wherex(t) represents the output signal of the control-path
C. Wide-band feedforward control path filter; Acp, Bep, andC,, are parameters which determine the
The function of the control path is to provide a time- (compresseddynamic range of the signal before the second
varying signalrs(t) to the signal-path filter such that sev- nonlinearity. The second function, an asymmetrical saturat-
eral level-dependent response properties can be replicated iiyg nonlinearity, is a second-order Boltzmann function with
the signal-path filter. The control path is designed to reflecan asymmetry of 7:1Mountain and Hubbard, 1996given
the active process corresponding to the local CF place a&s
well as to the neighboring CFs. The control path consists of
(a) a time-varying bandpass filter with a broader bandwidthom(v)= .
than the signal-path filtep) a symmetrical nonlinear func- 1-shifty,
tion to compress the dynamic range of the control sig(wal;
a nonlinear function followed by a low-pass filter to control
the dynamic range and dynamics of compression; @hé
nonlinear function to adjust the total strength of compres-
sion. — shiftcp] , (11
The wide-band control filter is a third-order gammatone
filter with its center frequency shifted 1.2 mm basal to theyyherexo
fiber CF along the basilar membrariee., higher in fre-
guency than CF The size of the shift of the wide-band filter ) 1
and the order of the filter were based on the shape of AN Sh'ﬂcp:1+exocp/socp(1+exlcplslcp)'
suppression tuning curves in the literatyeeg., Sachs and
Kiang, 1968; Arthuret al,, 1971; Delgutte, 1990 The band- The parameters in the two nonlinear functions above
width of the nonlinear wide-band control-path filter is varied were adjusted by comparing compression-versus-level
by 7¢p(t), which is a scaled version of(t), the signal that curves for the signal-path filter to physiological BM re-
controls the bandwidth of the nonlinear filter in the signalsponses described in the literatufe.g., Ruggeroet al,,
path. The scaling ofy(t) by the factork (<1, see Table | 1997. The parameteA., determines the level at which the
to createrc(t) (Fig. 1) guarantees that the control-path filter signal-path filter became nonlinear. Together with the pa-
has a wider bandwidth than the time-varying signal-path fil-rameters in the Boltzmann functioB., determines the level
ter, and that the bandwidth ratio is constant. The gain of th@&t which the signal-path filter became less compressive
wide-band control-path filter is normalized to 0 dB at theagain. The parameter shiftguarantees that the nonlinear
signal-path CF instead of at the center frequency of thdunction passes through the origin. The parameter values are
control-path filter. As a result, the level-dependence of theeported in Table I; these parameter values are invariant as a
gain of the control-path filter differs for frequencies abovefunction of CF.
and below CF. This asymmetry is the key to producing the  The two nonlinear functions are followed by a third-
different properties of low-side and high-side suppression irorder low-pass filter. The cutoff frequency of the low-pass

1
X 1+e*(V*X0cp)/30cp(1+e*(V*X1cp) /slcp)

cpr SOcp, X1¢p, andsl., are parameters, and

(12

the present model. filter in the control path is set to 800 Hz. This cutoff fre-
The analytical description of the control-path filter is quency was chosen to produce an approximately 0.2 ms time
given by the equation: constant for the onset of the compressive nonlinearity, con-

. . _ sistent with the time course of compression estimated from
~ _ c Joa

Gepl(w)={gairy(D/[1+]K7sy() (0= wep) [}7eve™17%, (8) iy responses of the basilar membrasee Fig. 8 in Recio

where et al, 19998.2

653  J. Acoust. Soc. Am., Vol. 109, No. 2, February 2001 Zhang et al.: Phenomenological AN model 653



The last stage of the control path is a nonlinear functiorresponse increases with a slope of 2 dB/dB compared with
that converts the output of the low-pass filtéf,p(t), to the  the 1 dB/dB slope of the ac respor&allos, 198%. Ao is
time-varying time constant of the signal-path filt€ig. 1): a scalar, and the values Bf,., Ci,., andDj,. are constants

. R\ Vep(hlrde that determine the SPlTS of the ipflection in the ac and dc

Tep(t)= Tnarmv{ Ro+(1— RO)(W) } components of the nonlinear functi¢see Table). Note that
1-Ro these parameters are invariant with CF. This function for

(13 Aind Psp(t) ] guarantees the appropriate relationship between
Tsp(t) varies continuously between a maximal value ofac and dc response components, as opposed to a hyperbolic
Tharrow (Which corresponds to a long time-constant, for a nartangent(e.g., Carney, 1993or Boltzman function, and was
rowly tuned filtey and an asymptotic lower bound,g. The  thus critical for obtaining realistic synchrony-versus-level re-
value of R, is determined by the ratio, g/ mhaon- The pa-  sponses for pure tones across a wide range of(Efsecially
rameter dc is an estimate of the dc component of the controbetween 1 and 4 kHz
path output at high level6.e., a measure of the asymmetry The low-pass filter in the inner hair cell is a seventh-
of the control-path nonlinearitigsThe nonlinear function in  order filter with a cutoff frequency of 3800 Hz. This cutoff
Eq. (13) varies the dc value of,(t) from 7,4 at low  frequency was chosen to match the maximum sync coeffi-
levels tor,qe at high leveldsee Eq(6) for 7,4]. The even cient versus CF for the model to data from ¢abhnson,
function described in Eq13) causes the signal-path filter to 1980. The high order of the low-pass filter likely represents
be compressive for both the positive and negative parts afiot only the low-pass filtering properties of the IHC mem-
the instantaneous stimulus pressure for low frequency stimulirane but other low-pass mechanisms such as the calcium-
(Cooper, 1996 Note that the nonlinear filters in both the related synaptic processé#/eiss and Rose, 1988
signal path and the control path are controlled by varying the  The nonlinear IHC-AN synapse also affects the charac-
filter time constants and associated gains: thus these filtetsristics of the AN fiber discharge patterns. A simplified
are inherently stabléas long as positive time-constants andimplementation of a previous time-varying three-store diffu-
finite gains are specifi@dThe time-varying time constant for sion modelWesterman and Smith, 1988; Carney, 1988s
the control path is simply a scaled version of the time con-used in the present model. The parameters in the current
stant for the signal path: model were determined according to the equations in the
Appendix of Westerman and Smitth988 based on desired

Tep(t) =Krg(t) where K=0.2+ O.BM. (14)  characteristics of post-stimulus-tim@ST) histograms for
Tnarrow(CF) tones(see the Appendix The values of parameters used in
the model are provided in Table I. A detailed description and
D. IHC-AN synapse discussion of the synapse parameters and their effects on the

Physiological studies have shown that the IHCs transPST histograms as a function of spontaneous rate will be
duce the mechanical responses of the basilar membrane to gfcussed in another paper. The results presented here are
electrical potential that results in the release of neurotransiMited to high-spontaneous-rate model fibers, and thus de-
mitter at the synapse between the IHC and the AN fiber t?&nd less strongly on the details of the synapse model.
generate action potentials in the AN fiber. Many studies have ~ 1he immediate permeability,(t) is a soft rectifying
explored IHC potential changes in response to differenfunction of the model inner-hair-cell responsg,. (Fig. 1),
stimuli. It is widely agreed that the synchrony coefficient of described as
fibers responding to tones is affected by the ratio of the ac  p (t)=p, log(1+ eP2Vinct)), (17)
and dc components of the IHC resporisgg., Dallos, 1985; _ ) ) N
Palmer and Russell, 1986This finding is the guideline for wherep, determines the immediate .permeablhty at rest and
the analytical description of the present IHC model. Thethe spontaneous rate of the model fiber. The paranpetes

nonlinear function in the IHC model is a logarithmic com- 9iven by
pressive function 1165 for CF685 Hz
Vine(t) = Aind Psp(1) 1109(1+ Bine| Psp(1)]), (15) P27| _5430+101010gCF) for CF>685 Hz

where P (t) is the output of the signal-path filtéFig. 1).  and determines the slope of the relationship betwReand
The functionAj,d Ps(t)] and the parameteB;,. were ad- Vv, .. Thereforep, affects the threshold of the model fiber.
justed to achieve the appropriate IHC response properties, ghe CF-dependence @f, in Eq. (18) adjusts the thresholds
follows: The asymmetry of the nonlinear function for of model fibers at CF to be approximately O dB for all CFs.

(18

Aind Psp(t) 1, given by The numerical expressions in Eq$7) and(18) (and Table |
And Per(D)] for p;) were derived from basic parameters related to the
ne-tse IHC-Synapse modelsee the Appendix for detajlsThe ef-
Aincg  for Pg(1)>0 fects of the external and middle ears on the threshold of AN
_ |Psp(t)|cihc+Dihc (16 fibers can be included in future models by appropriately at-

for Pgy(t)<0 tenuating the input to the model as a function of frequency,
referenced to the O dB baseline threshold in the present

changes smoothly as a function of the level of its input,model. The output of the diffusion model is the time-varying

Psp(t), from 1:1 to 3:1, such that at low sound levels, the dcdischarge rats(t) prior to the inclusion of refractory effects,

— . Ao,
3* | Psp(t)|c'hc+ Dihc iheo
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wheres(t)=P,(t)C,(t). For further details of the IHC-AN frequency portion of the tuning curve for high-CF model
synapse model, see the Appendix; also see the appendicesfilifers is strongly influenced by the cutoff frequency of the

Westerman and Smitf1988 and Carney1993. low-pass filter in the control path, which influences the dy-
namics of the nonlinear variation in tuning and thus the de-
E. Discharge generator gree of distortion. The details of the low-frequency response

. ) (tail) of high-CF fibers were not a focus of this study.
The model discharge times are produced by a renewal pe response to a CF tone grows at a rate less than 1

process that simulates a nonhomogeneous POISSON Proce$/; dB due to basilar membrane compression. It has been
driven by the synapse outps(t) and modlfled 'to mclgde reported by several author&e.g., Ruggeroetal, 1997:
refractory effects(Carney, 1998 The time-varying arrival  ppode and Cooper, 199@hat the basilar membrane re-

rate of the Poisson process is described as sponds linearly at low levels and is most compressive be-
R(t)=s(t)[1—H(t)]. (199  tween 40 and 80 dB SPL. The growth rate for high-CF fibers
can be as low as 0.2 dB/dRuggerocet al,, 1997. The com-
pression gainthe gain difference between low levels and
high levels varies from approximately 10 dB to 70 dB as the
coe (T RASo4 ¢ e (Tl RA)/S, CF of the fibers increasddluttall and Dolan, 1996; Cooper
H(t)= for (t—t;)=Rx , (20) and R_hode, 1996, 1997; Rugge&bal., 199‘_0. The response
magnitude(ac RMS of the signal-path filter output as a
1.0 for (t—t))<Ra function of CF-tone level is illustrated in Fig(a&. As the
wheret, is the time of the preceding discharge, angd c;,  Stimulus level increases, the average value of the control
Sp, S; are parameteréTable ). Discharges are not allowed signal is decreases as the system changes from linear to com-
to occur during the absolute refractory tirg,, andH(t)  pressive. At high levels, the model response is less compres-
varies continuously from 1 to 0 as the interval from the pre-sive due to the saturation of the control path. The results of
vious discharge increases beyoRg. The statistics of the the model are similar to the nonlinear response properties
discharge are affected by refractoring3®ich and Lachs, described by Rhode and Coop@i996 and Ruggercet al.
1979, and the parameters in the expressionHdt) (Table (1997, except perhaps at levels above 80 dB SPL, where the
I) were adjusted to match the statistical properties of thenost sensitive cochleae appear to have basilar-membrane re-
response$mean and variance of discharge jatepublished sponses that remain compressive at very high le(Rlsy-
data(Young and Barta, 1986; Winter and Palmer, 1991  geroet al, 1997. The amount of compression in the model
as a function of CF is illustrated in Fig(l3).
Il. RESULTS As the level of the input tone is changed, the fiber re-
sponse properties, such as average rate, synchrony, and PST-
histogram shape, also change. The phases of the temporal
Figure 2 illustrates an overview of the responses of sevAN responses are affected by continuous changes in the
eral model stages for three fibers tuned to different frequenphase versus frequency properties of the signal-path filter;
cies in response to 60 dB SPL pure tones at CF. The magnihe phase properties of the signal-path filter are time-variant,
tude of the signal-path filter outpiR;(t) decreases as the as they are affected by the control-path signal. As the band-
fiber's CF increases due to the larger compression at higwidth of the signal-path filter changes, its phase properties
CFs. The control signak(t), which varies the gain and also change. The temporal response properties are also af-
bandwidth of the signal-path filter, varies on a cycle-by-cyclefected by the low-pass filter in the IHC model, which limits
basis with the stimulus at low frequencies. At higher fre-the phase-locking of the response at high frequen(es
quencies, the control signal becomes increasingly dominateidtroduces a time-invariant phase shifthe diffusion model
by dc energy. Also, the IHC voltag¥;.(t) changes on a of the IHC-AN synapse also has some influence on temporal
cycle-by-cycle basis at low frequencies, but is dominated byesponse properties, for example, interval statistics are influ-
a dc bias for responses to pure tones at high frequencies. Tlegced by the adaptation and refractory properties of the syn-
adaptation in the diffusion model shapes the onset responsgse model.
of the fiber in the synapse outpsit). It is believed that depolarizing voltage responses of the
Threshold tuning curves are shown in Figa)3using the  IHC determine the detailed firing patterns in AN fibers. The
paradigm of Liberman(1978. The thresholds at CF are neural synchrony of AN fibers especially depends on the
around 0 dB; these thresholds can be adjusted by addingratio between the ac and dc components of the IHC receptor
middle-ear model to simulate the changes in threshold as potential(Dallos, 1985; Palmer and Russell, 1986; Cheatham
function of frequency that contribute to the audiogram. Theand Dallos, 1998 The ac and dc responses for model fibers
model's Q4o bandwidths[Fig. 3(b)] are comparable 1Q,, at two CFs are shown in Fig. 5. For the fiber with a CF of 1
data for normal cats from Milleet al. (1997. The high-CF  kHz, the ac potential always dominates the output of the
fibers respond at low frequencies, despite the lack of an eXHC, resulting in a high synchronization coefficient. For
plicit “tail” (Kiang and Moxon, 1974; Kiang, 1975; Liber- high-CF fibers, the dc potential dominates the IHC output,
man, 1978; Narayaet al, 1998 mechanism included in this and the synchronization coefficient is lower. At low levels,
model. This low-frequency response is due to distortion inthe dc response in the model increases at a rate of 2 dB/dB,
troduced by the nonlinear filter in the signal path. The low-and the ac response increases at a rate of 1 dB/dB, as re-

The discharge-history effedt{(t), was determined by a sum
of two exponential§Westerman and Smith, 1985

A. Responses to pure tones
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FIG. 2. Responses of several model stages to a CF tone for different model-fiber CFs. The stimulus was a 25 ms duration tone burst with a 2.5 ms rise/fall
time and was presented at 60 dB SPL. The waveforms sheea Fig. 1 are (@) P(t), stimulus,(b) Psg(t), signal-path filter outputic) (t) [or 75{t)],
control signal,(d) V,yc(t), IHC response(e) S(t), synapse output, and) PST histogram based on 500 presentations and 0.1 ms bin size.

ported in the literaturéDallos, 1985. If a transition exists phenomenon is not found in experimental respordesis,
from an ac-dominated output to a dc-dominated outputl999, and the model for the IHC was designed to avoid
within the fiber's dynamic range, then experimental datastrongly nonmonotonic synchrony-level functions by using
would be expected to show dramatic nonmonotonic changethe asymmetrical function in Eq14).

in the neural synchrony coefficient as a function of sound  Figure Ga) shows the ac and dc responses of the IHC
level, especially for mid-frequency CR4—4 kH2. This  stage for an 800 Hz fiber in response to frequencies below,
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FIG. 3. (a) Threshold tuning curves for fibers with different CFs. The tuning FIG. 4. Compressive nonlinearity of the signal-path filter output in response
threshold was defined as the level that results in a response 10 spiked® CF tones for different CF<a) rms of the ac componertbased on the
greater than the spontaneous ré260 repetitions of each stimulusThe  peak-to-peak amplitude of the sinusoidal steady-state respohgee filter
stimulus is a 50 ms tone burst with a 2.5 ms rise/fall tithierman, 1978 output as a function of stimulus intensity. The rms was computed from 10
Differences in discharge rates were counted between the 50 ms tone burgycles of the stimulus starting 40 ms after the onset of the stimulus. The
interval with 1.25 ms delay and the subsequent 50 ms silent intébyaD, solid line is the output of a linear filtetb) Compression gaifthe reduction
measured from the tuning curve of model fibésslid line) compared with  in gain due to the compressive nonlinearifpr model fibers at different
the data(crossesfrom Miller et al. (1997, Fig. 3. A linear fit of these data  CFs. The compression gain was calculated as the difference of the gain of
was used to determine the bandwidth of the signal-path filter at low SPLsthe responses to CF tones at 0 dB SPL and 120 dB(&Rbde and Cooper,
Q0 Was then recomputed from the simulated tuning curves of the completd996; Ruggeret al, 1997.

nonlinear model across a range of CFs to validate the model

tuning.

and synchronization coefficient versus level functions in re-

sponse to pure-tone stimuli at CF for fibers with CFs of 1
at, and above CF. For comparison, Figb)shows an ex- kHz and 4 kHz. The simulations presented in this study are
ample of ac and dc components of responses recorded frolimited to high-spontaneous-rate fibers; both fibers in Fig. 7
an IHC (Dallos, 1983. The model responsd§ig. 6(a)] to have spontaneous rates of about 45 sp/se. The sustained rate
tones at frequencies below, at, and above CF are generalhas a dynamic range of 40 dB and the onset rate has a wider
similar to the data, however, they do not saturate as comdynamic range(Smith, 1988. The synchronization coeffi-
pletely as those shown in the examples from DallBgy.  cient reaches its maximum at about 10 dB above threshold
6(b)]. Other reports of IHC responses indicate that these celland then drops slightly as level increases, similar to AN-fiber
may not completely saturate.g., Russelet al, 1986, and  responseg$Johnson, 1980
recent models derived to fit IHC responses have incomplete The increased dynamic range of the onset rate is a result
saturation(e.g., Zagaesket al, 1994; Mountain and Hub- of the adaptation included in the IHC-AN synapse model.
bard, 1996. For example, the dotted curve in Figabshows  This adaptation can also be illustrated by PST histograms of
the fit used by Zagaeskit al. (1994 to the dc component of responses to tondfig. 8. The shape of the PST histogram
IHC responses to tones well below CF. The relatively largechanges as SPL is increased. The peak-to-sustained dis-
dynamic range of the IHC response in the model is importantharge rate increases with SPL, and the latency of the re-
in order to support the wide dynamic range of low- sponse decreases by integral multiples of 1(Kiang et al.,
spontaneous-rate fibers, which will be pursued in future ex4965; Carney, 1993
tensions of this model. Rate and phase responses to pure tones at frequencies

Figure 7 illustrates average discharge rate versus levelway from CF provide more information about the nonlinear
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FIG. 6. ac and dc response component&pfmodel IHC andb) actual IHC
FIG. 5. IHC responses to pure tones at CF versus stimulus intensity foresponsegDallos, 1985; with permission Both model and actual IHCs
model fibers with CFs ofa) 1 kHz and(b) 4 kHz. The responses were have a CF of 800 Hz, responses to tones at 300, 800, and 1400 Hz are
measured over 10 cycles of the stimulus beginning 40 ms after the onset shown. The dynamic range of the model and actual responses are similar,
the stimulus. The ac and dc components of the responses increase at diffatthough the threshold of the actual IHC in this example is lower than that of
ent rates at low levels, and the dc component dominates the output as the Gite model. The dotted line in the model dc response (pipper right is the
of the fibers increasedallos, 1985. fit of Zagaeskiet al. (1994 to IHC responses to tones well below CF.
Zagaesket al’s fit was shifted up to the normalized units of the IHC model
(by setting Zagaeslet al's parameteR P, to 0.6).
tuning of the model. Figure 9 illustrates the response area
(responses to tones across a range of frequencies and) levels
for an AN model fiber with CF of 2300 Hz, chosen for the Figure 10 illustrates level-dependent discharge rates and
purpose of comparison with the example shown from Anderphases, across a range of stimulus frequencies, for a high-CF
sonet al. (197]). Changes in rate as a function of level for fiber. In this case, the phases were computed from the output
frequencies above and below CF are illustrated in the uppeof the signal-path filter and are compared to measurements of
panels. The response ar@ao-level contours of discharge basilar-membrane phase from Ruggespal. (1997. The
rate spreads as the input level increases. A level-dependemhase change for high-CF model fibers was stronger than for
shift in the peak frequency of the response area was ndhe low-CF fiber because of the stronger compression at
observed in the results due to the symmetry of the gammahigh-CFs[Fig. 4(b)]. Due to the rolloff in synchrony at high
tone filter, which is a limitation of the model. Changes in theCFs (see beloy, it is difficult to compare the level-
phase of phase-locked responses as a function of level, abodependent phase at high CFs to AN responses. Illustration of
and below CF, are illustrated in the lower panels. The phasethe level-dependent phase based on the filter output also
are referenced to the response at 90 dB SPL, followingnakes it clear that this phenomenon is a result of the nonlin-
Anderson et al’s (1971) convention. Systematic level- ear filter in the signal path. The IHC, synapse, and discharge
dependent phase changes have been observed in basitgmerator models that follow the signal path do not introduce
membrane motioriRuggeroet al, 1997, in IHC responses level-dependent phase shifts.
(Cheatham and Dallos, 1993and in AN fibers(Anderson The maximum synchronization of responses to pure
et al, 197). The level-dependent change in phase of theones at CF as a function of CF is an important description of
phase-locked responses is consistent with the phase chantpe temporal response of AN fibers. The synchronization co-
expected due to broadening of the signal-path filter as levesfficient was strongly influenced by the low-pass properties
increases. The size of the phase change for low levels was the IHC model. Other factors, such as the low-pass prop-
comparable to the data from Andersenal. (1971; maxi-  erties of the synapse, also affect the synchronization of the
mum phase changes were approximatelyr0.5 AN fiber (Weiss and Rose, 1988igure 11 shows the maxi-
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a) Onset/Sust. — T T 1 low-pass filter and of the IHC-Synapse model were adjusted
Sustained Rate . . . .
Onset Rate -------- to achieve this representation of the rolloff in synchrony as a

Sync. Coeff -~ {os function of CF over the wide range of CFs modeled.

1500/300

T

1000/200 B. Responses to complex sounds

One goal of this study was to develop a model capable
of simulating the responses of AN fibers to complex sounds.
Interactions between different components of complex
sounds have been studied for many years to gain a better
understanding of these responses. Two-tone suppression is a
nonlinear phenomenon of AN responses whereby the rate
response to a pure tone at CF can be suppressed by a second

Sound Pressure Level (dB) tone (suppressor (Nomoto et al, 1964; Sachs and Kiang,
1968; Delgutte, 1990 More recent studies have reported
. . . . 1 two-tone suppression in the responses of IHCs and in co-
Susgir?seec'l( Eg{: ________ chlear mechanicéCheatham and Dallos, 1989, 1990, 1992;
Sync. Coeff - A os Rhode, 1977; Ruggeret al, 1992; Cooper and Rhode,

’ 1996; Cooper, 1996 These observations have shown that
the two-tone suppression nonlinearity originates in the me-
chanics of the cochlear partitiofRuggero et al, 1992.
Two-tone suppression is asymmetrical for low- and high-side
suppressors, both in terms of the shape of the suppression
threshold tuning curve and in the suppression growth rate for
tones above and below C€.g., Arthuret al,, 1971; Prijs,
1989; Delgutte, 1990

Figure 12 shows suppression tuning curves of two low-
frequency model fibers with CFs at 1 kHz and 2 kHz. The

Sound Pressure Level (dB) as_ymmetry of the suppression-tuning Fhreshold is due to the
FIG. 7. Rate-Level and Sync-Level functions for model fibers with CFs ofS,hlft Of_ the center frequency Of the wide-band control-path
(@) 1 kHz and(b) 4 kHz. Sustained rate is calculated in the 10-45 ms filter with respect to the model fiber's CF. The asymmetry of
response time window for 400 repetitions. Onset rate is the maximum disthe model suppression tuning curve is comparable to that
charge rate during the first 10 ms and was calculated using 0.5 mgbiiins reported in the literature across a range of Q&g., Sachs

size is one stimulus cycle if the stimulus cycle is greater than 0)5 Tie . . . .
onset response in the figure is scaldivided by 5.0 for better illustration. and Kiang, 1968; Arthuet al, 1971; DeIQUtte’ 1990 Sup

The discharges in the 10-45 ms time window were analyzed using a 32 biRf€ssion was found even when the level of the suppressor
period histogram from which the synchronization coefficient was then calwas in the excitatory region of the tuning curve. This is

culated(scale on right (Johnson, 1980 because the CF tone level is set at a level which results in 2/3
of the maximum driven discharge raig., Delgutte, 1990

mum synchronization coefficient for the model and for dataand the suppressor acts to suppress the response to the CF

from cat(Johnson, 1980 The model synchronization coef- tone at this level. The relatively weak suppression for

ficient is within the scattered data, but is slightly lower thanlow-CF fibers, as compared to high-CF fibésee below,

the mean of the data. The parameters of the seventh-ordespecially for frequencies below CF, is due to the relatively
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FIG. 9. Comparison of model and actual response areas. Left: Intensity-dependent discharge rate and phase responses for a model fiber with @F of 2300 kH
Rates were computed from the sustained responses to 100 repetitions of a 50 ms tone burst. The phase for each response was referenced to the phase i
response to that frequency at 90 dB Sfelg., Andersoret al, 197J). Right: Rates and phases for the response area of an actual AN fiber with the same CF

from Andersoret al. (1971, Fig. 8; with permissionThe levels chosen for the model simulati®@—70 dB SP). were selected to approximately match the

levels, with respect to threshold, of Anderseinal’s data sefi.e., note that the response of the model at 20 dB SPL is similar to the AN fiber’'s response at

40 dB).

low gain of the cochlear amplifier for low CHsee Fig. this limitation may be related to the lack of a tail mechanism
4(b)]. This pattern of suppression at low CFs is consistenait low frequencies in the model.
with physiological datgDelgutte, 1990 Another illustration of the differences between two-tone
The upper panels of Fig. 13 show an example of a twosuppression properties for suppressors below and above CF
tone suppression tuning curve for a high-CF model fiber ands provided in Fig. 14. These plots show rate-level functions
an actual suppression tuning curve with the same(@&-  for a CF-tone alone, and for a two-tone stimulus whtth
gutte, 1990. The general shape of the AN-model suppres-=CF, andF2 either above CFFigs. 14a), (c)] or below CF
sion tuning curve is similar to those reported for AN fibers:[Figs. 14b), (c)]. Model responses are shown for two fibers
suppression thresholds are lowest for frequencies just aboweith CFs chosen to match examples from Sachs and Abbas
CF, and there is a broad low-frequency region of supprest1976. The difference in level between the suppressor tone
sion. These two properties were introduced into the model bynd the CF tone are fixed. The range of SPLs shown, and the
shifting the center frequency of the control-path filter to adifference in levels between tones, were chosen to yield rate-
frequency slightly higher than the CF of the signal-path filterlevel functions comparable to the examplgmte that the
(see above In addition to the asymmetry in thresholds model fibers have lower threshojds
above and below CF, there is an asymmetrical growth of  The functions in Fig. 14 show several of the trends as
two-tone suppression for suppressors above and below CBeen in the datéSachs and Abbas, 19X 6-or a suppressor
This property is illustrated in the lower two panels of Fig. 13,above CF[Figs. 14a), (c)], the response to the two-tone
which show the level of a tone at CF that is required tocomplex begins to diverge from the CF-tone response at low
maintain a constant discharge réie., to offset the suppres- levels, and the growth of suppressits both the CF tone
sion) as a function of suppressor level. The suppressiomnd the suppressor are increased in leiglgradual. For a
growth curves for suppressor frequencies above CF are shauppressor below CFFigs. 14b), (d)], the threshold of sup-
lower than for tones below CF in both model and actual ANpression is high with respect to that for the CF tone alone.
response¢Delgutte, 1990 The asymmetry in the model re- The growth of suppression as level increases above suppres-
sponses is qualitatively correct; however, it is not as strongion threshold is steeper for the below-CF suppressor than
as in the actual responses, especially for high CFs for whicfor the above-CF suppressor, although suppression by
the asymmetry in growth is stronger than for low-CF fibersbelow-CF frequencies, especially at high levels, is not as
(Delgutte, 1990 More realistic filter shapes, as opposed tostrong in the model as in the datas seen above, Fig. 13
the symmetrical gammatone filter, would be expected to enThe lack of low-frequency tail mechanisms may impose a
hance this asymmetry. Also, the model suppression at verlymitation on the behavior of below-CF suppressors in this
low frequencies does not grow as high as in the actual datanodel. The differences between the properties of the above-
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to illustrated the level-dependent phase properties of the high-CF model & 20
fiber. Phases are referenced to the phase of the response at each frequency'ﬁt 10 b
80 dB SPL, as in Ruggeret al. (1997. (c) For comparison, phases re-

sponses from the 10 kHz place of the basilar membrane of chincbéia O prosm 1
Fig. 14 in Ruggerocet al, 1997; data are replotted here using the same 10 e s R
convention as Fig. )9 100 1000 10000
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and below-CF suppressors are further illustrated by the frac‘\IfIG. 12. Excitatory-tuningline) and suppression-tuningplusseg curves

tional response curvdsotted lines, Fig. 14which show the  for model fibers with a CF ata) 1 kHz and(b) 2 kHz. Suppression thresh-
ratio between the response to the CF tone alone and thids were measured using the algorithm of Delgyft890. Two 50 ms

two-tone comple)(Sachs and Abbas, 1976 stimuli (combination of suppressor tone and CF tone and CF tone )alone
dditi f ﬁé ’ v th ere presented in alternation and the average discharge rate was calculated
Addition of a suppressor tone affects not only the rate Ofyyer 200 repetitions. The level of CF tone was set to produce 2/3 of the

the response to a tone at CF, but also its pHasg, Deng  saturated rate response in the model AN filtgpically at 20 to 25 dB SPL
and Geisler, 1985 Figure 1%a) illustrates rate-level func- The suppressor threshold was then found as the level of the suppressor that

; ; resulted in a 10 sp/s decrease in the response to the combined tones as
tions in response t61 (a tone at CF, 2900 Hzand to the compared to the response to the CF tone alone. The bandwidth of the

two-tone CompleXFJ:—O— F2, whereF2 is a suppressor tone  gyppression-tuning curve is mainly determined by the wide-band filter in the
at 4700 Hz with a fixed level of 50 dB SPL. Figure(hb control path.
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FIG. 13. Two-tone suppression tuning curve for a model fiber with CF equal to 8.6(lkFzin comparison to and AN fiber with the same Qfight,
Delgutte, 1990; with permissignThe upper panels show excitatory and suppression tuning c(sees-ig. 12 caption The lower panels show growth of
suppression for suppressors at several frequencies. The level of the CF tone required to maintain a crité2i@nofagaturated rajein the presence of the
suppressor tone, is plotted as a function of the suppressor(IBe&jutte, 1990 The asymmetry in high-side and low-side growth rate is comparable with
experimental results from Delgutt@990 for low-CF AN fibers, but underestimates the asymmetry for high-CF AN fibers.

shows the phase of the phase-locked responsg4 talone, The final aspect of the nonlinear response of the model
and the phase of the response to ikt component in the to two-tone complexes illustrated here are the combination
two-tone complexfF1+F2. The trends seen in the model tones, or distortion producté~ig. 16). In this figure, the
phase are similar to those reported by Deng and Geislanagnitudes of the components in the signal-path filter in
[1985, Figs. 1), (d)] for the majority of AN fibers. The response td=1, F2, and the distortion productsFA—F2
main effect that they reported, also seen in the model reand Z=2—F1, are shown. Although this filter-bank model
sponse, is that addition of the suppresb@ causes an in- does not provide a medium for propagation of the distortion
crease in phase lagvhere phase lag is the phase delay of theproducts to the place tuned to the distortion product fre-
response with respect to the stimulus pha3é&e change in  quency, it is still possible to examine the trends of the low-
phase is seen in the responseFtb at levels ofF1 where level distortion products created by a nonlinear filter model
rate-suppression is seen; at higher leveld=@f where the (e.g., Goldstein, 1995 Figure 16a) shows the response of
model rate-level functions in response Bd andF1+F2  the model’s signal-path filtgishown as the magnitude of the
converge[Figs. 1%a), (c)] the model phase functions in re- Fourier component at the frequency of inteyeésta CF tone
sponse td=1 andF1+F2 also convergéFigs. 18b), (d)];  alone, to F2—F1 with F2/F1=1.1 and 1.2, and toR1
similar trends were reported for AN fibefBeng and Gei- —F2,withF2/F1=1.1. In each cas&;1 andF2 have equal
sler, 1985. Note that the change in phase with level of theamplitudes, and their frequencies are chosen such that the
model response tB1 is much less than for the AN data; this frequency of the combination tone is equal to the model CF
discrepancy is consistent with the fact that CF is level-of 8.5 kHz, chosen to match the CF of the example in Robles
dependent in AN fibers in this CF range while the model CFet al.[1991, Fig. 16b)]. The trends in the level-dependence
is level-independent. A change in phase in response to thef both of these distortion products as a function of level,
CF tone of the AN fiber is also consistent with the possibilityand for differentF2/F1 ratios, are consistent with measure-
that the CF of the actual AN fiber was not exactly equal toments from the basilar membrane. The amplitudes of the
the frequency chosen fé¥l (whereas in the model, the CF distortion products in the model are lower than those re-
is known); a mismatch between CF amdl would result in  ported by Roblegt al. (1991), which might be expected due
level-dependent phadas illustrated in Fig. P to the fact that propagation of the distortion products and
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FIG. 14. Different properties of suppression for above- and below-CF suppressors. Responses of two model fibers and two AN fibers to tones at CF and
two-tone complexega) Model fiber with CF=6 kHz. Suppressor frequency is 8 kHz, and suppressor level is 25 dB SPL above that of the Cif) idoeel

fiber with CF=8 kHz. Suppressor frequency is 2 kHz, and suppressor level is 20 dB SPL above that of the @¢) fRdiber from Sachs and Abbd4976,

their Fig. 4 with the same CF and suppressor parameters as the model fiber in pahell.fiber from Sachs and Abbg&976; with permissionwith the

same CF and suppressor parameters as the model fiber in panel b. Driven rate is the sustdewedpated over the 25—-45 ms window of the 60 ms duration
stimulus; 500 repetitions were ugedinus spontaneous rate. The fractional respdopen circlegis the ratio of the driven rates in response to the CF tone

and to the two-tone complex.
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FIG. 15. Effect of a suppressor on the rate and phase of the response to a tondatRefe-level functions for response of model fiber with CF equal to
2900 Hz.F1 is at the CF, and2 is 4700 Hz. The level of the tone B2 is 50 dB SPL(b) The phase of the phase-locked responsE ¥ds shown as a
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FIG. 16. (a) Amplitude of the distortion product®r combination tonesin the model response as a function of level for equal-intensity two-tone complexes.
The frequencies of the primary tones were chosen so that the frequency of the distortion fired@tf —f2, or 2f2—f 1) was matched to the model G8.5

kHz). The level-dependent trends of the distortion products are similar to those measured on the basilar mejmiitabkeset al., 1991; with permission

The amplitudes of the model distortion products are not as large as in the data, especially fbt #i@ 2listortion product. The low-amplitude model
responses are consistent with the lack of a propagation medium in this filterbank model; the gain that would be experienced by a componentdwit travelle
the best place along the basilar membrane is not included(keeeGoldstein, 1995

associated amplification are not included in the ma@él  qualitatively appropriate. A quantitative analysis of the en-
Goldstein, 1995 velope response properties of the model is not addressed
Arbitrary input waveforms can be used as inputs to thehere.
model, which allows the study of the detailed temporal and  The empirical statistics of AN-fiber discharge counts
statistical response properties for complex sounds. Figure 1(&.g., mean and variancare important for evaluating poten-
illustrates the temporal responses of a model fiber with a Clal coding schemes in the auditory nerve. Several reports
of 1 kHz to two broadband stimuli, clicks and wide-band (e.g., Young and Barta, 1986; Winter and Palmer, 1991
noises. Both responses show periodicities in the PST histashow that the empirical discharge-count statistics differ from
grams that are dominated by the CF of the model fiber. Théhe behavior of a Poisson process. Differences from Poisson
representation in the model response of the envelope of th&tatistics are partly due to the effects of refractorind®sch
complex sound is influenced by the peripheral filtering. Rep-and Lachs, 1979 Figure 18a) shows the mean and standard
resentation of envelope properties in the model responses ageviation of sustained-rate responsésadl kHz CF model
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FIG. 17. Model fiber responses for CF of 1 kHz to click and noise waveforms. The top panels show the stimulus waveforms, middle panels show the response

of the signal-path filter, and lower panels show PST histograms of response to 500 repetitions. The click stimulygsido2@and 70 dB SPl(peak
equivalent. The Gaussian noise stimulus has a bandwidth of 10 kHz and was presented at 50 dB SPL rms.
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IV. DISCUSSION

b) 45 : . . This report describes a phenomenological model for AN
T o4l e ] responses that includes the major nonlinearities associated
5 Poisson -+ with the cochlear amplifier. The model has compressive gain
O 35t WP o g . . .
2 in response to tones at CF, nonlinear bandwidth and phase,
5 3r 1 and two-tone suppression. The model has asymmetric
}UL 25t . growth of two-tone suppression, i.e., suppression-growth is
= ol wx***}é i greater for tones below CF than for tones above CF. This
é s L Xv* e property has been difficult to incorporate into previous mod-
- ;;‘*X* i els that predict responses to arbitrary stim(Delgutte,
‘é’ T . 1990. Other aspects of the model discharge properties for
g 05t ] high-spontaneous-rate fibers are also appropriate, including
ot ! , , saturating rate-level functions, the drop in synchrony as a
0 5 10 15 20 function of CF, and the statistical nature of discharge counts
Mean spike count for 50ms across a range of discharge rates. The responses of this
_ _ model to a wide range of simple and complex stimuli pro-
FIG. 18. (a) Rate-level functiondmean and standard deviatjofor re- ide reasonably accurate representations of the discharge

sponses to tones at CF and to wide-band noises for a model fiber with a C\é . . ) )
of 1 kHz. Discharges in the 1.25-51.25 ms time window were counted for@t€S and discharge times of AN fibers across a wide range of

200 repetitions of each stimulus. The Gaussian noise stimulus has a ban@GFs and levels.
o e e ey e et s s oot g PVsiological data show tht the aciive process af the
rSelle_)er(r:ns.(zb) gtandard dpeviation versus myean dFi)scharge counts for tone angaSIIar membrane is affected by a wide region of th_e basilar
noise responses. The dotted line is the fit to Young and Bat486 data ~MmembrangDelgutte, 1990; Zhao and Santos-Sacchi, 1999
used by Winter and Palmei99), and the dashed line is the standard It has also been shown that tones at frequencies above and
deviation for a Poisson process. below CF have different effects on nonlinear tunitidel-
gutte, 1990; Ruggeret al, 1992. Experimental data on
fiber to a CF tone and to a wide-band noise as a function ofHCs and AN suppression tuning curves also suggest that the
level. The model shows a wider dynamic range for noise©OHCs responsible for enhancing vibration of a group of
than for tones(Schalk and Sachs, 1980; May and SachsJHCs are located basal to the IH@8atuzzi, 1996 The cur-
1992. Figure 18b) shows the standard deviation of the rent model's time-varying wide-band filter in the control
model-response rate as a function of the mean dischargeath, which is shifted slightly basal to the AN-fiber CF, is
count for both CF tones$crossep and noise(plusseg The used to represent the effect of the local and neighboring
dotted line is a fit(from Winter and Palmer, 19910 the = OHCs on responses of the signal-path filter.
experimental data of Young and Bartd986, and the Several AN response properties were not included in
dashed line is the standard deviation expected for a Poissdhis model and are challenges for future modeling studies.
process. The statistical responses of the model fiber are coror example, the model does not include tails of tuning
sistent with physiological responses as summarized by theurves (Kiang and Moxon, 1974; Liberman and Kiang,
dotted line. 1978, the glide in instantaneous frequency in the AN im-
The revcor function is a useful estimate of the AN fi- pulse response that is related to the level-dependent shift in
ber's impulse response based on responses to wide-bahest frequencyCarneyet al,, 1999, the dramatic changes in
noise (de Boer and de Jongh, 1978 he revcor filters esti- rate and phase in response to toffies., simple-tone inter-
mated from model noise responses at different levels are iference and clicks at high sound leve(&iang, 1990; Rug-
lustrated in Fig. 16a) and show changes in bandwidth as agero et al, 1996; Lin and Guinan, 2000 the effects of
function of the input level that are comparable to actual ANmiddle- and external-ear acoustig@osowski, 199§ the ef-
revcor filters [Fig. 19b)] (Carney and Yin, 1988 The fects of efferents on the rate and timing of AN discharges
changes in bandwidth of the revcor filters are relatively smal(Wiederhold, 1986; Guinan, 1986and low and medium
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FIG. 19. (a) Spectral magnitude and phase of the revcor filters of a model fiber with CF of 510 Hz measured from responses to wide-band noise presented
at several levels. The functions were calculated by averaging 15 ms of the stimulus prior to each discharge time that resulted from a 10 s noise stimulus
presented for five repetitions. A Hamming window was used to calculate the frequency responses. The amplitudes of the filter responses weréonormalized

0 dB at CF(Carney, 1993; Carney and Yin, 1988loise levels are given in dB SPL rm$) Examples of revcor functions at several levels for actual cat AN

fiber with CF equal to 510 HzUnit ID: U86166-39, recorded as part of a previous study; Carney and Yin,)1988

spontaneous ratefliberman, 1978 In addition, as dis- has been extended to high CFs. The gain and bandwidth of
cussed above, the filterbank nature of this phenomenologicalach AN fiber were influenced by a broad frequency range
model precludes explanation of phenomena that depend upaurrounding the fiber's CF, which resulted in more accurate
propagation of signals along the basilar membrane, such d@wo-tone suppression. One aspect of the two-tone suppres-
the overall phase properties and propagation of combinatiogsion property that was not accurately captured in this model
tones to the position along the basilar membrane tuned to theas the degree of asymmetry in the growth of suppression
distortion tonegsee Goldstein, 1990, for a description of this with suppressor level. The asymmetry of the model is similar
limitation). to that described for low-CF fibers, but not as strong as re-
Inclusion of the tails of the tuning curves may play an ported for high-CF fibergDelgutte, 1990 A future model
important role in understanding population responses tahat includes CF-dependent shifts in frequency with level, in
moderate- to high-level broadband stimuli, such as speechoth the signal path and the control path, might be able to
sounds, in which significant energy at low frequencies mayaccurately simulate this aspect of two-tone suppression. In-
influence responses of neurons over a wide range of CFslusion of the CF-dependent glide in the instantaneous fre-
Also, the glide in the instantaneous frequency of the impulsguency of the impulse responsé@3arneyet al, 1999 may
responses will influence both the rate and timing of dis-be sufficient to make this aspect of two-tone suppression
charges for most AN fibers over a wide range of stimulusmore accurate. In addition, interactions between mechanisms
levels. Because this property interacts with the nonlinear tunfor two-tone interaction and tail mechanisms in future mod-
ing to produce shifts in frequency tuning with sound levelels would be expected to influence the asymmetry of growth
(Recioet al, 1996; Carneet al,, 1999, this property is im-  of suppression.
portant to explore in future models that include nonlinear  Extension of this model to include low- and medium-
tuning. spontaneous-rate fibers is motivated by the need for accurate
The model described here represents a significant extemtescriptions of these responses to examine their potential
sion of our previous modeling effort€arney, 1998in that  role in level encoding of pure tones, as well as complex
the nonlinear tuning is much more accurate without a signifisounds. It is also important to explore the different
cant increase in the complexity of the model, and the mode$pontaneous-rate groups in the context of a nonlinear model,
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since the slopes and dynamic ranges of their rate-level fundXZ, MGH, LHC), NIH T32DC00038 (MGH), NIDCD

tions are strongly influenced by the cochlear amplifeeg., DCO00109(ICB), and NIDCD DC00023CB).

Yateset al, 1992. In addition, the ability of this model to

simulate responses over a wide range of CFs is important gPPENDIX

the further study of models for AN fibers with different The IHC-AN synapse model is a time-varying imple-

spontaneous rates. The change in the amount of compressiarentation of Westerman and Smit{’s988 three-store dif-

(or equivalently, the change in the gain of the cochlear amfusion model that allows simulations of responses to arbi-

plifier) as a function of CF has strong implications for thetrary stimuli. The three stores are the immediéte local

roles of the different spontaneous-rate fibers in encodingL), and global(G) stores. The concentratiofC) at each

stimulus features at different CFeleinz et al,, 1999, 2001 store varies as the “substance” to be released diffuses; the

A nonlinear model for AN responses over a wide range ofconcentration differences and the permeabi(i®y at each

CFs and spontaneous rates will allow quantification of theboundary regulate the rate of diffusion.

information encoded by these fibefs.g., Colburnet al, The local and global permeabilities and the three vol-

2007). umes are constant values; these values are specified in terms
Another direction for extension of this model is to com- of time constants for diffusion and response amplitudes that

bine the nonlinear filterbank approach used here with somean be estimated from the literature and adjusted based on

aspects of the parallel signal-processing pathways of ththe shape of the model's PST histogram. The desired re-

MBPNL approach. Such an effort might allow explanation of sponse properties, based on PST histograms in response to

a wider range of phenomena than can be explained by eithéones, are used to set the parameter values for the steady-

model independently. The tails of tuning curygoldstein, state discharge ratégs; spontaneous ratepont rapid time

1990, the multiple modes of excitation that are suggested byonstant for adaptatiorrg ; short-term time constant for ad-

Lin and Guinan’s(2000, and the level-dependent phase re-aptation,rst; the ratio of rapid response amplitude to short-

lationship between tip and tail phenomena suggested bierm response amplitudé\g,s; the maximum immediate

these and other AN responsés.g., Goblick and Pfeiffer, permeability,P, ,.,; @and the peak-to-sustained response am-

1969; Lin and Goldstein, 199%re examples of phenomena plitude ratio, PTS.

that could be approached by combining aspects of these two Several intermediate parameters can then be determined

modeling approaches. The present modeling approach précom those above. The onset rate, rapid and short-term re-

vides a useful description of both rate and températlud-  sponse amplitudes, resting permeability and global concen-

ing nonlinear phageresponse properties from excitation tration are computed as follows:

modes associated with the active cochlear process, while the

MBPNL approach provides a valuable framework for mod- Aon=PTSAss, (AL)

eling response properties associated with the combination of A (A A Ar/sT (A2)

multiple modeseither active or passiye r=(Aon—As9 (1+Agsy)’
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Several other intermediate parameters are useful for the deri-

vation of the other volumes and permeabilities:

Y2
a= y
K1K2

01=aP| nad Vi,
(A10)

B=—(rk1tKr)a,

0=V /P max, 03=7¥2— 1P| max-

S(kT)=C,(KT) P,;(KT). (A20)

The code will be made available on the Earlab website at Boston Univer-
sity: http://earlab.bu.edu

2The order of this low-pass filter influences the strength of harmonic distor-
tions in the model responses. For filter orders less than three, the harmonic
distortions seen in the tuning curves and response areas are much stronger
than those observed in reports of these measures in the literature of AN

Then, the local and global permeabilities can be specified aSiesponsege.g., Kianget al, 1965; Andersoret al, 1971; Roseet al,

B— 06,03
PL:( 0 —1/P} maxs (A11)
1
P ——1 Al2
G h,—1/P, (AL2)

1971, Liberman, 1978
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P
P, (1) = =>“log(1+ ePs™mc(t)
Pst
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whereP . is the resting value of the immediate permeabil-
ity, and V¢, sets the saturation voltage for the soft rectifier.
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