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Preface

This Ph.D. thesis on a subject in hearing research is basically a compilation of 5
papers published or submitted to the scientific journal Hearing Research and 1 paper
published in proceedings of an international symposium. These 6 papers are presented
as separate chapters, introduced and concluded by two short additional chapters. The
essence of the thesis, reflected in the title, is explained in the first chapter, which includes
brief introductions to the hearing organ and electrocochleography. The main results
of the research project are reviewed in the final chapter. For the Dutch reader: Fen
samenvatting in de Nederlandse taal is toegevoegd. Hierin heb ik geprobeerd, ter wille van
degenen die niet thuis zijn in wetenschappelijke verhandelingen, de taal iels eenvoudiger
te laten klinken.

The thesis project was proposed by Vera Prijs, head of the experimental audiology
lab of the EXN.T. department of the University Hospital in Leiden, The Netherlands.
The project was approved and financially supported by the Netherlands organization for
scientific research (N.W.0.) via the Foundation for Biophysics. Other financial support
was granted by the Heinsius Houbolt Fund. The E.N.T. department of Prof. dr. P.H.
Schmidt and Prof. dr. J.J. Grote provided facilities for the experiments and data analysis.
From October 1986 till June 1991, T worked in the audiclogy lab in Leiden. Finally, a
great part of the actual writing of this thesis is done in the Neural Systems Lab of the
University of Maryland in College Park, U.S.A. Vera Prijs and Ruurd Schoonhoven were
greatly involved in this project, as, among so many other things, in co-authoring the

publications. An important role of persistent and patient advisor has been played by
Prof. dr. E. de Boer.

At various meetings, including 5 international ones, I have presented data described
in this thesis. Furthermore, work forthcoming from this thesis is presented by Ruurd
Schoonhoven and Vera Prijs. Il is worth mentioning a paper by Ruurd (submitted to
J.A.S.A.) which is dedicated to the modelling of single-fibre data, and as such is an
extension of Chapter VI, and a paper by Vera (submitted to Hearing Research) which
describes neural refractory properties on the basis of single-fibre activity taped along with
my data collections.

Many collegues and friends contributed to this thesis, in one way or the other. 1 am
very grateful to them.

Many thanks to Aart, Bart, Pim, and Victor, and to Jan (K.) and Dr. van der Velde;
special thanks to Paul, Alan, Bill and Ian; extra thanks to Shihab; and my very special
thanks to Friedo, Jan (van #35), Anne, and Gavin.

Huib
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Chapter 1

General introduction

Electrocochleography, the recording of evoked potentials from a site close to the
cochlea or auditory nerve, provides an opportunity to assess the physiological condition
of the cochlea. This technique has been developed with respect to clinical use by Yoshie
et al. (1967) and Portmann et al. (1967). The main component in the recorded cochlear
potentials is the compound action potential (CAP). The interpretation of this waveform
is mainly based on large sets of phenomenological data in man and animal. In order to
refine the analysis of the CAP many studies have been done involving modelling of
CAPs using response characteristics of single auditory-nerve fibres as have been
observed in experimental studies in animals. Little work has been done on modelling
CAPs in pathological cochleas.

This thesis presents a study of single-fibre discharge patterns underlying abnormal
CAPs in pathological cochleas. We recorded simultaneously the single-fibre responses
and CAPs in normal as well as in acoustically traumatized guinea pigs. For analysis we
developed a phenomenological CAP model which was fully based on single-fibre data
from one species (guinea pig). This PhD work is done at the ENT department in Leiden,
The Netherlands, where electrocochleography (ECoG) was clinically applied since 1971
(Eggermont et al., 1974). This thesis can be considered a follow-up of PhD work by
Eggermont (1972) and Prijs (1980).

The following sections give brief overviews of the morphology and physiology
of the cochlea, and of the technique of electrocochleography. Subsequently, CAPs are
discussed in the context of damaged cochleas.

Cochlea and auditory nerve

First, we give a brief introduction on a very delicate and complicated system
which challenged scientists of different backgrounds (physics, biology, electro
engineering, medicine), the cochlea. After sound enters the cochlea via outer ear canal,
tympanic membrane and middle-ear oscicles, the cochlea transfers the mechanical
vibrations to electro-chemical activity of the nerve, i.e. the generation and propagation
of action potentials along the fibres. The various aspects of sound (frequency spectrum,
intensity) are encoded by a distribution of action potentials over the fibre population of
the nerve and over time.

Figure 1A shows the basic anatomy of the cochlea and surrounding structures of
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Fig. 1. (A) The cochlea and surrounding structures of the ear (from W.A. Yost and D. W,

Nielsen, Fundamentals of hearing, Holt Rinehart and Winston, New York, 1985).

(B) Schematic drawing of cross section of the cochlear canal showing the most relevant
structures.
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structures.

1001 FTC
£ 80— !
w 215
S so+
- alt
S WD
E =S
= 20+ ‘
B a

0 - —T-TTTrrr — T T

0.1 1.0 10.0

TONE FREQUENCY (kHz)

Fig. 3. Example of frequency threshold curve (FTC) recorded from a single fibre. In our
experiments the FTC is determined with a threshold tracking algorithm, sweeping
frequencies from high to low, and using a threshold criterion of an increase of typically
1 spike above spontaneous discharge rate per tone burst of 50 ms duration. In this
example the CF is 9.2 kHz and the minimum threshold is 18 dB SPL.
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the ear. The cochlea resembles a coiled tube and has 2.5 (human) to 4 windings (guinea
pig). In a cross section of the cochlear canal, as schematically presented in Fig. 1B, the
relevant structures can be distinguished. The cochlea has three compartments which are
filled with lymph and separated by Reissner’s membrane and basilar membrane. The
sensory system, the organ of Corti, is located on the basilar membrane. A large dc
potential is maintained, like a battery, across the apical pole of the hair cell where the
cilia are located. Two types of hair cells are distinguished, inner and outer hair cells
(IHCs and OHCs, respectively), which differ distinctly in morphological respect as well
as in function. The vast majority of the total 40,000 afferent nerve fibres (which carry
information to the brain) innervate the inner hair cells.

The block diagram in Fig. 2 reflects a model view of the cochlea with its various
structures as links in a transduction chain. The first link is the basilar membrane which
vibrates in response to stapes oscillation. The basilar membrane is tonotopically
organized: basal locations are sensitive to high sound frequencies, the apical part
responds best to low frequencies. Vibration of basilar and tectorial membrane and lymph
triggers displacement of the cilia of the hair cells. Subsequently, this cilia motion
induces opening (and closing) of ion channels, and, thus, a change in membrane
conductivity, which leads to a change in electric potential inside the hair cells, which in
turn gives rise to release of synaptic neurotransmitter. Finally, at the nerve fibre
terminals across the synapse, action potentials are generated. The role of IHCs in the
transduction chain can be considered as a pure mechano-electrical one, the OHCs are
believed to act as electro motors which give positive mechanical feedback in order to
increase detection sensitivity and quality of frequency tuning.

Response behaviour of the auditory nerve reflects cochlear (dys)functioning. For
instance, the frequency tuning of given locations along the basilar membrane is reflected
by the tuning of auditory-nerve fibres (cf. Sellick et al., 1982). Responses from fibres
can be measured in animal experiments by recording action potentials of single fibres
with micro electrodes. Figure 3 shows an example of a frequency threshold curve (FTC)
which is usually measured to assess the single-fibre’s tuning. An FTC provides the
characteristic frequency (CF) and response threshold of the fibre. Temporal patterns of
single-fibre responses can be derived by recording poststimulus time histograms
(PSTHs). Also, the activity of the nerve can be globally recorded with a macro electrode
close to the nerve, e.g. at the round window. If action potentials are simultaneously
evoked in a sufficient number of fibres the resulting potential change at the site of the
electrode is measurable; and it is termed the compound action potential (CAP). The
method to record the CAP is known as electrocochleography (ECo(G), and can be applied
both in animals and man. In the next section we will address the CAP in mathematical
terms.

An illustrated summary of above described cochlear anatomy and physiological
recording methods is presented in Fig. 4.

OW: oval window

RW: round window

ST: scala tympani

SM: scala media

SV: scala vestibuli

IHC: inner hair cell

OHC: outer hair cell

CAP: compound action potential
ap: action potential

cochlea

middle ear

single
macro-electrode CAP fibre

micro—el‘i"”’-‘je———’/

auditory nerve

Fig. 4. Schematic view of cochlea in uncoiled configuration with electrode positions. The
single-fibre action potentials are recorded with glass micropipette filled with a conductive

medium, the CAPs are recorded with silver wire electrode.
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Fig. 5. A compound action potential (CAP) to condensation clicks, a poststimulus time
histogram (PSTH) to condensation clicks and a unit response (UR) recorded from a
single fibre. In our experiments the CAPs are recorded with a macro-electrode at the
round window and averaged over 128 or 256 stimulus presentations. The PSTHs are
determined by counting spikes in small time intervals (60 us) over a certain time window
(6 or 12 ms) directly after the stimulus presentation. Typically, 256 iterations are applied
and the total spike count fairly represents the discharge probability function of the fibre.
The PSTII is normalized to a density function by dividing the spike count per bin by the
number of iterations and by the bin width. The UR is the round window recorded
potential which results from a single action potential. It is measured by the method of
spike-triggered averaging, i.e., the spike recorded with the micro-electrode functions as
a trigger for averaging of the round-window signal recorded with the macro-electrode.
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Compound action potential in mathematical description

The CAP represents the summation of electric potential variations at an extra-
cochlear recording site resulting from discharges of individual nerve fibres responding
to an acoustic stimulus. The relationship between the CAP and the underlying single-
fibre responses is expressed by a theorem of Goldstein and Kiang (1958) which has
formed a basis for CAP modelling (e.g. de Boer, 1975; Elberling, 1976, Wang, 1979;
Bappert et al., 1980; Dolan et al., 1983). The CAP is considered the convolution of the
sum of discharge probability densities of the single fibres with the unit response (UR),
the latter being the potential at the CAP-recording site that is induced by a fibre
discharge. The discharge probabilities are usually estimated on the basis of PSTHs.
Figure 5 shows examples of a CAP and PSTH fo a click stimulus, and a UR that is
experimentally derived by spike-triggered averaging. Since action potentials are basically
equal for all auditory-nerve fibres the UR is expected not to vary significantly across
fibres, which is indicated by a few known experiments (Kiang et al., 1976; Wang, 1979,
Prijs, 1986). The UR is an entity independent of the stimulus. The PSTH varies across
fibres and depends on the stimulus. The convolution formula of the CAP can be put as
follows:

co = § (L p@)UE) dr )

in which N is the number of fibres, C(t) is the CAP, p,(t) the discharge probability of the
i" fibre, and U(t) the UR. The expression in Eqn. (1) holds under conditions that UR is
identical across fibres, that discharges of the individual fibres are mutually independent
and that the single-fibre contributions add linearly.

Damaged cochleas

Electrocochleography is applied for diagnosis of hearing disorders since CAPs
recorded from pathological ears reveal significant deviations from normal.
Phenomenological relationships are found between deviations in CAPs and specific
pathologies which are usually of cochlear origin (Eggermont, 1976). However, these
relations are obscured by large statistical interindividual variations and they are not
always well understood. Model analysis of abnormal CAPs with use of the convolution
equation have rarely been done. After applying such a model Elberling and Salomon
(1976) could predict click evoked CAPs for various types of abnormal tone audiograms.
However, their assumptions on UR and especially on PSTHs of fibres in hearing loss
areas were indirectly based on experimental data without any evidence for their
accuracy. Since then much more has become known about the auditory physiology in
cochlear pathology. Very recently, cochlear modelling is being applied to pathology,
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Fig. 6. Scheme by Liberman and Dodds (Fig. 14; 1984) based on their combined

morphological and physiological experiments in cats. The plots show cross sections of

the cochlea with four different stages of hair cell damage and the corresponding type of

abnormal FTC. Upper left: disarray of cilia in inner hair cell (IHC) and outer hair cell

(OHC). Upper right: Partial loss of OHCs. Bottom left: loss of IHC cilia, disarray of

OHC cilia. Bottom right: total loss of OHCs. The dotted line in the FTC plots represents
the normal tuning curve.

which can offer a better understanding of cochlear dysfunction.

In cochlear pathology most commonly the hair cells are damaged, and early
damage of hair cells is usually at the cilia. Such lesions will affect the transduction
process in the hair cell, and consequently (cf. Fig. 2), the responses of auditory-nerve
fibres. Phenomenological indications for direct relationships between different hair cell
lesions and tuning and sensitivity of nerve fibres were given by Liberman and Dodds
(1984). Figure 6 shows a schematic plot by these authors in which they associate various
stages of hair cell lesions with various abnormal types of single-fibre FTCs. Globally,
their findings are supported (e.g. Schmiedt et al., 1980; Geisler, 1991; Patuzzi, 1992) and
can be described as follows. In the case of damage to THCs, the functional effects vary
from threshold elevation to complete non-responding. In the case of OHC damage,
sensitivity and frequency tuning are affected (usually deteriorated).

Evidently, CAPs will change if a group of fibres has elevated response thresholds
(at low stimulus levels: effectively a change of N in Eqn. (1)). Also changes in temporal
response patterns of single fibres might occur at high stimulus levels and especially in
those cases where the tuning is affected. Some examples of such changes are found by
Salvi et al. (1979). Such changes, in addition to threshold elevations, might have a large
impact on CAPs (change of p(t) in Egn. (1)).

Preview of thesis

The goal of the experimental research discussed in this thesis is to provide a basis
for interpretation of CAPs recorded in abnormal cochleas in terms of single-fibre
responses. Several questions will be addressed. First, how are click PSTHs of single
fibres from hearing loss regions in abnormal cochleas affected, and are their abnormal
features related to abnormal FTCs? If abnormal FTCs are uniquely reflected by abnormal
click PSTHs these might be associated to specific types of morphological damage.
Second, does the UR significantly change as a result of cochlear damage? If not, then
interpretation of CAPs is simplified and deviations in CAPs can be ascribed only to
changes in PSTHs (in p(t) in Eqn. (1)). Third, are CAP deviations only determined by
a reduction of contributions as given by threshold elevations and if not, to what extent
are abnormal single-fibre responses also responsible for deviations in CAPs? Finally, we
examine in view of diagnosis purposes whether it is possible to derive from click CAPs
the response properties at the single-fibre level.

These questions are addressed in the following experiments. Single-fibre
responses, represented by PSTHs, and CAPs at the round window were simultaneously
recorded in normal as well as in acoustically traumatized guinea pigs. The acoustic
stimuli were condensation and rarefaction clicks of various intensities. Furthermore, in
the same animals we determined the spike-triggered average of the round-window
potential as an accurate estimate of the UR. Two sorts of model analysis were applied
on the experimental data. Simulations of different abnormal types of abnormal FTCs and
click PSTHs were performed using a theoretical model of the cochlea. This cochlear
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model, developed by co-workers and in upgraded version published in Schoonhoven et
al. (~), considers the cochlea as a unidirectional sequence of four transducers as
schematically represented in Fig. 2. Furthermore, a phenomenological CAP model is
developed following the convolution theorem as given in Egn. (1). Here, p(t) is
described according to the recorded click PSTHs as a function of fibres variables CF and
spontaneous discharge rate (SR) and click stimulus variables level (L) and polarity (m).
A model waveform for U(t) was based on an average of experimentally found URs. The
CAP modelling was applied to both normal and pathological cochleas.

Chapters II and III provide a normal reference of click PSTHs and click CAPs.
A preliminary version of the empirical CAP model is presented for normal cochleas.
Chapter 1V presents UR recordings in normal and noise-traumatized cochleas. A
generalized UR is proposed for CAP model purposes. Chapter V describes click PSTHs
in fibres with various types of abnormal FTCs. Chapter VI is dedicated to cochlear
model analysis of some striking examples of abnormal PSTHs. Finally, chapter VII gives
a single-fibre based analysis of click CAPs for different types of abnormal threshold
audiograms. The CAP model is adapted to abnormal cochleas and is as such based on
click PSTHs described in chapter V and on the UR discussed in chapter IV.
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Chapter 11

Single-fibre responses to clicks in relationship to
the compound action potential in the guinea pig

Huib Versnel, Vera F. Prijs and Ruurd Schoonhoven

Summary

Poststimulus  time histograms (PSTHs) to clicks of standard level were
measured in eighth-nerve fibres of normal-hearing guinea pigs. In the context of
studying the fibres’ contribution to the compound action potential (CAP), the PSTHs
are described with the parameters latency (tp), amplitude (A;) and synchronization
(S;) of the dominant PSTH peak. These parameters are considered in relation to
characteristic frequency (CF) and spontaneous rate (SR). An adequate description for
tp is one in which t, is constant for non-phase-locking fibres (CF above 3 kHz) and it
is an exponential function of CF for phase-following fibres. The low-SR fibres (SR
below 5 spikes/s) had smaller amplitudes and longer latencies than the other ones.
The variations of A, with CF can be explained by the varying synchronization of the
Tesponse.

Key words: Poststimulus time histogram; Click; Characteristic frequency;
Spontaneous rate; Compound action potential; Guinea pig.

This chapter has been published in Hearing Research, 46: 147-160 (1990).
Preliminary results were presented at the XXVth Workshop on Inner Ear Biology, London, September
1988,
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Poststimulus time histograms (PSTHs) to clicks of standard level were measured in eighth-nerve fibres of normal-hearing guinea
pigs. In the context of studying the fibres’ contribution to the compound action potential {CAF). the PSTHs arc dcscribcd_with t‘rl\e
parameters latency {lD], amplitude M-,,} and synchronization [Sp} ol the donunant PSTH peak. These parameters arc. considered in
relation to characteristic frequency (CF) and spontaneous rate (SR). An adequate deseription for t, 15 one in which t is constant for
non-phase-locking fibres (CF above 3 kHz) and it is an expenential function of CF for phase-following fibres. The low-SR Lores (SR
below 5 spikes,/s) had smaller amplitudes and longer latencies than the other ones. The variations of A with CF can be explained by

the varying synchronization of the response,

Poststimulus time histogram; Click; Characteristic frequency; Spontaneous rate; Compound action potential;, Guinea pig

Introduction

The compound action potential (CAP) re-
corded by electrocochleography gives useful infor-
mation for the assessment of cochlear condition.
The interpretation of the CAP is mainly based on
clinical experiments (Eggermont, 1976) and on
single-fibre measurements in normal and patho-
logical cochleas (e.g. Kiang et al. (1976a) and
Harrison and Prijs (1984)). Since single-fibre re-
sponses give information about the local cochlear
transduction process, the translation of the CAP
in terms of cochlear {unctioning can be obtained
from the single-fibre responses and their relation-

* Preliminary results were presented at the XXVth Workshop
an Inner Ear Biclogy, London, September 1085,

Abbreviations: C{t): compound action potential (CAF); N
first peak of CAP; P(t): poststimulus time histogram (PSTH);
U(t): unit respense (UR); 1 latency of PSTH peak: A
amplitude of PSTH peak: S.: synchronization of PSTH peak;
Pyt total peak rate; r,; spontaneous rate (SR); [ characteristic
frequency (CF).

Correspondence to; H. Versnel, ENT Depariment, University
Hospital, P.O. Box 9600, 2300 RC Leiden, The MNetherlands.

ship with the CAP. For examination of that rela-
tionship, simultanecus measurements of both re-
sponses, as performed eg. in cats by Antoli-
Candela and Kiang (1978), Wang (1979) and
Dolan et al. (1983), are required.

The [ibre responses to a stimulus can be char-
acterized by poststimulus lime histograms (PSTHs)
which are estimates of discharge probability den-
sity functions. As introduced by Goldstein and
Kiang (1958), the CAP can be written by a con-
volution as:

=
c(t) = zf‘ p( 7)Y, (1-7) dr (1)
=17

in which N is the number of fibres, C(1) is the
CAP. p,(t) the discharge probability density func-
tion of the i fibre. and U (1) the unit response
(UR) of the i™ fibre at the CAP-recording site. On
the basis of this mathematical concept many stud-
ies have been made to understand the relative
contribution of the fibres to the CAP (see e.g. de
Boer, 1975; Kiang et al., 1976b; Elberling, 1976a:
Wang, 1979; Prijs, 1980; Charlet de Sauvage et al.,
1987). However, several manifestations of the CAP

0378-5955 /90,/$03.50 © 1990 Elsevier Science Publishers B.V. (Biomedical Division)
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are §till to be clarified, in particular those concern-
ing abnormal cochleas.

Qur final goal is Lo explain the CAP for patho-
logical cochleas on the basis of the fibres’ contri-
buticns. We started our study in normal hearing
subjects and performed simultaneous measure-
ments of PSTHs and CAPs. We also determined
URs in the same preparations.

Reports on measurements of the UR at the
round window (Kiang et al, 1976b; Prijs, 1986)
lead to the assumption that in normal hearing
condition the UR is equal for all fibres in one
individual animal. Then, the relation between
whole-nerve and single-fibre responses can be ex-
pressed as (Elberling, 1976b):

: ™
c(|)=f {EP,-(?]}U(t—fr)dT (2)
-6 ki=1

with P.(1) the PSTH of the i™ fibre and U(1) the
umversal UR. Once the UR is known, modelling
the CAP reduces to modelling PSTIHs of all fibres.
In this report we describe measured PSTHs in
relation to various fibre properties. For simplifica-
tion we focus our attention on click stimuli at a
fixed intensity. This leaves polarity as the only
stimulus variable. As already reported by Peake
and Kiang (1962), condensation and rarefaction
clicks evoke different nerve responses (except at
low intensities).

We characterize fibre properties by characteris-
tic frequency (CF) and spontaneous discharge rate
(SR). The CF reflects the location along the length
of the cochlea. As a consequence, the latency of
the click response decreases with increasing CF
{e.g. Kiang et al.,, 1965, Evans, 1971), SR is corre-
lated with morphological properties of the fibre
and its corresponding synapse (Liberman, 1982;
Liberman and Oliver, 1954). It has been reported
that magnitude and latency of the click response
vary systematically with SR {(Antoh-Candela and
Kiang, 1978; Wang, 1979), which could be atin-
buted to the sensitivity that 15 found to be related
to the SR (Liberman, 1978).

PSTH parameters
As parameters of the measured PSTH we take
the latency, the amplitude and the degree of syn-

chronization of the dominant peak, to be denoted
by t,, A, and S, respectively. (The latency is
determined at the top of the peak.) These parame-
ters are presumed to be the most important ones
with respect to the description of the fibres’ con-
tributions to the CAP.

For analysis of t, we make the following as-
sumptions. Three main processes in the cochlea
contribute to the latency of the fibre's response:
cochlear mechanics causes a CF-related delay; the
synaptic mechanisms cause an SR-related delay:
and there is a neural conduction time which is in
first approximation equal for all fibres. In this
context t; can be wrillen as:

t,(f, 1) =5 (f,) + t5(r,) (3)

with [ and r, representing characteristic frequency
(CF) and spontaneous rate (SR), respectively. The
neural conduction time is included in the second
term.

The amplitude is defined as the ratio of the
average number of spikes per stimulus presenta-
tion and the bin width (and thus, A is expressed
in spikes/s). In order to derive a measure of
synchronization and (o analyse A, we consider
the average number of discharges per stimulus
presentation which occur over the period of the
dominant peak, to be denoted by p,, (p, actually is
the area of the PSTH peak; it is expressed in
spikes). We define the synchronization index of
the click response (5;) as the ratio of A and p,, so
that

A, =5,Pp {4)

This equation shows that A is determined by two
quantities, of which Sp reflects the inverse of the
PSTH-peak width.

Methods

The experiments were performed in 12 healthy
female albino guinea pigs weighing 200-800 g.
Premedications were atropine sulphate (25 pg,/kg)
and Thalamonal (1.6 ce/kg). Anaesthesia was ob-
tained with Nembutal® (27 mg/kg), and was
maintained during the experiment hy adding doses
of Thalamonal (or Fentanyl) and Nembutal {about
each hour 100% and 10%. respectively). A
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tracheotomy was performed and body tempera-
ture was maintained at 37-38°C by means of a
heating pad (Searle Instruments). A silver ball
electrode was positioned at the round window and
sealed into the bulla. The cochlear nerve was
approached as described by Evans (1979). The
single-fibre recordings were made with (mostly
beveled) glass micropipettes filled with 2.7 M KCl
or 0.5 M KC1/0.1 M Tris buffer (in situ resistance
15-30 M& and 30-60 M {2, respectively). Advance
of the microelectrode (minimal steps of 2-3 pm)
was controlled by a home-made hydraulic micro-
manipulator.

Sound was presented by a dynamic earphone
(Standard Telephones and Cahbles 4026A) to the
animal in a sound-proof room. The sound pres-
sure level at the ear canal was measured by means
of a half-inch condenser microphone (Briiel and
Kjaer 4134) via a narrow tube. The frequency
characteristic of the earphone was flat within 10
dB up to 10 kHz, where it fell off at a rate of
about 50 dB/octave. Frequency and intensity of
the stimuli were controlled by a DEC PDP 11 /10
computer connecied to an oscillator (Krohn-Hite
4140R) and a set of programmable attenuators
(Grason Stadler model 1284). The threshold
audiogram of the averaged CAP was determined
using tone bursts with 4 ms plateaux and 2 cycles
of rise-fall time. For click stimuli, rectangular
pulses of 100 ps were delivered by a pulse genera-
tor (Devices type 2521) at an interstimulus inter-
val af 128 ms. The spectrum of the click was
similar to that of the earphone, apart from a
smooth [all-off to 10 kHz which is inherent to a
pulse of 100 ps. The amplitude of the standard
click was equivalent to the peak-to-peak ampli-
tude of a sinusoidal tone of 92 dB SPL; the level
was 51 dB above the CAP threshold for click
stimuli averaged over all animals.

Single-fibre responses were recorded via a mi-
croprobe amplifier (5x, WPI-M707-A) and were
presented to both an FM magnetic taperecorder
(TEAC XR-510WB) using a recording bandwidth
of 6.25 kHz and a spike discriminator (Mentor
N-750) from which spike-triggered pulses were
delivered to the computer. Simultaneously, the
round-window signals were amplified (5000 x -
25000 = ) and recorded on tape. Bursts of broad-
band noise were used as search stimuli. For each
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fibre the frequency threshold curve (FTC) was
determined with a threshold tracking algorithm
(Evans. 1979). The rate-increase criterion was 1
spike in a 50 ms burst, except for fibres with very
high spontaneous activity (above about 100
spikes/s) for which it was 2 spikes. The SR was
determined from the silent parts of the FTC pro-
cedure. Subsequently. standard condensation and
rarefaction clicks were presented (256 sweeps).

The PSTHs were determined on-line using a
bin width of 60 ps (or 100 ps for 3 animals) and
the averaged CAP was determined off-line. The
PSTH parameters t, A, and S, were calculated
after slight smoothing of the PSTH. The timing of
PSTHs and CAPs was referred to the start of
cachlear microphonics. We used multiple regres-
sion analysis to examine the relationship of t, to
CF and SR.

The first criterion of normal hearing was based
on the CAP-threshold audiogram. An animal's
hearing was considered normal if the tone
thresholds were not raised by more than 2 5.D.
(corresponding to about 15 dB) from the mean
values determined from an extensive sample of 35
healthy animals, These normal tone-audiogram
values were in the range of commonly-found CAP
thresholds (e.g. Aran et al, 1985; Johnstone et al.,
1979; Syka and Popelaf, 1980); the mean audio-
gram of the present sample is given in Fig. 1. The
criterion for preservation of normal hearing dur-
ing the experiment was based on the CAP
threshold for clicks determined during the single-
fibre measurement. Only thresholds below 15 dB
nSL were permitted. Moreover, when using the
standard click the N, latency changed by more
than (.15 ms or the N, amplitude by more than
50%, the data were discarded.

Resulis

The frequency threshold curve and the sponta-
neous rate were determined for 116 fibres in 12
guinea pigs. In 80 of these fibres a PSTH for
condensation clicks of standard level (51 dB nSL)
was measured, and this was done for rarefaction
clicks in 71 fibres.

Spontaneous rate and threshold at CF
In Fig. 2 the distribution of the spontaneous
rate is shown, It had two distinct maxima: one at
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Fig. 1. Threshold at CF wversus CF for 116 fibres. Circles

represent high-SR fibres (SR above 30 sp/s), triangles

medium-SR fibres (SR between 5 and 30 =p/s) and asterisks

low-SR fibres (SR below 5 sp/s). The solid line represents the

CAP thresholds for tones averaged over the corresponding
sample of 12 guinea pigs.

the first bin of 0-5 spikes/s and the other at
about 70-90 spikes/s. By analogy with cat data
(e.g. Liberman, 1978), we divide the fibres in
guinea pigs in three groups with respect to their
SR. As points of distinction between the low-,
medium- and high-SR fibres we take 5 spikes/s
(upper limit of first bin of the histogram) and 30
spikes/s (the minimum of the distribution of 5R).
The small peak for SR above 110 spikes/s is
assumed not to reflect a separate group, it is too
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Fig. 2. Distribution of spontaneous discharge rate for the same
sample of units as shown in Fig. 1 (M =116). Bin width is 5
spikes,/s.
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Fig. 3. SR versus CF for the same sample of units as shown in
Fig. 1. Circles: high SR; triangles: medium SK: asterisks: low
SR.

little pronounced. We found that 15% of the fibres
had a low SR, 23% had a medium SR and 62%
had a high SR.

The fibres' thresholds at CF are plotted versus
CF in Fig. 1. Except for a few fibres, for each
individual animal the fibres’ thresholds were within
20 dB from the CAP threshold. On average the
threshold at CF was highest for fibres with low
SR. Medium-SR fibres had intermediate
thresholds. The threshold differences were largest
for fibres with a CF above 3 kHz, as shown in Fig.
1. The thresholds in that CF-range were 41 = 8,
25413 and 15411 dB SPL for low, medium-
and high-SR fibres, respectively.

The distribution of SR with CF is shown in
Fig. 3. The data indicate that the maximum values
for SR were larger for higher CF. As a conse-
quence of this, there was a weak (but significant;
see Table I) correlation between SR and CF. All
SR subgroups were represented along the entire
CF-range.

Tuning

The tuning quality defined as the ratio of CF to
the bandwidth at 10 dB above the minimum
threshold. the @y, is plotted against CF in Fig,
4 for the investigated fibres. Q,;,, increased sig-
nificantly (P < 0.001) with CF. The regression of
O.pqn With CF is given by:

Qioan = 2.70£0% (5)



where f. is CF in kHz. Q. appeared to be

similar for the different SR subgroups.
Correlations between the different fibre re-

sponse parameters are compiled in Table 1.

PSTHs

Figure 5 shows PSTHs of various fibres for two
animals and for both click polarities. For CFs
below 3 kHz, fibres showed phase lock reflected
by more than one peak with an inter-peak interval
of 1/1, (or 2/f, when the response which would
follow a previous peak seems to be suppressed —
see Figs. 5A and 5B). Above 3 kHz no phase-
locked response occurred. A small secondary peak,
which followed about 1 ms after the first peak,
sometimes appeared in high-CF fibre's responses
(e.g. unit with CF of 6.84 kHz in Figs. 5C and
5D). In further analysis of the PSTHs the high-
and low-CF fibres are considered separately, with
3 kHz as the point of distinction.

Latency of the PSTH-peal

The latency of the dominant peak (1) for
high-CF units was as short as the N, latency; t,
increased with decreasing CF for low-CF fibres
for both condensation and rarefaction clicks, as
clearly demonstrated in Figs. 5A and 5B. Compar-
ing fibres with similar CF it appears that the
low-SR. fibre (the fibre with an SR of 0 sp/s in

G10dB
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Fig. 4. Qypyn versus CF for the same fibres as in Fig. 1. The

drawn line represents the linear regression: Qpe = 2.70187%%,

i in kHz; r=0.64, Circles: high SK; triangles: medium SR,
asterisks: low SR
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TABLE I

CORRELATIONS BETWEEN FIBRE RESPONSE PROP-
ERTIES

Correlation T N

r, =46+16logf, 023 116 *
Qgys= 2.7OE2® 0.64 BN Y- i
8 =30-0.15r, 043 116 ==+

Symbols: f.: characteristic frequency; 1. spontanecous rate;
H,: threshald at CF; (et tuning guality; r: correlation
coefficient; N: number of fibres. * P < 0.05; *** P < 0.001.

Figs. 5C and 5D) and some of medium-SR. fibres
(e.g. the fibre with an SR of 14 sp/s in Figs. 5A
and 5B) had longer peak latencies.

Components of t; can be determined on the
basis of Eqn. (3). Firsily we assume that t, does
not vary with SR, in order to determine the CF-
dependence of t,. An appropriate estimate of 1, is
given by a minimal response onset. This was ob-
tained from rarefaction-click responses of fibres
with a CF between 6 and 12 kHz, for which
responses were the shortest. The mean value was
1.01 +£0.16 ms (N =24). Hence t;, can be est-
mated by subtracting 1.01 from t,. Figure 6 shows
t, minus 1.01 versus CF for condensation clicks.
A straight line fits the data well. The regression
line, shown by the solid line in Fig. 6, corresponds
with:

1, — 1.01 — 1.40£7°% (6a)

with t in ms and f in kHz.

If the high-CF, non-phase-locking fibres are con-
sidered separately it appears that the correlation
between t, and CF was not significant (r = —0.28,
N =42). Thus for high-CF fibres t, can be as-
sumed to be CF-independent. For the responses to
the condensation click this results in the following
expression for t,;

t,—1.01=1.22(7%" forf <3 kHz
(6b)
=044 for f. >3 kHz

with t in ms and [ in kHz.
In Fig. 6 Egn. (6b) is shown by a dashed line.

So far t, has been assumed to be constant.
However, multiple linear regression analysis shows

that the latencies differed significantly (P < 0.05)
for the three SR groups. For both click polarities
the low-SR fibres had longer latencies than the
others, while the medium-SR fibres had inter-
mediale latencies. For condensation clicks the
latency difference between the low-SR and the
other fibres was significant (P < (.05), and for
rarefaction clicks this level of significance applied

to the difference between the high-SR and the
other fibres.

Let us therefore consider Eqn. (3) with t, being
SR-dependent. Estimates of t, for the three SR
groups, obtained again from the minimum re-
sponse onset, are 0.95 + (.14 ms for high-SR, 1.07
+ 009 for medium-SR and 1204013 ms for
low-SR fibres. Substitution of these values gives
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for condensation clicks and that for rarefaction
clicks largely followed 0.5 /f,, except for CFs be-
low 0.5 kHz where the latency difference was
smaller and for CFs above 7 kHz where it in-
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Fig. 5 (continued).

for each SR-group new regression lines for t,(f.).
It appears now that 1,(f.) is indistinguishable for
the three SR-groups over the entire CF-range.
Thus Eqn. (3) can be retained as an adequate
description of t,, and t, can now be wrillen as:

t,= 1415 % 4 t,(x,) (7a)
or
t,=1.232"" + 1,(r,) forf <3 kHz

(7b)
1,=0.45 +t,(r,) forf >3kHz

with t,(r,) = 0.95 for high-, 1.07 for medium and
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1.20 for low-SR fibres and with t in ms and f in
kHz.

In Tables [1A and 11B the results for t, are
summarized for both click polarities. The results
for rarefaction clicks differ from the results for
condensation clicks in some aspects. For rarefac-
tion clicks the regression lines fit less well than for
the opposite polarity. The latencies for rarefaction
clicks were on average shorter over the whole
frequency range exceptl for a CF above 12 kHz
(for this CF range, i, of the rarefaction click
response increases slightly with CF, therefore,
these responses have been excluded from the re-
gression analysis). As shown in Fig. 7, it appears
that the absolute difference between the latency

creased with CF.

TABLE I
LATENCIES OF DOMINANT PSTH PEAK
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Amplitude and synchronization of the PSTH peak
In Fig. 8 the amplitude of the dominant peak,

A, is shown as a function of CF for the same

PSTHs (for condensation clicks) as in Fig. 6. The

Latency of dominant PSTH peak, t, = t,{f_)+t5{r,), for condensation and rarefaction clicks of standard level (51 dB nSL)

TABLE 1A
Click polarity f, 4{f)
Condensation all 1411765
=3 kHz 12317091
=3 kHa 0.45
Rarefaction all 1,021,959
=3 kHz 0.88f 04
=3 kHz 0.34
TABLE IIB
o ts 5D
all Lol 0.16
<3sp/s 1.20 0.13
5-30sp/s 1.07 0.08
2 30 sp/s 0.95 0.14

r N
—0.88 O >
—0.48 i
42
—0.84 [ i
—-0.52 s
32
N
24
3
5
16

Regression lines for (I ) were computed by linear regression applied to logarithms of the variables with t, varying with SR (Table
11A). For rarefaction clicks the data for CFs above 12 kHz were excluded. For fibres with a CF between 6 and 12 kHz, 1, was
cetimated from onset latencies of PSTHs for rarefaction clicks (Table I1B). t in ms, [ in kHz; N: number of fibres, S.D.; standard
deviation, r: correlation cocfficient. *** P < 0.001.
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amplitudes vary from 400 sp/s up to 4-6 ksp/s.
Maximal values were found around 1 kHz. For
CFs below 0.5 kHz, A, tended to be small. It
appears that low-SR fibres had smaller amplitudes
than medium- and high-SR fibres.

The resulls concerning A, for both click polari-
tics are summarized in Table ITI. For high CFs,
A, tended to be larger for condensation clicks

TABLE III
AMPLITUDES OF DOMINANT PSTH PEAK

Amplitude of dominant PSTH peak, A, for different groups
of fibres, click stimuli at standard level (51 dB nSL)

Condensation click

L8 T; mean A sD N
= 31kHz <35 sp/s 11 0.2 [
<3 kHz 5-30 sp/s 1.9 12 8
=3 kHz =3 spss 1.7 133 24
>3 kHz =3spss 0.8 0.4 ]
>3 kHz 5-30sp/s 17 0.9 7
»3kHz = 0spss 135 0.5 30
Rarefaction click

f. 1 mean A 5D N
<3kHz <5sp/s 1id 10 5
= 3kHz 5-30sp/s 2.0 1.1 ]
=z3kHz = M spss 1.6 0.8 2
=3 kHz <=5sp/s 0.4 0.1 4
=3 kHz 5-30 sp/s 12 0.8 6
>3kHz = spss 1.2 06 25

For further explanation see Table I In contrasi to Table II,
rarcfaction data cover the whole CF range. A in kspikes/s.
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Fig. 9. Synchronization of the click response versus CF. Sam-
ple of fibres as in Fig. 6. Circles: high SR; triangles: medium
SR; asterisks: low SB

than for rarefaction clicks; for low CFs such dif-
ferences did not appear. For rarefaction clicks the
tendency for a decrease of A with CF above 12
kHz was larger,

For both click polarities we found that the total
discharge rate, p,,, did not vary with CF. For both
medium- and high-SR fibres p, had a mean value
of 0.6 of a spike, which was significantly larger
than that for low-SR fibres (about 0.3 of a spike).
In Fig. 9 the variation of the synchronization with
CF is shown. In the phase-locking range 5, in-
creased with CF and for CFs above 3 kHz it
appeared to be CF-invariant. Therefore, for non-
phase-locking fibres the peak width, which is the
inverse of 8, was independent of CF. For high
CFs the mean S, was significantly (P < 0.05) larger
for medium- than for high-SR fibres (low-SR val-
ues were intermediate). Table IV shows the results
for §,,, which are similar for both click polarities.

Discussion

In describing the PSTH we use latency, ampli-
tude and synchronization of the dominant peak as
parameters. These parameters are found to de-
pend on fibre discharge properties as CF, SR,
Qyoup and threshold. Since threshold at CF was
related to SR and @,y was related to CF, we
have decided to describe t, and A, as functions
of CF and SR only. The low-SR. fibres had signifi-

TABLE IV
SYNCHRONIZATION OF DOMINANT PSTH PEAK

Synchromzation of dominant PSTH peak, Sr” for different groups of fibres, click stimuli at standard level (51 dB nSL)

Condensation click

i T Spif.} or mean S, T s N

< 3kHz <3sp/s 324+091log I, 028 f
23 kHz §-30 sp/s 33+25logf, .81 -k
=3 kHz =30sp/s 30+1.61ogf, .43 24 *
>3 kHz =< 3sp/s 32 1.1 5
>3 kHz 3-30 sp/s 34 07 1
=3kHz = 3Dsp/s 15 0.8 30
Rarefaction click

1 Ty S.(f) or mean 5, r SD N

< 3 kHz <55p/s 30+5310gk, 0.95 S
< 3kHz 5-30sp/s 36+24logf, 0.83 i
=3 kHz =30 spss 27+201logf, 0.61 el
> 3 kHz <5ps 6 0.5 4
>3 kHz 5-30 sp /s 4.0 7 6
=3 kHz = 30sp/s 24 7 25

For further explanation sec table II. As in table II1, rarcfaction data cover the whole CF range. 5, in (ms)! £, in kHz. ™ P < 0.05;

*EP<00L YT P < 0.001.

cantly higher thresholds than the other fibres; the
medium-SR fibres had intermediate thresholds
which is in accordance to fibre behaviour in cats
(Liberman, 1978). The bimodal distribution of SR
agrees with distribution histograms reported for
guinea pigs (Manley and Robertson, 1976) and
cats (Liberman, 1978). The Q4 values were in
the same range of values as found by Evans (1972).
PSTHs to clicks have two shapes: low-CF [ibres
show multiple peaks and high-CF fibres show
single peaks (apart from a small secondary peak).
The point of distinction between both groups is 3
kHz, which agrees with the findings on phase-lock
behaviour in guinea pigs by Palmer and Russell
(1986).

Latency of the PSTH peak

We have hypothesized a description of ty
according to Eqn. (3). This description, t, as a
sum of two independent terms, is based on the
presupposition that the CF- and SR-related delay
components are the result of two independent
mechanisms: the mechanics of the cochlea and the
mechanism which causes the spontaneous activity,
respectively. According to Manley and Robertson
(1976), the latter is of presynaplic origin. Their

arguments are supported by the evidence that
fibres of different SR innervate one inner hair cell
(Liberman, 1982). The finding that the difference
belween latencies for hoth click polarities was
similar for all SR groups (see Fig. 7) supports the
assumption that the SR-related delay 1s not mech-
anically induced. We neglect a possible third
latency term dependent on both CF and SR, This
omussion is justified because multiple lincar re-
gression analysis applied to the logarithms of 1,
and CF do not reject Egn. (3).

As an estimate of 1, we used the minimum
onset latency of the PSTHs. This choice is based
on the assumptions that the rise time of the PSTH
is mainly determined by the mechanical process
and that the travelling wave time is negligibly
small for high CFs. The onset values, obtained for
rarefaction click responses, agree with data of
Palmer and Russell (1986). As reviewed by
Smolders and Klinke (1986}, in other vertebrates
the synapto-neural delay lies in a similar range.

Regression analysis shows that the low-SR
fibres had longer latencies than the other ones
while medium-SR fibres had intermediate laten-
cies. The phenomenon of SR-dependency has been
reported for the cat. Wang (1979) found that
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medium-SR fibres (in his report: SR between (.5
and 18 spikes/s) had longer latencies than high-SR
fibres. In contrast, Antoli-Candela and Kiang
(1978) found that only fibres with an SR below 0.5
spikes/s had longer latencies. The latency dif-
ferences reported in both papers were of the same
order as in our findings (0.15 ms). For the guinea
pig, Evans (1972) commented that latencies for
two populations of fibres with different SR (SR
below 20 sp/s and SR above 80 sp/s) were simi-
far. The discrepancies of the data illustrate that
the effect is small and difficult to distinguish from
statistical scatter. Differences between the data
could be due to different stimulus intensities being
used.

The SR dependence of the latency will have its
origin in the synaptic structures and in the neural
conduction. The latter can be excluded because
the diameters of the groups of fibres as measured
by Liberman and Oliver (1984) imply conduction
times which are very similar (assuming a length of
3 mm and a conduction velocity of 5 m/s per pm
diameter the conduction times differ by 0.02 ms).
A larger sensitivity and a shorter click latency
follow for higher-SR fibres if it is supposed that a
higher SR is caused by a larger spontaneous re-
lease of transmitter substance (Manley and Ro-
bertson, 1976). Then, as a consequence, the mean
of the spontaneous generator potential is larger,
which means that the excitation threshold can he
reached easier and thus, assuming a certain build-
up time of the generator polential, earlier.

In the literature, latencies have mostly heen
described in a single relation to only CF, as in
Eqn. (6a), without division in any subgroups. The
exponent of t,(f.) as given in Eqn. (6a) is com-
parable to the value of —0.725 found by Ander-
son (1971) for the group delay in the squirrel
monkey, the value of —0.5 reported by Goldstein
et al. (1971) for group delay and click latency data
in the cat, and the slope of —0.77 for narrow-band
AP latencies in man (Eggermoent, 1979).

The exponents in Eqgns. (6) and (7) can be
explained when cochlear mechanics is described in
terms of filters. The [iller response time depends
on the cycle (1/f_) duration and on the number of
cycles before the maximum is reached. The latter
factor is related to the sharpness of the filter.
Calculations of Goldstein et al. (1971) and Egg-
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ermont (1979) show that for a linear filter the
number of cycles, N, is almost directly propor-
tional with Q,y4y- We found that @,y is propor-
tional to [** (see Eqn. (5)), which in approxima-
tion should lead to a filter delay which amounts to
N /f, = const. f7972, The exponent is similar to
thase in Egns. (6) and (7). We examined whether
the variation of latency within the high-CF group
is due to different tuning qualities. We, however,
found no correlation between t, and Qq4p-

The guinea-pig data of Evans (1972) support
the assumption that for the non-phase-locking
fibres the latency is independent of CF. In cats,
the high-CF plateau is even more pronounced
(Antoli-Candela and Kiang, 1978; Wang, 197%;
Dolan, 1983). Data of squirrel monkeys (Ander-
son et al., 1971) and man {narrow-band AP data;
Eggermont, 1979) do not reveal the latency
plateau, A plateau could be caused by several
factors. The increasing length of the axons with
increasing CF for high CF (Liberman and Oliver,
1984) could partly compensate the mechanically
induced decrease of latency (but nol more than
0.1 ms). Another compensating factor could be the
frequency spectrum of the acoustic click, which
has a low-pass character. The relatively lower ef-
fective intensity for high CFs may induce an in-
crease of latency (0.1-0.2 ms; own results con-
cerning intensity dependence, to be published). As
shown by Fig. 4, the plateau is not caused by a
larger increase of {yyus with CF for high CFs.

In conclusion, for empirical description of
PSTH-peak latencies, Eqns. (7) are more accurate
than Eqns. (6); no preference appears for Eqn.
(7a) or (7b) on the basis of data fitting.

Amplitude and synchronization of the PSTH peak

The amplitude of the PSTH peak, A, 1s de-
termined by the (time-integrated) discharge prob-
ability and by the degree of synchronization of
discharges. We describe this relationship by Eqn.
{4). With t _ and A, the synchronization, S, is an
important parameter in view of modelling PSTHs,
since it reflects the inverse of the effective peak
width.

The average peak rate, p,, which reflects the
discharge probability, did not vary with CF.
Minimal and maximal values were 0.1 and 1.0 of a
spike, respectively. Because of refractoriness p,

cannot exceed 1: second discharges will form a
distinct peak (Liitkenhéner et al., 1980). Since Pp
was CF-invariant, the variation of A with CF can
be accounted for by the behaviour of S ; this is
illustrated by comparing Fig. 8 with Fig. 9. The
mncrease of S, with CF for low-CF fibres can be
understood as the decrease of the peak width with
CF. This indicates that the fibre responses largely
follow the excitatory half of the filter response
cycle.

For high CFs the filter impulse response would
have its maximum at later cycles and thus the
fibre response, which does not follow the cycles,
would show up as one broad peak. This explains
why the S, and, consequently, the A, of the
high-CF fibres were not as large as for several
low-CF [ibres (see Figs. 8 and 9, and Table III).
The decrease of A, for CF above 12 kHz can be
explained by the frequency spectrum of the acous-
tic click, which contains few frequencies above 12
kHz.

Our results of A in relationship to SR agree
with reports on cats: fibres with an SR below 0.5
spikes,/s have small click responses at moderate
level and there is no difference between peak
amplitudes of medium- and high-SR fibres
(Antoli-Candela and Kiang, 1978).

According to the explanation of t in relation-
ship with SR (see previous section), smaller dis-
charge rates as expressed by p, are consistent with
longer latencies for fibres with lower SR. Indeed,
we found a significantly smaller p, and, in accor-
dance with Egn. (4), a smaller A, for low-SR
fibres than for the other ones. For high CFs there
is a slight tendency that high-SR fibres have a
larger p, than the medium-SR [ibres. The dif-
ference of synchronization scems to compensate
that effect such that the amplitudes for medium-
and high-SR fibres are similar.

It can be concluded that, to a first approxima-
tion, A in relationship to CF is determined by
variations of S with CF and A | in relationship to
SR is determined by variations of p, with SR.

CAP

In order to estimate which fibres contribute to
the N, component of the CAP, without actually
executing convolution computations, we make the
following assumptions. The measured unit re-

sponse in the guinea pig has a diphasic waveform
and a width of about 0.6 ms (see Prijs. 1986;
Charlet de Sauvage et al., 1987). From Eqn. (2) we
see that if UR is narrow compared with the sum
of discharge probability functions (expressed hy
sum of PSTHs) it can be approximated by the
derivative of the mathematical §-function (apart
from a conversion factor). Using Eqn. (2) we
obtain for the CAP:

d( E Pi(l))
Cly) = -——f_l“ (8a)

Wang (1979) demonstrated the utility of this ap-
proximation by showing that the sum of PSTHs
agreed well, at least for the part which corre-
sponds to the N;, with the integral of the CAP. If
UR is broad compared to the sum of PSTHs, the
latter can be approximated by the &-function,
&t — tp,)' which gives for the CAP:

c) =U(t-t,) ¥ p, (5b)

i=1

with t, being the latency of the sum of PSTHs
and p, being the discharge probability of the i™"
fibre (dimensionless farm of Py

The best description probably is one between
both limits. According to Egn. (Ba) a rapid in-
crease of the number of responding fibres at the
N;-peak latency. L, accounts for the N, as well
as fibres that have an abrupt rise of response at
tn;- Hence, fibres with t, somewhat longer than
Ty (i.e. between ty; and the zero-crossing of the
CAP) will contribute to the N,. According to Eqn.
(8b), that corresponds to the other limit, fibres
with a t equal to ty,; contribute to N,.

The values of t; were on average 1.35 and 1.25
ms for condensation and rarefaction clicks, re-
spectively. Applying Egn. (7b) and the above-
mentioned assumptions. and taking a neural con-
duction time of 0.2 ms into account, we obtain a
reasonable estimate of the fibres that contribute to
the N,. Evidently, the contribution to the CAP
applies mainly to the medium- and high-SR fibres.
Of these, most high-CF fibres (at least for CF
below 12 kHz) will contribute to the N, and a fair
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propertion of the low-CF [ibres could have a
considerable contribution to the N,, moreover in
view of their large A . The lower CF boundary
would be about 1.3 kHz for condensation clicks
and about 1.0 kHz for rarefaction clicks.

We conclude that the parameters L,, A, and S,
are useful to understand the contribution of the
different fibres to the N;. Also, these parameters
(with 1/8, as peak width) can be applied to make
up a sum of PSTHs, that has to be used in
convolution computations. Analysis of the param-
eters for other click intensities will be discussed in
a forthcoming paper.
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Chapter III

Single-fibre and whole-nerve responses to clicks
as a function of sound intensity in the guinea pig

Huib Versnel, Ruurd Schoonhoven and Vera F. Prijs

Summary

This paper describes a study of the intensity dependence of click-evoked
responses of auditory-nerve fibres in relation to the simultaneously recorded compound
action potential (CAP). Condensation and rarefaction clicks were presented to normal
hearing guinea pigs over an intensity range of 60 dB. The recorded poststimulus time
histograms (PSTHs) were characterized by the latency (t,), amplitude (A,) and
synchronization (S;) of their dominant peak, parameters that are particularly important
for the understanding of the CAP. For all fibres t, decreased monotonically with
increasing intensity, in a continuous way for fibres with high characteristic frequency
(CF > 3 kHz), and in discrete steps of one CF-cycle for low-CF (CF < 3 kHz) fibres. An
additional analysis of PSTH envelopes revealed that average latency shifts with intensity
are similar for all CFs above 2 kHz. For all fibres A; increased monotonically with
intensity; the increase was stronger and maximum values were larger for low-CF than
for high-CI' fibres. A schematic model PSTH was then formulated on the basis of the
experimental data. A sum of these model PSTHs from a hypothesized fibre population
was convolved with an elemental unit response (Versnel et al., 1992) in order to simulate
the compound action potential. Synthesized CAPs agreed with experimental CAPs in
their main aspects.

Key words: Poststimulus time histogram; Intensity; Click; Compound action potential;
Convolution; Guinea Pig

This chapter has been published in Hearing Research, 59: 138-156 (1992).
Preliminary results were presented at the 2nd International Symposium on Cochlear Mechanics and
Otoacoustic Emissions, Rome, March 1989,
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This paper describes a study of the intensity dependenee of click-evoked responses of anditory-nerve fibres in relation to the simultaneously
recorded compound action potentinl (CAP). Condensation and rarefaction clicks were presenled Lo nurmal hearing guines pigs over an intensily
range of 60 dB. The recorded poststimulus time histograms (PSTHs) were characterized by the latency () amplitude (A1 and synchronization
{5p) of their dominant peak. parameters that are particularly important for the uaderstanding of the CAP. For all fibres 1y decreased
menotonically with nereasing intensity, in a continupus way for fibres with high characteristic frequeney (CF > 3 kHz), and in discrete steps of
ane CF-cycle for low-CF (CF £ 3 kHz) fihres. An additional analysis of PSTH covelopes revealed that average latency shifts with intensily are
similar for all CFs above £ kHz For all fibres A inereased monolonically with intensity; the ncrease was stronger and maximum values wers
larger for low-CF than for high-CF fibres. A schematic model PSTH was then formulated on the basis of the experimental data. A sum of these
madel PSTHSs from a hypothesized fibre population was convolved with an elemenial unit response (Versnel et al, 1992) in order to simulate the
compaund action potentinl Synthesized CAFs apreed with cxperimental CAPS in Lheir main aspects,

Poststimulus time histogram; Intensity; Click; Compound action potential, Convolution: Guinea Pig

Introduction

The compound action potential (CAP) as recorded
by electrocochlecgraphy in human subjects or animals
strongly depends on the intensity of the acoustic stimu-
lus. Both for tonal and click stimuli the amplitude of
the CAP inereases and its latency decreases with in-
creasing intensity {e.g, Peake and Kiang, 1962; Fager-
maont, 1976; Elberling, 1976; Salvi et al., 1979; Prijs and
Eggermont, 1980; Moller, 1986). The CAP represents
the summation of electric potential variations at the
recording site (e.g. the round window) induced by
discharges of the responding afferent fibres. If the unit
response (UR) associated with a single discharge is
identical across fibres of difterent CF and SR (cf.
Kiang et al.. 1976: Prijs, 1986; Versnel et al., 1992), if
discharges of the individual fibres are mutually inde-
pendent and if the single-fibre contributions add lin-
early, then the relation between whole-nerve and sin-
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gle-fibre responses can be expressed by a convolution
as (Goldstein and Kiang, 1958):

ci) =f‘x{ i F,(T)}U[t—r}dr

-1
=f_‘ S(U(t 1) dr (n

in which N 15 the number of fibres, C(1) is the CAP,
LIt} is the unit response (UR), P(t) is the PSTH of the
i™ fibre as the experimental estimate of its discharge
probability density funetion, and 8(t) the compound or
whole-nerve discharge lateney distribution, i.e. the sum
of P's.

Several studies have been reported on the relation
between the CAP and the underlving single-fibre dis-
charge patterns using the convolution description (e.g.
de Boer, 1975; Elberling, 1976; Wang, 1979; Bappert et
al., 1980; Dolan et al., 1983; Versnel et al.,, 1990}, De
Boer (1975) modelled CAPs to tone bursts in cat
applying a theoretical maode! in which the parameter
choice for the Pft) constituting S(t) was based on
reverse-correlation data for the cochlear filter com-
bined with an empirical description of the inner hair

cell (1IHC) and synaptic transduction, and on a unit
response waveform which was mathematically postu-
lated. CAPs could be simulated realistically for low
intensities but the results on CAP amplitude, in partic-
ular, were not satisfactory Lor high inlensities, Elber-
ling (1976) and Bappert et al. (1980) simulated click
CAPs in humans. Their models generated an S(1) func-
tion by combining click PSTH data in cat (Kiang et al.,
1965) and an excitation pattern derived by matching
simulatad narrow-band CAPs to the experimental CAP
data, As UR wavelorm they used & high-Trequency
derived narrow-band CAP. In their results the CAP
amplitude versus intensity profile was reproduced cor-
rectly. In order to relate experimental CAP and
single-fibre data Dolan et al. (1983) applied a model in
which they constructed S(t) on the basis of experimen-
tal PSTH data. They selected UR parameters on the
basis of data of Kiang et al. (1976) such that the
modelled CAP N, component matched the experimen-
tal N, To simulate a proper N, component second
PSTH peaks in high-CF fibres had to be included in
the model. Wang (1979) developed an empirical CAP
muadel on the basis of URs and PSTHs experimentally
determined in the same animal. Within individual cats
he generally found a reasonable agreement for the N,
latency and a small discrepancy in amplitude, In a
qualitative study of CAPs and PSTHSs for various click
intensities in cats Antoli-Candela and Kiang (1978)
concluded that the main contributions to the N; com-
panent of the CAP are due to the high-CF fibres.

In the present paper experimentally recorded
single-fibre responses to clicks at various intensities
and of both polarities are analysed in the context of
their contribution to the compound action potential.
To that end, a schematic model PSTH is formulated
based on the experimental single-fibre data. Using this
PSTH model, CAPs are simulated on the basis of Eqn.
(1) and compared to CAPs that were recorded simulta-
neously during the single-fibre experiments. An evalua-
tion of the experimentally derived UR is the subject of
the companion paper (Versnegl et al., 1992). Our PSTH
maodel formulation is intended to establish a basis for
the study of changes in the CAP in cochlear pathology
as will be the subject of forthcoming papers. Our study
is comparable to Wang's (1979) work and it contrasts
to other CAP studies mentioned above in that we have
dircetly measured both the single-fibre responses Pt),
the whole-nerve CAF and the unit response U(t) in the
same guinea pigs. This paper forms an extension of a
previous paper (Versnel et al,, 1990} where single-fibre
responses were discussed for only one click intensity
and where they were related qualitatively to CAPs.

The most commonly studied N, component of the
CAP is supposed to be largely determined by the
dominant peaks of the PSTHs. Therefore we concen-
trate on an investigation of latency, amplitude and

degree of synchronization of the dominant peak of our
click PSTHs. We indicate these parameters, denoted as
tpy Ap and Sy, respectively, as Pleak)-parameters. Fol-
lowing a previous paper (Versnel et al, 1990) we
distinguish three groups of spontaneous rates SR {in
mathematical expressions denoted as r.): low, medium
and high SR, with 5 and 30 spikes/s as boundaries.
and two gronps of characteristic [requencies CF
[mathematically denoted as f_): low and high CF with 3
kHz as a boundary. The distinction of different SR
subgroups is made because of the SR dependence of
¢.g. thresholds and rate-intensity functions (Liberman,
1978; Winter et al,, 1990; Versnel et al.,, 1990), The
subdivision according to CF is motivated by the fact
that click PSTHs of low-CF fibres have the well-known
multiple-peaked character and click polarity depen-
dence, while click PSTHs of high-CF fibres are basi-
cally single-peaked and virtually independent of click
paolarity (¢.g. Kiang et al., 1965). In order to compare
latency changes with intensity across the entire CF
range we present an investigation of the latency of the
PSTH envelope. It is based on a parameterization of
the PSTH envelope by a function which has earlier
been used to deseribe the envelope of the reverse
correlation function that approximates the cochlear
filter impulse response that underlies the neural click
response (Grashuis, 1974; de Boer, 1975).

Finally, a model PSTH is formulated based on the
relation of the PSTH parameters t,. A, and §, with
the fibre parameters CF and SR, and with the stimulus
variables intensity and polarity, In combination with a
postulated fibre population this model is used to syn-
thesize a compound discharge latency distribution
tunction S(t) for clicks of different intensities and both
polarities. This function is convolved with an estimate
of UR described in the accompanying paper (Versnel
et al, 1992). Simulated compound action potentials
resulting from the model are then compared 10 CAPs
recorded experimentally in the same population of
animals.

Methods

Physiological experiments

Acute experiments were performed on 14 healthy
female albino puinea pigs weighing 200-800 g. Details
of the animal preparation and of the equipment for
sound stimulation and signal recording have been de-
scribed in a previous paper {Versnel et al., 1990). The
main points are given below.

Premedication consisted of Atropine Sulphate (25
ue/ke) and Thalamonal (1.6 ml/kg) and anaesthesia
was obtained with Nembutal™ (27 mg/kg). A silver ball
electrode was positioned on the round window for the
whaole-nerve recordings. The CAP tone threshold au-
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diogram was used to assess the condition of the cochlea.
The cochlear nerve was approached intracranially
(Evans, 1979), during the preparation the condition of
the cochlea was monitored by continuously recording
the click CAP. Single-fibre responses were recorded
using micropipettes filled with 2.7 M KCl or 0.5 M
KCl/0.1 M TRIS buffer.

Sound was presented to the animal, placed in a
sound proof room, by a dynamic earphone (Standard
Telephones and Cables 4026A) and closed coupler
system. A pulsc generator (Devices type 2521) deliv-
ered 100 us pulses for click stimuli with an interstimu-
lus interval of 128 ms. The spectrum of the acoustic
click is shown in Fig. 1A: it was flat within 10 dB up 10
about 8-9 kHz where it fell off rapidly. The intensity
was set by attenuators (Grason-Stadler model 1284)
which were controlled by a DEC PDP 11/10 com-
puter, Single-fibre signals were recorded via a micro-
probe amplifier (5 %, WPL-M707-A), passed to the
PDP-11/10 via a spike discriminator (Mentor N-750)
and also stored on magnetic tape (datarecorder TEAC
XR-510WB, recording bandwidth 0-6.25 kHz), The
simultaneously  generated  round-window  responses
were amplified (5,000 = -25,000 = ) and stored on the
same tﬂp&.

For each fibre a frequency threshold curve (FTC)
was determined using a threshold tracking algorithm
(Evans, 1979), and the spontaneous rate (SR) was
determined during silent intervals in this tracking pro-
cedure. First, condensation and rarefaction clicks were
presented at an intensity level of 51 dB nSL (normal
sensation level, i.e. re; mean CAP threshold at 1 uV
criterion over a population of normal animals; cf. Ver-
snel et al., 1990). Then, clicks were presented at inten-
sities varied in 10 dB steps above and below this level.
FSTHs were recorded on-line using 256 sweeps and a
bin width of 60 ps, and were normalized to a discharge

TABLE |

Bl  dfi nSl
CONDENSATIUN CLICK

100 7 A
- i
i T N g
.u Rmeiciipisosimadt
~ B0 \f\\r
&
& ek 1
= \
20 \
0 A e
0.l 1.0 10,0
FREGUENEYT (kHz)
o
2 sby B
it 4
= A o
o ! o o o WEGH 5R
i 20 : MEDIUN SR
Lo 0fa L I o LOW 8N
5 1 B, § *ho -
a % B L
=] in
2 n
T L e
B —an
% o
x o
=50 L - P
0.1 .8 ta.g

CHRAACTENTSTIC FRERUENCT (kHz)

Fig, |. [A) Spectrum eof the acoustic click (condensation polarity, (1

dB nSL). (B) Difference hetween CF-ione threshold and click

threshold. @, @, versus CF. &, is expressed in dB SPL, @, in

dB nSl Asterisks represent Jow-SROfibres (SR below 5 osp/s),

trizngles medium-SR fibres (SR between 5 and 30 sp/s) and circles
high-SR fibres (SR above M sp/s),

probability density by dividing the total number of
spikes per bin by the number of sweeps and by the hin

width, For glossary of abbreviations see Table 1.

GLOSSARY OF ABBREVIATIONS, SYMBOLS AND DEFINITIONS

FTC: frequency threshold curve

CF, [ characteristic frequency (frequency of minimal thresh-
uld)

& pure tone threshold at CF

03y gt tuning quality, ratio of CF and bandwidth 10 dB above
@, derived from FTC

SR, r: spontaneoes rate

Ly click intensity (dB nSL)

nSL: dB scale for click intensity relative to the avernge CAP
threshald in normal guines pigs

L: effective stimulus |evel in the CAP model, including
corrections e.g. for SR

PSTH, Pk poststimulus time histogram, normalized o a
discharge probability density function

compound PSTH: presentation of PSTH: 1o both click
polarities plotted upward and downward, respectively

difference PSTH: difference of PSTHs ta bath click polarities

Ly lateney of dominant FSTH peak

A gr amplitude of deminant PSTH peak

S synchronization of dominant PSTH peak

pps area of dominant PSTH peak {expected numbee of spikes
occurring during this peak)

gitd: pamma distribution function used 10 describe PSTLH
cnvelope

L, kateney of PSTH envelope i described by glt)

BF: best frequency. frequency where difference PSTH pawer
spectrum is maximum

CAT, Citk compound action potential

Stk compound discharge latency distribotion function

UR, Utk unit response, contribmion of individual fibre
discharge to the CAP

MNyop first (second) negative peak of CAP

1y, latency of CAP N,

Ay amplitude of CAP N,
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Data analysis

The PSTHs were slightly smoothed using a three-
point {1/4, 1/2, 1/4) window. Then the latency tp, the
amplitude A, and the synchronization S, of the domi-
nant PSTH peak were determined. These measures
will be referred to as P-parameters. Latency was re-
ferred to the start of the cochiear microphonic in order
to eliminate the acoustic and middle-car delays. The
synchronization S, is defined as the ratio of amplitude
Ap and arca pp of the PSTH peak (cf. Versnel et al,
1990)

Se=Ap/s (@)

Sinee the peak area p, is the expected number of
spikes over the duration of the dominant peak (typi-
cally between 0 and 1 spike) and A is in spikes/s, S;
has the dimension of s7'.

A second latency parameterization is based on PSTH
envelopes. We will assume that the PSTH envelope
can be described by the function

g(t) = {(t—a)/B}" " exp{—(t - a)/pB)
fort=a (3)
=0 fort<um

‘I'hig function was fitted to the PSTH envelopes by a
Jeast-squares curve fitting procedure (Bevington, 1969).
For the high-CF fibres (CF above 3 kHz) we fitted glt)
to the amplitude values in the (typically 20) individual
bins of the dominant PSTH peak; the procedure is
applied for each click polarity separately. For the low-
CF fibres (CFs below 3 kHz), which show multiple-
peaked responses, we fitted g(1) to the set of peak
maxima combining the (together typically 10-15) peaks
of rarefaction and condensation click PSTHs. The la-
tency t, of the maximum of the thus fitted PSTH
envelope 1s given by

ty=at+f(y-1) (4)

The indication ¥ is because the function gt} is
related to the gamma distribution (de Boer, 1973),

Additionally, an analysis was made of the multiple
peak patterns of the PSTHs of low-CF fibres by a
spectral analysis of the difference PSTH, that is de-
fined as the condensation-click PSTH minus the rar-
efaction-click PSTH {cf, Pfeiffer and Kim, 1972). In
particular we study the frequency where the power
spectrum of the difference PSTH has its maximum,
indicated as the best frequency (BF) following Egger-
mont et al. (1983).

CAP rmodel
The empirical CAP model 18 based on the convolu-
tien formalism of Eqn. (1), A compound discharge

latency distribution S{t) is simulated by adding a set of
model PSTHs from a hypothetical population of indi-
vidual fibres. The CAP is then calculated by convolving
S(1) with an elemental unit response UR. A detailed
description of how the model PSTH is defined on the
basis of the P-parameters, how the fibre population is
generated and which UR is used is given in the Ap-
pendix.

Results

For 95 fibres in 14 guinea pigs a PSTH was deter-
mined for condensation clicks at the starting intensity
level of 51 ¢B nSL. For 33 of these fibres, series of
PSTHs for at least four intensities were determined for
the two click polarities.

From the amplitude-intensity curves the fibre's click
threshold, @, (dB nSL), was estimated. This was
compared to the fibre’s CF-tone thresholds, @ (B
SPL), by considering the threshold dilference, @0,
(dB). as a function of CF. Fig. 1B shows that this
threshold difference largely fullowed the spectrum of
the acoustic click (Fig. 1A). We found no effect of SR
on this relationship. The similarity between the click
spectrum and the difference of CF-tone threshold and
click threshold allows a prediction of 6, from click
spectrum and threshold at CF,

Compouned PSTHs

Fig. 2 shows five representative serigs of PSTHs
measured at various intensities in fibres with CFs in
the range of 0.7 to 8 kHz. The data are given as
compound PSTHs with responses to condensation clicks
are plotted upwards and responses to rarefaction clicks
plotted downwards. In addition, the frequency thresh-
old curves (FTCs) of the fibres are given.

For two high-CF fibres (CF about 7 kHz) with a
high SR and a low SR PSTHs are shown in Fig. 2A and
B, respectively. For both fibres the responses to oppo-
site click polarities were basically identical at low and
intermediate stimulus intensities. The PSTHs consist of
a single dominant peak with, for the high-SR fibre, a
small secondary peak at an interpeak time of about 1
ms for intermediate intensities. The rise time of the
dominant PSTH peak decreases with increasing inten-
sity. At high intensities the PSTHs to both polarities
are increasingly different from each other, in that the
large dominant peak in the rarefaction click PSTH
appears with a shorter latency than that in the conden-
sation click PSTH (e.g. Fig. 2A,B upper trace). In
addition, multiple small late peaks oceur producing a
low-frequency oscillatory pattern (Fig. 2A, upper trace).
The PSTH patterns shown in Fig, 2A.B arc representa-
tive for fibres with CFs above 3 kHz.

41



Fig. 2C,10 show compound PSTHs of low-CF fibres
with CFs of approximately 2.6 kHz and high and
medium SR respectively, while Fig. 2E represents a
0.74 kHe, high SR fibre. These PSTHs have multiple
peaks which approximate a modulated sinusoid of
characteristic period 1/f_, particularly for low intensi-
ties (10-20 dB nSL). A comparison between the PSTHs
of the 2.6 kHz fibres suggests that the medium-SR
fibre (D) responded with a pattern like that of the
high-SR. fibre {C) at a 10 dB lower click level. For the
0.7 kHz fibre the interpeak intervals in the early part
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of the PSTH increase for high-intensity stimuli, and the
peaks do not interleave exactly between the peaks of
responses to clicks of opposite polarity (Fig. 2E, upper
two traces). The patterns shown for the 0.7 kHz fibre
are typical for the fihres with CFs between (1.5 and 1.5
kHz.

P-parameters
In Fig. 3 the P-parameters latency, amplitude and
synchronization of the dominant peak are shown for
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scales b pancls A/B, C/D and E,

fibres from three CF ranges (0.5-1, 2-3 and 6-12
kHz). Other CF ranges are nat included because too
little data were available in those ranges. The P-para-
meters for fibres in the CF range 6-12 kHz (Fig. 3A,B)
have been averaged over each SR subgroup. The high-
SR group, however, was further subdivided into two
parts, one containing two fihres with extremely low
thresholds (squares), the other containing the other
high-SR fibres {(cireles), in order 1o preserve the indi-
vidual character of the response hehaviour of the two
subgroups. The parameters for fibres of the other CF
ranges are plotted individually, because of the larger
spread of these data (e.g. the strong CF dependent

latency).
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Latency of the dominant PSTH peak

Fig. 3AB show that for the 6-12 kHz fibres the
latency of the dominant PSTH peak decreases mono-
tonically with intensity. With t, being longer for low-SR
fibres, the low- and high-S5R fibres have t, curves that
run parallel to cach other; the medium-SR latencies
run'in between, The average shift of t. over the 6l dB
intensity range is about 20 ws/dB. There is a small
polarity dependence of t,, particularly in that t, is
shorter for rarefaction clicks at high intensities.

In the 2-3 kHz CF range the latencies of individual
PS5TH peaks are virtually independent of intensity as
illustrated in Fig. 2C,D. However, with increasing in-
tensity ecarlier peaks become dominant and thus t;
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decreases with intensity in discrete steps of the order
of 0.4 ms, which corresponds to the characteristic in-
terpeak period 1/f_ of these fibres. The average rate
of latency decrease is about 20 usy/dB. Again, the
medium- and particularly the low-SR fibres have longer
latencies than high-SR fibres,

Fig. 3E,F show the parameters for fibres in the CF
range (1.5-1 kHz. For rarcfaction clicks most fibres
show one discrete shift of t, with the characteristic
period, For condensation clicks the same first peak is
dominant for all intensities, so tp is basically indepen-
dent of intensity. Therefore, for this CF group rarefac-
tion ¢lick latencies are shorter than condensation click
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latencies for high intensities, and longer for law inten-
sities.

Amplitude and synchronization of the dominant PSTH
peak

Fig. 3A B show that for the 6-12 kHz fibres just
above threshold the slopes of the A -intensity curves
are similar for the three SR groups. The dynamic
ranges of most high-SR fibres are about 30-40 dB, For
low- and medium-SR fibres PSTHs were available for
analysis over a range of at most 30 dB. Since in these
fibres Ay still increases at the highest levels applied,
we conclude that the dynamic range of these fibres is
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at least 30 dB. For the 2-3 kHz group (Fig. 3C,1) the
increase of A, with intensity is similar for all tested
fibres irrespective their SR, Maximum peak amplitudes
are reached 30-50 dB abeve the fibre's click threshold.
In the 0.5-1 kHz group (Fig. 3EF) A, increases
rapidly within 20-30 dB to the maximum rate. Com-
paring the maximum values of A, between the differ-
ent CF pgroups, we observe that they are substantially
larger for low-CF than for high-CF fibres.

For most fibres the synchrenization of the dominant
PSTH peik, Sp, does not show any pronounced inten-
sity dependence. For high-CF fibres we found 5, to be
largely independent of CF. For low-CF fibres 5p tends
to depend on CF. With the assumption that a low-CF
fibre lollows the phase of the impulse response, the
dominant PSTH peak of a low-CF fibre can be approx-
imated by a half-period sinusoid. From the definition
of Sp as the ratio of A, and pp (Eqn. (2)) then follows

Although the scatter in the data is large, for most
fibres with a CF between 0.5 and 1 kHz the experimen-
tal data are consistent with this eguation (Fig. 3E,F).
In the 1-3 kHz range S, is smaller than =f, and tends
to the high-CF values (Fig. 3C,D).

Laiency of the PSTH envelope

The function g(t) (Eqn. (3)) was fitted to the en-
velopes of the PSTHs. Fig. 4 gives some representative
examples of functions glt) fitted to the underlying data
points. Far high-CF fibres the shape of the dominant
PSTH peak could be well matched by glt) over the
entire intensity range {Fig. 4A), both for the rarefac-
tion and the condensation click. For low-CF fibres
(Fig. 4B) the envelopes of the compound PSTHs could
be described adequately by g(t) at low intensities (10-30
dB nSL), but the fitting hecame less adequate at higher
intensities where the PSTH envelopes did not simply

Sp=mh (5) follow an exponential decay (Eqgn. (3)) after the largest
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peak (cf. Fig. 2C,D,E). On the basis of the curve fits
the latency t, of the maximum of the PSTH envelope
(Eqn. (4)) was determined. Fig. 5 shows t, versus click
intensity for the same groups of PSTHs as described in
Fig. 3.

For the 6-12 kHz fibres the shift of t, with intensity
over the 0-60 dB intensity range is, on average, about
20 ps/dB (Fig. 5A), in agreement with the shift of 1,
(Fig. 3A,B). As expected, for low-CF fibres t, shifts
eradually with intensity in contrast to t, that shifts in
discrete steps (Fig, 3C,D). For the 2-3 kHz fibres (Fig.
SB) t., decreases by about 20 s /dB on average. Note
that for the 0.5-1 kHz range (Fig. 5C) 1, decreases at
about the same rate for low intensities, but reaches a
minimum at an intermediate level and tends to in-
crease for higher intensities.

Fourier analvsis of difference PSTHs

In Fig. 6 intensity series of Fourier power spectra of
difference PSTHs are shown corresponding to the
PSTHs of Fig. 2C,E. Near thrashold the best frequency
(BF) of the difference PSTH power speclrum corre-

sponded with the CF as derived from the FTC. For 13
of 16 fibres, with a CF between (.5 and 3 kHz, the BF
decreased with intensity, This shift could increase to
one octave. However, the power spectra generally pre-
served a local maximum at CF (e.g. Fig. 6B). Com-
monly, concomitant with the decrease of BF, the power
spectra showed a broadening with increasing intensity
(Fig. 6). In contrast to the observations in the 0.5-3
kHz CF range, in all 3 fibres with a CF below (1.5 kHz,
in which a series of difference PSTHs could be deter-
mined, BF increased with intensity.

Sum of PSTHs and CAP

As an illustrative application of the empirical model,
CAPs were simulated in response to rarctaction and
condensation clicks of different intensities, Fig. 7 shows
the synthesized compound discharge latency distribu-
tions $(1), based on 4000 fibres per octave over the 0.5
o 24 kHz frequency range, with appropriate SR distri-
bution. These functions S(1) are very similar for the two
polarities, but show small intensity dependent differ-
ences ¢.g. in peak latency and rise time.
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Fig. 8A shows a representative example of round-
window recorded CAPs. The latency of the N, compo-
nent of the CAP, ty, decreased monotonically with
increasing intensity al an average rate ol 15 us/dB,
and the amplitude of N,, A, increased to 100-150
wV from threshold to 30 dB nSL. In most animals
there was a second, large amplitude increase for inten-
sities above 50 dB nSL. Below 40 dB nSL the cxperi-
mental CAPs were similar for both click polarities;
above that level, however, ty, was shorter by 0.1-0.2
ms and A was generally larger by a factor of 1.5 to 2
for rarefaction than for condensation clicks. In Fig. 8B
we show a series of model generated CAPs, based on
the 5(t) of Fig. 7. The global waveform of the simulated
CAP N, component is very similar to that of the
experimental data. The model CAPs do not show the
pronounced N, component present in the experimental
data. More detailed observation reveals that the simu-
lated N, waves are slightly broader and their onset
latencies are slightly smaller than those of the experi-
mental data.

Amplitude and latency input-output functions of
averaged experimental data and model-generated CAPs
are compared in Fig. 9. CAP latency and its inlensity
dependence are reproduced correctly by the model.
The same applies to the crossing-over of the ty, of
condensation clicks with that of rarefaction clicks at
intermediate intensity. The model predicts absolute
CAP amplitudes within the range observed in normal
animals, but it does not adequately reproduce the
increase of Ay, for intensities above 50 dB nSL, nor
the divergence of rarefaction and condensation click
amplitude curves.

Discussion

PSTHs for high-CF fibres

The PSTHs of high-CF fibres show a large dominant
peak followed by a smaller secondary peak with a delay
of about 1.0 ms, presumably reflecting repetitive dis-
charges after the refractory penod (Kiang et al., 1965;
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T i AL o 087 4 SV esas 50-60 dB above the fibre's threshold, which just corre- tion has a secondary weak resonance in a frequency
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peak between rarcfaction and condensation clicks at
high intensities will have important implications for the
click polarity dependence of the CAP N, component.

PSTHs for low-CF fibres

The click responses of low-CE fibres showed the
well-known oscillatory pattern with multiple peaks oc-
curring in the excitatory phase (e.g. Kiang et al,, 1965,
Pfeiffer and Kim, 1972). This temporal pattern primar-
ily reflects the mechanical resonance of the cochlear
filter. At low intensities the PSTH cavelope is expected
to approximate the filter envelope, but at intermediate
and high intensities it is determined to a large extent
by nonlinzarities such as saturation of the IHC trans-
duction and neural refractoriness. Concomitantly with
the increase of early interpeak intervals in the PSTHs
of very low-CF fibres (Fig. 2E), the BF of the differ-
ence PSTH power spectra deereased with increasing
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intensity for most fibres with CF between 0.5 and 3
kHz (Fig. 6), 1o a slightly larger extent than e.g. the BF
of reveor functions reported by Harrison and Evans
(1982) in the same species. Other eighth-nerve single-
fibre data pointing to a downward shifl of best fre-
quency with inereasing intensity include iso-intensity
contours in squirrel monkeys (Rose et al., 1971} and
reverse correlation functions in guinea pigs (Harrison
and Evans, 1982; Cooper, L989), rats (Maller, 1977,
1983) and cats (de Boer and de Jonghy 1978). These
observations closely correspond to nonlinear phenom-
ena observed in mechanical basilar-membrane re-
sponses to clicks of increasing intensitics: early oseilla-
tion periods increase, resulting in a net downward shift
of BE with increasing intensity (Robles et al., 1976,
squirrel monkey; Ruggero et al., 1991, chinchilla). Re-
lated cffects have been demonstrated in basilar-mem-
Brane responses to tonal stimuli by Sellick et al. (1982;
euinea pig). From these considerations we conclude
that the increase of carly PSTH interpeak intervals is
mainly caused by a downward shift of the resonance
frequency of the cochlear filter at large excursions of
the basilar membrane. The pattern in the late part of
the PSTH, however, has the same resonance frequency
and is as regular as the response pattern at low click
intensity. Note that in guinea pig the intensity depen-
dence of early inter-peak intervals in elick PSTHs is
larger than eg. in cal (cf. Kiang et al,, 1965, Antoli-
Candela and Kisng, 1978), which may be related with
the smaller intensity dependence of tuning in the latter
species (Harrison and Evans, 1982).

Latency of the PSTH

Rather than the dominant peak latency 1, the PSTH
envelope peak latency t, allows a comparison of la-
tency characteristics over the entire CF range. For all
CFs above 2 kHz t, decreased monotonically and with
similar rate with increasing intensity.

The PSTH lalency shift with intensity is presumably
due to two mechanisms. Firstly, the latency of the click
PSTH envelope will decrease because the neural exci-
tation threshold is reached in earlier cycles of the
mechanical oscillation (Maller, 1985) and refractory
effects reduce the discharge probahility in later cyeles.
Secondly, the number of cvcles in which the basilar
membrane impulse response reaches its maximum is
proportional to the tuning quality (cf. Goldstein et al,,
1971; Versnel et al, 1990) and since the latter de-
creases with intensity (Harrison and Fvans, 1982
Cooper, 1989) the latency as expressed in the number
of eycles decreases with intensity, The dependence on
CF of the latency shift is determined by two opposite
affects. On the one hand, for & sharply tuned mechani-
cal filter the impulse response will reach its maximum
after a large number of cycles (de Boer, 1979), and &
shift of the PSTH maximum over many cycles is possi-

hle with increasing intensity. Consequently, the possi-
hlc latency shift expressed in numbers of cycles will
inerease with CF, since Q ., increases with CF (Evans,
1972; Versnel et al, 1990). On the other hand, the
cycle duration decreases with CF, which makes the
absolute shift per eyele smaller for high-CF fibres.
which has an opposite effect an the latency shift, Sincﬁ
aur results on t show that latency shifts with intensity
are basically equal for libres with CF above 2 kHz we
conclude that these two opposite effects largely cancel
over that frequency range. Our data further suggest
that this conclusion can be extended to the 0,5-1 kHz
fibres for low click intensities.

_ Note that since the decrease of tuning quality with
intensity is larger in guinea pigs than in cats (Ha_rrison
and Ewvans, 1982) the above first consideration may
explain why for high-CF fibres the latency decrease in
the gpinca pig (20 wps/dB) is larger than the 5-15
ps/dB observed in the cat data of Kiang ct al. (1965)
and Antoli-Candels and Kiang (1978) or in chinchillué;
(less than 5 ps/dB; Salvi et al., 1979).

Amplitude and synchronization of the PSTH

The dynamic range of the A -intensity curves varied
from‘EU to 50 dB which is similar to that for pure-tone
rate-intensity curves (Harrison, 1981 Sachs et al,, 1989;
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Winter et al., 1990). Systematic variations of slopes
with SR as reported for such static rate-intensity curves
(Sachs et al. 1989; Winter et al., 1990) were not found.
Tn the context of the empirical CAP model it is impor-
tant to note that the high-CF fibres have shallower
slopes of the A p-intensity curves and lower maximum
A values than low-CF fibres, presumably due to the
relatively small synchronization of the dominant PSTH
peaks,

Vartations of P-parameters with SR

For various reasons it is plausible that a lower SR
corresponds to a lower effective input intensity as was
suggested in the presentation of Fig. 2C,D. Firstly, the
threshold at CF is inversely correlated with SR (Liber-
man, 1978; Schmiedt, 1989; Winter et al,, 1990; Ver-
snel et al., 1990). Secondly, PSTH latency versus inten-
sity curves run parallel for the three SR groups (Figs. 3
and 5) in a way that is consistent with results reported
for a single click level in cats (Kim and Molnar, 1979;
Wang, 1979) and guinea pigs (Versnel et al,, 1990) and
for tone bursts in cats (Rhode and Smith, 1985).
Thirdly, the A .-intensity curves of the three SR groups
are shifted along the intensity axis with similar initial
slopes (Fig. 3). From a comparison of threshold differ-
ences and shifts along the intensity axis of latency and
amplitude input-output curves we conclude that the
PSTH parameters tp and A, show a virtwally identical
variation with click intensity for all fibres if for low-
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and medium-SR fibres the click level is corrected ac-
cording to their average threshold difference as com-
pared to high-SR fibres.

Sum of PSTHs and CAPs

We have formulated a simple empirical convolution
madel for the CAP (Egn, (1)) that is fully based on
experimental single-fibre data. The model was based
on experimental data of P-parameters available up to
50-60 dB nSL and extrapolated to 70 dB nSL. Cochlear
mechanisms that are explicitly or implicitly included in
the response behaviour, as reflected by the P-parame-
ters, concern intensity dependent tuning (tp shift),
synaptic mechanisms (SR dependence), IHC saturation
and necural refractoriness (t, shift and limited range
for A, increase). The main simplification of the model
concerns the omission of other peaks of the PSTH than
the dominant one. In the following discussion we will
assume that the unit response (UR) was realistically
chosen, and therefore that the extent of agreement of
the synthesized with the experimental CAPs is fully
accounted for by the PSTH model.

The synthetic CAPs (Figs. 8 and 9) agree with the
experimental CAP data in many relevant aspects. The
match of absolute amplitudes indicates that (the prod-
uct of) the estimate of the number of contributing
fibres (4000 per octave) and the amplitude of the unit
response were tealistically chosen. Note that in con-
trast to other model studies (Elberling, 1976; Bappert
et al., 1980; Dolan et al,, 1983), but in analogy to Wang
(1979), this result was obtained without any a priori
matching of model parameters to the CAP amplitude,
Also the CAP latency behaviour is correctly repro-
duced by the model (Fig. 9).

Deviations betwesen synthetic and experimental
CAPs such as small differences in the width of the N,
peak and its onset latency are due to various simplifica-
tions in the model. The poor prediction of the CAP
amplitude increase for intensities above 50 dB nSL,
also observed by de Boer (1975) in his CAP simulations
for tone burst stimuli, and the lack of a divergence of
the rarefaction and condensation click amplitude curves
at high levels, may partly be caused by an incorrect
modelling of the response of the fibres with CF above
12 kHz. In view of the click spectrum it is plausible
that these fibres respond only to low-frequency compo-
nents of the click activating their FTC-tail segment
[Antoli-Candela and Kiang, 1978; Prijs et al., 1990},
and that therefore their thresholds should have been
taken at an equal (tail) level rather than monotonically
increasing with CF (step v of the model), which would
have resulled in a much steeper increase of Ay, at
high intensities. Since such tail responses strongly de-
pend on the polarity of the click (cf. Fig. 2A) an
increased click polarity dependence of the CAP ampli-
tude is then expected as well, Note that the incorpora-

tion in the model of higher thresholds for low-SR
fibres in the model, which implies that their dynamic
range shifts to higher intensities, appears not to pro-
vide a sufficient basis for a large increase of CAP
amplitude at high intensities,

The unrealistic reproduction of the N, component is
primarily due to the omission of secandary peaks in the
PSTHs of the high-CF fibres, which appear at a similar
time interval after the first peak as the N,-N| interval
(about 1 ms) (Ozdamar and Dallos, 1978, Dolan et al.,
1983). Additional contributions to the N, from the
cochlear nucleus cannot fully be excluded (Mpller and
Jannetta, 1985}, but in our view these are unlikely since
basically all available unit response data lack an evi-
dent N, component (Kiang et al, 1976; Prijs, 1986;
Charlet de Sauvage et al., 1983; Versnel et al., 1992).

Further exploration of the above discussed aspects
and application of the model for the interpretation of
click CAPs in noise-damaged cochleas will be the sub-
ject of forthcoming studies.

Appendix

In this Appendix details of the phenomenological
CAP model are given. The quantitics to be described
are: 1) model PSTHs that are derived from the P-
parameters, 2) the hypothetical fibre distribution, 3)
the elemental unit response. The relevant parameters
of this model, largely based on the data of Fig. 3, are
given in Table II.

Model PSTHs P(t) were generated on the basis of
the following assumptions:

TABLE 11

FARAMETERS OF THE MODEL PSTH

Parameter Valug Lnit
e4(Ly = 45) LO7+0.06 m ms

e{Ly > 45) LO9+0,15 m ms
eslly < 45) 0.85+0.05 m

€a{Lg = 45) 0.50

€ 0.014 B!
{0 192 ms

alf, = 3) 1nn sp/s/dB
alf. > 3) 40 sp/s/dB
Lif.x® kli] dB
Lif.>3) a0 dB

K, <3) ™ {ms) ™!
bt > 3) By {ms)~!

d 50 dB/octave
.4 15 ms

8L, < 5) 26 dB

SLAS < 1y < 30) 10 dB
BLLr, > 30 /] di

Symbols are explained in the App m=1 for cond ion
clicks; m = — 1 for rarefaction clicks; L, in dB nSL; parameter values

are based on [, in kHz; r, in spikes/s.

i} The PSTH of a particular fibre consists of a single
peak that is fully determined by the P-parameters tp,
A and Sp associated with the characteristic frequency
. and spontaneous rate r, of the fibre and with the
intensity L, and polarity m of the acoustic click stimu-
lus {m =1 for condensation, m= —1 for rarefaction
click).

i) For a low-CF fibre (f, =3 kHz) P(t) is represented
by a half period of a sinusoid, the frequency of which is
chosen so as to achieve the correct value for the
parameter §p:

P(tp, Ap, Spit) = Ap cos{25,(t — tp)}
for f_= 3 kHz

with 1t — tp] < 7/(45,)

For a high-CF fibre a Gaussian probability density
function centered around t, is assumed, which is a
sir)nplificatiall (for large ) of the function g(t) of Eqn.
(3

P{te, Ap, Spit) = Ap exp{—7SE(t—1,,)’)
forf, >3 kHe

iii} The influence of spontaneous rate is incorporated
as a virtual shift of effective stimulus level L. There-
fore, L is assumed to be different for the three SR
groups: L= L, — 6L(r,). Values of 6L(r,) were derived
from CF-tone threshold differences between the three
SR groups (Versnel et al., 1990).

iv) For the description of the PSTH peak latency T, as
function of CF and SR we use a formulation that was
introduced in Versnel et al. (1990):

tp=1(E Lo, m) + to(r; Ly)

The first term, depending on CF, is presumed to ac-
count for cochlear mechanical delays, The second term,
depending on SR, is supposed to reflect synaptic and
neural conduction delays. The SR dependence is incor-
porated by defining the effective stimulus level as de-
scribed above, thus writing this term as t,(r;; L) =
t;(L). The magnitude of t,(L) was taken equal to the
PSTH onset delay for 6-12 kHz high-SR fibres for
each click intensity, which is supposed to reflect the
minimal value for this delay term. Its intensity depen-
dence is described by

t{L) = t,(0) exp( —c.L).
The term t,(f,; Ly, m) was estimated from a regression
analysis of log{ty — t,) versus log(f, ) for {, < 3 kHz and

was taken constant for f.>3 kHz, a procedure de-
scribed in detail in Versnel et al. (1990). This proce-
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dure was applied to the data for each click intensity
and each polarity separately, and led to a deseription
of the form

4 (FLgum) = oy Ly ,m)f ¥be™ far £ <3 kHz
=¢,(Ly,m)3-ctom far f > 3 kHz
{constant independent of )

It appeared that changes with intensity of t, are rela-
tively small compared to changes in 1,. Thercfore, the
constants ¢, and ¢, determining t, were pooled over
the intensity ranges above and below 45 dB nSL,
respectively. Note that the parameterization of latency
is the anly section of the model where click polarity is
explicitly accounted for. For the high-CF fibres, the
values of ¢, and ¢, derived {rom the experimental data
imply that below 45 dB t, is equal for the two click
polaritics, for click levels above 45 dB it is 0.1 ms
smaller for rarefaction than for condensation clicks,

v) The PSTH peak amplitude A, s assumed to in-
crease linearly with the effective intensity:

Af. L] =0 forl, =0
=a(f)L for0 g Ls L(E)
=a(l )L (l) lorL> L (L)

with both the increase rate a and saturation intensity
L, varving with CF.Furthermore, A, is constrained to
be smaller than 5g, since the probability of more than
one spike in a single PSTH peak is assumed to be zero.
L is the effective stimulus level (step iii above). Regard-
ing the prediction of A, we made an additional level
correction for fibres with f.> 12 kHz to account for
the steep click threshold increase (Fig. 1%

L=Ly—é&L{r,) = dzlog“r/lz}

with d: rate of threshold increase with CF in dB/oc-
tave. The frequency bound of 12 kHz rather than 9
kHz, us suggested by the click spectrum (Fig. 1), was
chosen because of the relatively low pure-tone thresh-
olds in the 9-12 kHz frequency range; click thresholds
actually started increasing al CFs higher than the cut-
off frequency in the click speetrum.

vi) Sy is assumed to be invariant with intensity. For
CFs below 1 kHz it is described according to Egn. (3),
for low CFs above 1 kHz and for high CFs two constant
values are taken that represent the experimental data:

Sp(f.a=rf, forf = 1kikz

=b(f,) forf.> 1 kHz

As the next step of the model, summation of model
PSTHs over a population of fibres is accomplished to
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simulate & compound discharge latency distribution
S(t). The fibre population is generated as follows:

vii) There are 100 CF points per octave, logarithmically
distributed. We assume that over a characteristic fre-
quency range of 10 octaves there are 2,000 inner hair
cells (Burda, 1984) each innervated by 20 afferent
fibres (Liberman, 1980). Accordingly, we assume 4{
afferent fibres per diserete CF point. For the composi-
tion of Sit) the CF range is limited from 0.5 to 24 kHz,
viil} The 40 fibres per CF point are subdivided in high-,
medium- and low-SR fibres according to the ratio
25:9:6 (Versnel ct al., 1990).

ix) A variability between latencies of different fibres of
similar CF and SR is simulated using a Gaussian
latency spread with standard deviation o, chosen on
the basis of standard deviations of t, for high-CF
fibres.

The model PSTHs P(1) of the contributing fibres are
added and their sum S(t) is convolved with an elemen-
tul unit response (UR) according to Eqn. (1).

%) The UR is defined on the basis of averaged experi-
mental UR data (Versnel et al., 1992):

U(t) = Un/on(t— 1) CKD{% =ES 10}2/20;:"}
fori<t,

U(t) = Up/aplt—tg) exp{d— (t—1,)"/208)
fortz t,

with the parameter values: t, = —0.06 ms. U, =0.12
gV, oy =012 ms, Up=0.09 gV and o, =0.16 ms,
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Chapter IV

Round-window recorded potential
of single-fibre discharge (unit response)
in normal and noise-damaged cochleas

Huib Versnel, Vera F. Prijs and Ruurd Schoonhoven

Summary

Unit responses (URs) of eighth-nerve fibres have been determined at the round
window by spike-triggered averaging in both normal and pathological guinea pig
cochleas. The pathology was mainly noise-induced damage. The URs have been
analysed with respect to their dependence on the fibre’s threshold, characteristic
frequency (CF) and spontaneous rate (SR). The results from normal cochleas confirmed
earlier data (Prijs, 1986): the UR has a diphasic waveform and the amplitude of its
negative first peak is about 0.1 uV. From the six parameters (amplitude, latency, and
width of the two peaks) by which the UR was described only the amplitude of the
positive peak showed a significant variation with CF: a small decrease with increasing
CF (CF-range 0.1 to 20 kHz). This finding may possibly be caused by oscillations in
the spike-triggered average for low CFs, URs for most low- and medium-SR. fibres were
found to be large (greater than 0.3 puV). However, this result is interpreted as an artefact
caused by synchrony of fibre spontaneous activity. In damaged cochleas only slight
changes of the UR were found: the waveform duration became significantly shorter and
on some occasions the positive peak increased in amplitude, but latency and amplitude
of the negative component of the UR remained unchanged.

Key words: Unit response; Noise trauma; Single fibre; Guinea pig
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Round-window recorded potential of single-fibre discharge
(unit response) in normal and noise-damaged cochleas
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Unit responses (URsh of eighth-nerve fibres have been determined at the round window by spike-triggered averaging in both normal and
pathological guinea pig cochleas, The pathology was mainly noise-induced damage. The URs have been analysed with respect to their
dependence on the fibre's threshold, characteristic frequency (OF) and spontaneous rate (SR). The results from normal cochleas confirmed
earlier data (Prijs, 1980% the UR hus a diphasic waveform and the amplitude of its negative first peak is about 0.1 wV, From the six paramerers
(amplitude, latency, and width of the two peaks) by which the LR wos deseribed only the amplimde of the positive peak showed a significant
variation with CF: a small decrease with increazing CF {(CF-range 0.1 to 20 kHz). This finding mav possibly be caused by oscillutions in the
spike-trigpered average for low Chs. URs for most low- and medium-5R fibres were found to be large (greater than 0.3 0V, However, this result
is interpreted as an artefact caused by synchrony of fibre spontaneous activity. In damaged cochleas only slight changes of the UR were found:
the waveform duration beeame significamly shorter and on some oceasions the positive peak increased in amplinode, but lstency and amplitnde

af the negative component of the TIR remained uachanged.

Unit response; Moise travma; Single fibre;, Guinea pig

Introduction

Cachlear function in human subjects or animals can
be assessed by measuring the compound action poten-
tial (CAF) as recorded by electrocochleography. In
order to provide a rational basis for the use of the CAP
as a diagnostic tool many studies have investigated the
mechanism of generation of the CAP (Goldstein and
Kiang, 1958; Biondi et al,, 1975: de Boer, 1975; Kiang
et al., 1976; Hoke et al, 1979, Wang, 1979; Prijs and
Eggermont, 1981, Dolan et al., 1983; Charlet de
Sauvage et al., 1987). As formulated by Goldstein and
Kiang (1958), the CAP can be conceived as resulting
from a convolution of a discharge probability distribu-
tion function across all fibres in the auditory nerve and
a unit response (UR). In this formulation the unit
response, being the contribution of one nerve fibre
action potential to the CAP, is assumed to be invariant
across fibres i.e, invariant with characteristic frequency
(CF) and spontancous rate (SR) of the fibres.

In many simulations of the compound action poten-
tial some diphasic UR was proposed (Biondi et al,,
1975; de Boer, 1975; Dolan et al., 1983). From experi-
mental data UR can be estimated either directly (Kiang
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et al.,, 1976; Wang, 1979; Prijs, 1986, Evans, 1987) or
indirectly (Hoke et al., 1979; Charlet de Sauvage, 1983).
From CAFP simulations using different UR estimations
it appeared that the exact shape of the waveform of the
UR is guite eritical for the convolution resuli (Hoke et
al., 1979; Schoonhoven et al,, 1989), and therefore the
estimate of the UR should represent the actual UR as
closely as possible.

There have only been a few experimental estimates
of the UR. These estimates have been determined
directly by spike-trigeered averaging of the round win-
dow potential (in cats: Kiang et al., 1976; Wang, 1979;
Evang, 1987; in guinea pigs: Prijs, 1986) or indirectly by
acoustical masking of the whole-nerve response to
electrical stimulation (in guinea pigs: Charlet de
Sauvage et al.,, 1983) or acoustical stimulation (in hu-
mans: Hoke et al,, 1979 For the normal cochlea the
directly obtained experimental results revealed a
diphasic UR waveform, almost independent of the
fibre’s CF (Wang, 1979; Prijs, 1986} or fibre's SR
(Wang, 1979) and a larger inter-animal than intra-
animal variation. Stretching of the nerve induced a
change of the UR for some fibres (Prijs, 1986).

We present a study on the influence of cochlear
damage on the UR. In addition, we cxtensively cxam-
ined the (inlvariance of the UR with CF and SR in the
guinea pig. Cochlear pathology was induced experi-
mentally by exposure to loud sound. Our determina-

tion of the contribution of a single-fibre discharge to
the potential at the round window was performed using
the spike-triggered averaging method of Kiang et al.
(1976). This method yields a unil response under the
assumption that the firings of the individual fibres are
independent. Violation of this assumption was found
for very sensitive fibres (Evans. 1987) and explained by
synchronization of discharges to animal-generated or
external noise. Results in this study indicate that this
assumption can also be violated for low and medium
SR fibres (SR below 30 spikes /5).

In order to study the dependence of the UR on CF,
SR and hearing threshold, we define six parameters of
the UR: the latency, amplitude and width of the nega-
tive first phase and of the positive second phase of the
UR. For the benefit of mathematical CAP analyses an
elemental unit response, representing the invariant UR,
is proposed on the basis of individual URs.

Methods

Physiological experiments

Acute experiments were performed on 20 healthy,
female, albino guinea pigs weighing 200 — 800 g Nine
of these had normal hearing. Seven guinea pigs had
been exposed under anaesthesia to a tone of 6 kHz and
121-123 dB SPL for 2 h in a closed sound box with
loud speaker (Fane type Classic 10-125T}. Four others
had been exposed to a tone in the range 1.4-1.7 kHz
and 112-122 dB SPL, also for 2 h. Single-fibre experi-
ments were performed on the noise-exposed animals
after a survival time of 14-123 days.

Details of the animal preparation and of the equip-
ment for sound stimulation and signal recording have
been described in a previous paper (Versnel et al.
1990), The main points of the methods are given briefly
here, ;

Premedication consisted of atropine sulphate (23
g /kg) and Thalamonal (1.6 cc/kg) and anaesthesia
was obtained with Nembutal® (27 mg /kg). A silver ball
electrode was positioned on the round window for the
whole-nerve and unit-response recordings. The CAP
threshold audiogram, which was used to assess the
condition of the cochlea (Versnel et al, 1990), was
determined using tone bursts of 4 ms plateau and 2
cycles rise/fall time. The cochlear nerve was ap-
proached intracranially (Evans, 1979). During the ex-
posure of the auditory nerve the condition of the
cochlea was checked by monitoring the CAP N, and
N,. Single-fibre responses were recorded using mi-
cropipettes filled with 27 M KCl or 0.5 M KCl /0.1 M
TRIS bufler.

The frequency and intensity of the stimuli were
controlled by a DEC PDP 11,10 computer. connected
to an oseillator (Krohn-Hite 4140R) und programmable

attenuators (Grason-Stadler model 1284). Single-fibre
signals were stored on magnetic tape (datarecorder
TEAC XR-510WB, recording bandwidth 0-6.25 kHz)
and also led to the PDP-11/10 via a spike discrimina-
tor (Mentor N-750), The simultancously generated
round-window signals werc amplified (5,000 x -25,000
® ) and stored on tape,

Alter contacting a fibre, a [requency threshold curve
(FTC), using a threshold tracking algorithm (Evans,
1979}, and its SR were first determined. The unit
response dt the round window was recovered by spike-
tripgered averaging (Kiang et al,, 1976), i.e. the spike
recorded with the microelectrode served as trigger for
averaging of the round-window potential registered
with the gross electrode. The trigger pulses to the
computer were generated by the spike discriminator,
initiated when the leading phase of the spike crossed a
preset voltage value. The time window of analysis ex-
tended 2 ms both before and after the trigger, consist-
ing of 200 sample points. The number of triggers
(indicated by K) was usually of the order of 10,000,
which were required 10 obtain a sufficient signal-to-
noise ratio; occasionally, fewer spikes were sufficient.
The URs were derived on-line as well as off-line from
the signal on tape. For the on-line derivations of the
URs we used continuous spontaneous activity, For the
off-line derivations we not only used sections of tape
corresponding to the on-line determination, but also
the periods between successive stimuli (here: elicks; el
Versnel et al, 1992). The analysis periods were sepa-
rated from those in which spike times were correlated
with the stimulus by excluding time windows, 10 ms
after the stimulus trigger for high-CF fibres (CFs above
3 kHz) and 20-30 ms for low-CF fibres, Most round-
window signals from tape were high-pass filtered (cut-
oft frequency 170 Hz) in order to eliminate slow poten-
tial components.

Data analysis

As parameters of the UR we used the latencies 7,
and 7p, the amplitudes Uy and Uy, and measures of
widths oy and op, of the negative (N) and positive (P)
wave peaks of the UR. The two lalency parameters
were referred to the spike-trigeer. The latencies and
amplitudes were visually determined using a com-
puter-terminal cursor; slight smoothing was sometimes
applied to noisy signals, The width parameters were
derived by a least-squares fitting procedure (Bevington,
1969). The function used in this fitting procedure was
the negative of the first derivative ol an asymmetrical
distribution function, constructed from two Gaussian
distribution functions, with different amplitudes and
standard deviations (Schoonhoven et al., 1989).

The titting function. denoted as G(i), is defined by:

G(1) = e(t = ty) expf—(t—t5)" /202} (1
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with
c=¢, and o=gy fort<t
e=c; and eo=gp fortz=t,

The function G{t} contains five fit parameters, Two of
these, the standard deviations o and o, serve as
measures of peak width, Parameters ¢y p are related
to Upgp, s follows: ey py = Ve Uy /oy ty i related
10 7yypy aCCOTding 108 oy py = |7y — ty |, for a proper
fit oy + o, should equal 7, — 7.

The fibres were divided into low-threshold (normal)
and high-threshold (abnormal) fibres. Fibres with a
threshold at CF raised by more than 2 8.D. from the
mean values in an extensive sample of normal-hearing
guinea pigs {(see Fig. 1 in Versnel et al, 1990) were
considered abnormal. In order to analyse the depen-
dence of the UR on cochlear condition, we distin-
guished three groups of URs, denoted by Roman nu-
merals: URs of low-threshold fibres in normal-hearing
animals (group 1). URs of low-threshold fibres from
hearing-impaired animals (group I} and URs of high-
threshold fibres from hearing-impaired animals {(group
1), In analysing the possible relation of UR with SR,
we distinguished, as usual, three SR groups: low,
medium and high SR, with boundaries 5 and 30 sp/s
chosen according to Versnel et al. (1990).

Results

Unit responses were recorded in 20 guinea pigs;
data with an insufficient signal-to-noise ratio, accord-
ing to criteria given below, were left out from further
analysis. The properties of the unit responses as de-
seribed in this study are based on qualified UR esti-
mates from 114 fibres. In 9 normal-hearing animals we
determined unit responses for 20 fibres on-line, By
ofl-line analysis of the tape recordings this number was
extended to 33, All fibres of this group (group [} had
normal thresholds. In 11 hearing-impaired guinea pigs
we determined URs on-line for 30 fibres which by
off-line analysis was extended to 81 fibres. From these
81 fibres 35 had a normal threshold (group 11) and 46
had a raised threshold (group TTT). All determinations
of URs presented here were based on spontaneous
discharges. For some low- or medium-SR fibres we
tried to recover a unit response by enhancing the spike
rate with & CF tone above threshold, However, these
attempts did not succeed since large cochlear micro-
phonics in the averaged round-window potential ex-
ceeded the single-fibre response, irrespective of the
fibre’s CF. As a consequence, a UR could only be
determined for lew low- or medium-5R fibres; remark-
ably, in these cases a low number of averages (of the
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Figg, 1. Unit responses determined on-line (A and off-line (B-C), and
curves fitted to the URs, The finted curves (dotted lines) are de-
seribed by Egn. (1) The abscissa zero corresponds Lo the spike-tri-
gzer time. Mumbers of spikes used for the averaging (K) are indi-
cated in the plot. (A} UR determined on-line. (B) UR determined
off-ling from the tape-recording track that corresponds to the on-line
determined UR. (C) UR determined off-line by using sections of the
tape recording between click presentations,

order of 1,000) appeared to be sufficient to obtain a
fair signal-to-noise¢ ratio. Furthermore, for low-CF fi-
bres we sometimes observed oscillations which dis-
turbed the LR waveform to some degree.

Fig. 1 shows three representative UR estimations
for ane fibre, The first trace (Fig. 1A) shows the
on-line response, the other two (Figs. 1B, C) show
off-line responses determined from different sections
of tape. Trace B represents the off-line UR deter-
mined from the tape recordings of the on-line re-
sponses used for the UR in trace A. It appeared that
the two UR estimations were similar over the whole
time window. The absence of high-frequency compo-
nents in the off-line signal was due to the limited
recording bandwidth {see methods section). The off-line
response in trace C, representing the response from
inter-stimulus periods, was similar to the other two UR
estimations (1A and 1B) with respect to the two main
aspects: the diphasic wavelorm and the magnitude, On
the whole, comparison of the UR parameters for the
three different UR estimations showed that there were
no significant differences between on-line and off-line
recording results. In our further analysis we mainly
deal with the off-line determined URs.

The function Git) (sce Eqn. (1)) was fitted to each
spike-triggered average that we collecled, For averages
with a fair signal-te-noise ratio (i.e. a ratio greater than
3) satisfactory curve fits could be obtained. A low
signal-to-noise ratio was found in cases in which a
small number (K) of spikes was available for the aver-
aging process or in which the guinea pig was relatively
unstable (¢.g. due to extensive respiratory movements).

Fig. | shows examples of the fitting procedure (dotted
lines). It can be seen that these functions agreed well
with the URs, in particular with the negative compo-
nents. If the fitted function deviated markedly, as
judged by eye, the UR estimates were excluded from
further analysis. This exclusion affected 22% of the
total amount of averages determined with K z 10,000
and 45% of those determined with K < 10,000. For
high CFs, where oscillations in the spike-triggered av-
erage did not occur, these numbers were more
favourable.

Fig. 2 shows examples of URs for different fibres in
the normal hearing guinea pig GP117. Most URs had
negative peak amplitudes of about 0.1 V. Examples of
this UR group are plotted in the left panel (Fig, 24),
showing a better signal-lo-noise ratio when K was
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larger. URs of this group clearly show a diphasic
waveform; small extra peaks which could poinl to an-
other waveform are not reproducible. In some low-CF
fibres we observed oscillatory patterns (e.g. URs of
units 8 and 12 shown in Fig. 2A). Under the assump-
tion that similar URs reflected estimates of one fibre-
independent UR, they were averaged in order to ob-
tain an animal-specific UR with a better signal-to-noise
ratio. For GP117 this grand average, weighted accord-
ing to the numbers K involved in the averaging of the
individual URs, is shown in the bottom panel of Fig,
2A.

As shown in Fig. 2B and C some fibres had UR
negative peak amplitudes (0.3 to 2.5 pV) which were
considerably larger than 0.1 pV. Large URs were par-
ticularly prevalent for high-SR fibres with very low
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Fig. 2. URs determined in one normal guinea pig. K is the number of spikes used for the averaging. (A) Normal URs, The signal plotted at the
bottom reflects the grand average, weigthed according to numbers K, of the 7 above-plotted URs. The dotted line represents the fitted curve, (B)
Large URs of high-SR fibres. (C) Large URs of low- and medium-SR fibres.
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thresholds, but large URs were also found for low- or
medium-SR fibres with normal threshold.

Fig. 3 shows examples of URs of two high-threshold
fibres (group 1LI) from acoustically traumatized ani-
mals. The tips of the associated frequency threshold
curves (FTC) were elevated by 40-60 dB relative to the
normal fibre’s thresholds (15 + 11 dB SPL, Versnel et
al., 1990). The UR plotted in the left panel (Fig. 3A)
resembled normal URs of normal guinea pigs (as, for
example, in Fig. 2A) it had similar delay, amplitude
and (diphasic) waveform. The UR shown in the right
panel (Fig. 3B} had a normal negative component, but
its peak-to-peak ratio was larger than normal: U, /Uy
was 1.3 where it is normally smaller than 1. In addition,
its waveform had a triphasic character.

In the following scctions we first deseribe the URs
from the normal-threshold fibres (groups T and 1), ie.
fibres from normal hearing animals (group 1) and fibres
with normal threshold in animals with noise trauma
(group TII). Subsequently, the URs [or the high-
threshold fibres from the noise-damaged cochleas are
presented (group II1}. Due to the frequencies of the
damaging sound (in most experiments 6 kHz), in group
I1I high CFs were better represented than low CFs,

UR in nonmal-threshold fibves: refationship with CF

In Fig. 4 the distributions of latency (7, ), amplitude
(Uy) and width (&) of the negative phase of UR are
shown in relation to CF. For the normal fibres (I and
1) these parameters did not vary significantly with CF.
From the corresponding positive-pcak parameters (1,
U, and o) only the amplitude showed a significant
variation with CF (Fig. 5, groups I and I1); Uy de-
creased slightly but significantly with CF.

UR in normai-threshold fibres: relationship with SR

We could colleet only few data for low- and
medium-SR fibres, so these data have to be interpretad
with caution. Clear UR responses could be obtained
with a small number of spike-triggered averages, typi-
cally K < 1,000. We verified that for a high-SR fibre
which had a representative UR when K was large, the
average using 4 small K did not yield a discernable
UR.

Medium- and low- SR fibres (denoted with triangles
and asterisks, respectively in Figs. 4 and 5) had very
large amplitudes more frequently than high- SR fibres:
while very large URs (Uy > 0.3 uV) were found in 3
out of 53 high-SR fibres, 2 out of 7 medium and 7 out
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of 8 low-SR fibres gave large URs. Moreover, in high-
SR fibres these large URs were only found when their
threshold was very low (below 10 dB SPL). Extremely
large URs, with Uy above 1.0 4V, were found for four
low-SR fibres. On the average the widths oy and o
and the latency t were larger when the amplitude
was larger. We checked that the large waveforms were
present in all sections of the recordings and were
detectable with a K value of about 100,

UR in normal-threshold fibres: overview of normal pa-
rameter valtes

For most fibres 7, was —0.25 to —0.15 ms, the
amplitude Uy was in the range of 0.1 to 0.2 uV, and
the width o was between 0.05 and 0.15 ms. The
positive peak had a latency between —(.1 and (.1 ms
for the majority of the fibres. The amplitude Uy was of
the order of 0.1 wV, as was Uy. The positive UR peak
was broader than the negative one; op varied from
0.05 to 0.3 ms.

MUMEER OF UNITS
NURNBER OF URITE
——

NURDER OF UNITS
MUMBER OF LNITS
t

Distribution histograms of the parameters were con-
structed (Figs. 6 and 7) for the high-SR fibres, ar-
ranged according to the three different fibre groups.
Peaks with extreme values (Uy > 0.6 pV; 7y < —0.6
ms; o, > 1 ms) were excluded for the sake of clarity.

UR in normal-threshold fibres: elemental UR waveform
for CAP simulation

We used the function G(t) to describe an elemental
UR-waveform for normal guinea-pig fibres. Its para-
meters were chosen on the basis of average values as
presented in Tables T and IT. The data used here are
restricted to peaks with Uy, < 0.3 wV for high-SR fibres
and Uy < 0.5 gV for low- and medium-SR fibres in
order to exclude extreme values. The width parameters
were slightly corrected to account for 7, — 1y =
—0.06 ms, Uy = 012 pV, oy = 0.12 ms, U, = 0.09 pV
and o, =0.16 ms. The resulting model UR is pre-
sented in Fig. &.
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LATENCY, AMPLITUDE AND WIDTH OF NEGATIVE COMPONENT OF UNIT RESPONSE

SR T 5.0, Uy S.D. Ty S.D. N
Group 1 N

= 3spss =118 1.406 0.13 .06 15 0. 24
S5-30sp /s — 1148 {[R124 LR I (.01 i 013 2
< San/s - 048 .08 0,39 .40 34 004 2
Group 11

=30sp /s —-0.21 L.07 012 .06 0.15 .11 26
5-3lsp/s —0.34 012 014 .0z 017 a7 3
< 5sp/5 -10.27 (.07 0.32 0. 018 0.03 2
Group 111

= 3spys — {17 {1.08 012 0.05 {1AT1] 0.04 kH
5-30spss —0.18 {108 0.23 0.10 012 0.03

< ¥spss - - - -

Parameters of the negative UR component for fibres in normal-hearing guines pigs {group 1), and for fibres with normal thresholds {group 10}

and with abnormal thresholds (zroup 11D in hearing-impaired puinea pigs. Only URs with Ty between — 0.6 and 0.1 ms and with Uy, below 0.3
#¥ for 0.5 ¥ for low,/medium-SR fibres) are considered. Lateney ry, and measure of widih oy ate given in ms, Amplitude Uy is given in gV,
S.D.: standard deviation; N: number of filbres, o I
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Fig. # Muodel unit response according to the funcrion Gl = cli—
tadexpt —Cl— 12 /20 with e = ¢y and ¢ = oy fort< tgunde =cy
and ¢ =op for t 2ty (Egn. {11% Paramelen ¢yp are related Lo
Uy 85 Follows: €y = \«‘rewU;,-I[.,_.fu\Alpl; 1y Is refated 1o 7y accord-
ing to: tg= 7y oy Parameters were ¢hoscn on the basis of the
experimental data (Tables 1 and 11X 7y = —0.18 ms, Uy =0.12 pV,
oy =012 ms, Up = (.09 ¢V, op = (116 ms. Note that the integral of
the UR equals zero because Uyery = Upap.

LiR in high-threshold fibres

For the high-threshold fibres none of the six para-
meters varied significantly with CF (Figs. 4 and 5L The
UR of those fibres showed minor deviations from
normal. After a more close inspection the following
delails are to be mentioned. The distributions of 7y,
U, and ¢y had similar modal values for normal and
pathological fibres, On the average the negative UR
peak was narrower for pathological than for normal
fibres, but the modal value of oy was not shifted, The
ay, distributions of the normal [ibres had a larger
spread toward higher values.

For pathological fibres rp was significantly shorter
{by 0.1 ms) than for normal fibres (Fig. 7). The 7
distributions of the normal fibres showed more spread
than those of the pathological ones. The distribution

TABLE 11

histograms (Fig. 7B) showed a significantly larger modal
value of U, for the pathological than for the normal
fibres. However, the difference was smaller and not
significant (P > (LUS), if Ups were compared only be-
tween group I and I, Le. within the same group of
hearing-impaired animals. The modal values of o,
were smaller for pathological than for normal fibres.
As was also found for o, the spread of the distribu-
tion was larger for the normal than for the pathological
fibres. The peak-to-peak time, 7p-7y OF oy +op, Was
significantly shorter (about 0.1 ms) for pathelogical
than for normal fibres. As far as could be tested (in
high-SR fibres of group 111} the minor deviations of
UR from normal were not correlated with the thresh-
old Jevel.

Tnier-animal variation of UR

The spread of the distributions of the pooled data
[Figs. 4 — 7) was larger than that of data from within
one animal, Standard deviations differed hy & factor
1.2-1.7. Other examples of inter-animal variation are
shown in Fig. 9 where grand averages of URs, for
normal-hearing animals (panels A-Cy and for neise-
treated animals are plotted (panels D-F). The grand
averages of the animals GP110 and GP131 (panels
D-F) were similar for group I (normal threshold) and
group 11T (high-threshold) fibres. Tt ean be seen that
the negative peaks of all grand averages were similar,
while their positive peaks differed. Each grand average
is accompanicd by two click-evoked CAPs, one before
exposure of the eighth nerve and one during single-fibre
measurements (Fig. 9), in order to indicate whether the
condition of the nerve had changed. According to cur
observations, a little stretching of the nerve that may
accur accidentally during exposure of the nerve causes

LATENCY, AMPLITUDE AND WIDTH OF POSITIVE COMPONENT OF UNTT RESPDNSE

SR T s.D. U, s.D. an 5.0, N
Group |

=30sp /s 10 (.21 (7 Q.04 014 14 21
5-30ap /s 010 0413 0.6 |
<Ssp/s 003 .03 041 1105 0.45 0.04 2
Group 1T

230 spss (R} 018 a1 [IXE .23 2 23
5-3 sprs 003 .00 on7 n.06 .23 0.02 3
<5sp/s 1z (.08 0.0 0.09 a.21 009 1
Group 111

=30 5p s — (L0 010 0.11 noT {1L.15 LA 38
5-30sp/s 0.0 0,12 11 [LRVES Q.10 nn2 3
< 5sp/s - - - - - - -

Parameters for the positive component corresponding to the same URs as represented in Table [, apart from URs of which oy could not be
determined by corve fitting. Latency 71 and messure of width op are given in ms. Amplitude Up is given in uv. SD.: standard deviation: N:
number of fibres, * Significant correlation (P < 0.05) of Uy with CF for normal fibres (= =035, N =44),
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Fig. 9. The grand averages of URs in one animal (bottom part) and condensation-click CAPs in the same animal (upper part), The dashed and
solid lines refer Lo pre- and post-nerve-sxposure CAPs respectively. Click intensities pre- and post-exposure were, 1espectively (A, (B) 51 dB nSL
bath, (C) 5 and 15 dB nSL, (D), (E) 15 and 31 dB nSL, (F) 15 and 51 dB nSL. K is the number of spikes used for the averaging. The time scale is
relerred (o the spike-trigger. (A-C) URs of fibres of normal-hearing animals (group [}, grand averages ol 2. 3 and 7 single fibre’s URs
respectively. (D-F) URs of high-threshold filires of hearing-impaired guinea pigs (group 111), averaged for 3, 4 and 7 fibres respectively. In panzls
E and F grand averages of the same animal (GPL31)Y are given; (E] corresponds 10 the cochlear condition in the heginning of the single-fibre
measurements; (F} corresponds 1o the final eondition, which is altered in comparison 1o the initial condition, note that the click m!un:.f.ily was
increased by 20 dB to reach a similar CAP amplitude,

a reduction of the N, component of the CAP, while
the M, component remains intact, Therefore, we apply
the N,-N, ratio, which does not vary notably with
intensity, as an indicator of the nerve condition. Con-
sidering the normal-hearing animals, one finds that a
CAP with a reduced N, component is accompanied by
a UR without or with only a small positive peak (Fig,
9B).

During the experiment on animal GP131 the
cochlear condition suddenly declined considerably (due
to respiratory depression), which was indicated by a
threshold shift of 15 — 25 dB over the entire frequency
range. The UR grand averages, before and after the
cochlear alteration, were very similar (see Figs. 9E, F).

Discussion

The experiments demonstrated that for most high-
SR fibres in the guinea pig the assumption of
independence of the firings of the individual fibres is
not violated. For those fibres the spike-trigeered aver-

aging method yields good estimates of unit responses
(URs) at the round window (Kiang et al,, 1976; Wang,
1979; Prijs, 1986). In addition, we have demonstrated
that spikes that occur in periods between successive
acoustic-stimulus presentations can be used to deter-
mine a UR signal, if the spikes that directly follow the
stimulus are excluded from the averaging procedure
(see Fig. 1). Apparently, the fibres do nol respond
synchronously with other fibres 10 — 30 ms after a dick
stimulus, although there is an indirect influgnce of the
stimulus via adaptation (cf. Prijs and Eggermont, 1980).
The possibility of using silent periods between stimuli
offers the opportunity to determine a UR, from spikes
recorded for another purpose, without spending extra
recording time. The mathematical function Git) of
Eaqn. (1) appears to be appropriate to describe a UR
and it could be applied to determine measures for the
width of the UR components, namely o, and o} (see
Egn. (1)),

The signal-to-noise ratio was mostly larger for those
URs that were determined with a large number ¥ of
spike triggers. This supports the assumption that the
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noise component is not correlated with the fibre dis-
charges (Kiang et al., 1976) and thus decrcases with VK ,
Consequently, the signal-to-noise ratio could be im-
proved by averaging over a group of fibres that had
similar URs. Aparl {rom noise in the round-window
potential, noise in the spike signal will lead to jitter in
trigger times, which we estimate to be in the order of
(.05 ms. This trizgger noise may result in a slight overes-
timation of the width and an underestimation of the
amplitudes of UR.

On the assumption that a fibre is infinitely long and
lies in an infinite homogeneous medium, valume con-
ductor theory predicts that a fibre's discharge causes in
the surrcunding medium a triphasic potential wave-
form with integral equal to zera {Lorente de Né, 1947,
Heringa et al., 1989). If such a waveform is recorded
close to the site of spike initiation, which is approxi-
mately the case for a UR recording at the round
window, then, the waveform will be diphasic (Lorente
de No, 1947; Gydikov and Trayanova, 1986) and this is
what we found for most URs. For normal nerve condi-
tioms we found that the integral of the UR was approx-
imately equal to zero (cf. Fig. 8), which is, however, not
a necessary condition for a bounded complex volume
conductor (Heringa el al, 1989; Schoonhoven and
Stegeman, 1991).

UR in normal-threshold fibres: relationship with CF

Inter-animal differences were larger than intra-
animal differences, which was alse found in other
studies (Wang, 1979; Prijs, 1986). Despite this we de-
cided to pool the data for the analysis of CF- and
SR-variations of the UR parameters.

The parameters of the negative UR component did
not vary with CF, which confirms earlier results of Prijs
{1986), who reported values of 7y and Uy, For an
extensive data set Wang (1979) found similar results in
cats, except for a strong increase of the latency (|74 [}
with CF for CIs above 12 kHez. Our results, together
with those of Prijs (1986), which cover largely the range
above 10 kHz, unambiguously contradict such a CF
variation in the guines pig. Although one is tempted to
look for morphological causes of this species differ-
ence, the morphometry data available (Liberman and
OQliver, 1984; Brown, 1987) do not provide a simple
explanation.

The values we found for Uy, agree with the value of
010 4005 uV reported by Prijs (1986). The URs in
guinea pigs appeared to have a similar size as in cats:
the peak-to-pcak amplitude Uy + Up (0.21 pV) is simi-
lar to the average value of .24 gV reported for cats
(Wang, 1979). While for low-threshold fibres Uy, was
CF invariant, we found that U, slightly decreased with
CF. Possibly the relatively low signal-to-noise ralio that
we observed in some low-CF fibres due o oscillatory
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patterns (e.g. shown in Fig. 2A) may have led to
artificially larger values of Up for those fibres. Oscilla-
tory wavelorms were also reported by Kiang et al
(1976) and Wang (1979). They separated the diphasic
URs from the oscillation and for the thus obtained
URs they did not find a variation of U, with CF.

In our data, the positive peak was found to be
somewhat smaller and broader than the negative peak,
which was also found in other experimental data (Wang,
1979 Charlet de Sauvage et al, 1983). The peak-to-
peak time as determined visually, 7p — 7y, was (.06-
0.10 ms shorter than that derermined by the curve
fitting procedure, oy + op (see Tahles I, 1D, while they
had to be equal according to Eqn. (1), Probably, for a
number of URs ¢, was over-estimated by imperfect
fitting to the positive UR component, such as is illus-
trated in Fig. 1A and indicated in the distribution
histogram (Fig. 7C). The peak-to-peak time 7, —17y
was about (.30 ms, which is similar with that reported
for cats (0.26 ms; Wang, 1979).

UR in normal-threshold fibres: relationship with SR

For a few high-SR fibres with very low thresholds
we found large (Uy > 0.3 V) and broad UR-csti-
mates, as shown in Fig. 2B. Such large URs have also
been reported cccasionally for very sensitive cat fibres
(Kiang et al., 1976; Wang, 1979; Evans, 1987). Evans
(1987) suggested that these large URs are caused by
synchronized discharges of 10-100 fibres with similar
CFs responding to animal-gencrated or external noise.
Hence, in those cases the independence of unit firings
is violated. Another reason for these abnormal UR
waveforms could be stretching of the nerve (Prijs, 1986),
during the exposure of the nerve. Because the CAP
waveform, which corresponds to the large URs in Fig.
2B, was not notably changed (Fig. 9C), we assume that
nerve stretching was not involved. Our finding that
large URs of high-SR fihres only occurred with very
low thresholds (below L0 dB SPL) seems to support
Evans’ suggestion.

While large URs were exceptionally found in high-
SR fibres they were found in most of the low- and
medium-SR fibres. The origin of the large URs of the
lower-SR fibres might be different from that for high-
SR [ibres, since the waveforms were sharper (but still
broader than normal) and since they were found hoth
for low- and high-threshold fibres, On the basis of
unchanged CAP waveforms (Fig, 9) we again exclude
nerve stretching as the cause of these enlarged URs
(Prijs, 1986). The large URs cannot be ascribed to
differences in fibre diameters cither since, instead, the
relatively small diameters of low-SR fibres {Liberman
and Oliver, 1984) should theoretically result in small
URs (Schoonhoven et al, 1986; Schoonhoven and
Stegeman, 1991). Possibly, as for the large URs in
high-SR fibres, the independence of fibre discharges is

violated, and the measured URs are the result of
synchronized discharges of several fibres, A support far
this hypothesis is the change of large URs to normal
UR in cat after (high-CF tone) stimulation (Kiang et
al., 1976; Evans, 1987) and the absence of large URs
for stimulated low- and medium-SR fibres in cat (Wang,
1979). A definite explanation for the inter-fibre dis-
charge dependence among this group of fibres is not
obvious. Some possibilities can be mentioned: crosstalk
between auditory-nerve fibres or hair cells, or a syn-
chrony between firings of low-, medium- and high-SR
fibres innervating one inner hair cell (IHC): these may
discharge synchronously upon extrema in the THC
membrane noise, Presuming that mast spontaneous
discharpes of a low-SR fibre will be triggered by this
type of event, a large UR will be measured. In high-SR
fibres the UR is based on spontancous discharges that
are driven in the main by the THC resting current
{Liberman and Dodds, 1984) and that are hardly driven
by noisc-fluctuation extrema; therefore, the effect of
spontaneous synchrony will be smaller for high-SR
fibres.

In conclusion, we will assume thal the actual single-
fibre’s URs, in contrast to our experimental estimates,
do not vary significantly with SR nor are they larger for
very sensitive fibres,

UR in normal-threshold fibres: elemental UR and CAP
The interest in the UR is mainly in connection with
the CAP. From our experiments and considerations we
assume the potential change at the round window
resulting from an auditory-nerve fibre’s discharge to be
fibre-independent ie. invariant for CF or SR. Hence,
in the normal hearing guinea pig an elemental UR can
be used for convolution computations, e.g. to simulate
CAPs (cf. Charlet de Sauvage et al., 1987). The cle-
mental UR, here proposed, (Fig. 8) is used in the
convolutions in the accompanying paper (Versnel et
al,, 1992}, The function G{t) is used as a description of
the elemental UR. 1t has a discontinuity of the slope at
t=ty if ey # op, but the introduced imperfection will
be limited since oy is about squal to . Elemental
URs as used by Dolan et al. (1983) and Charlet de
Sauvage et al. (1987} contained larger discontinuities.

UR in high-threshold fibres: parameters in relation to CF
and SR

The hearing impairment was mainly induced by
acoustic overstimulation, and eccasionally by hypoxia
during the experiment as in animal GP131 (see Fig.
9F). In the case of GP131 hypoxia did not affect the
UR, as shown in the panels E and F in Fig. 9. Gener-
ally, we found that changes in UR could occur for a
high-threshold fibre: sharpening of the waveform and
oceasionally an increase of U,. This general finding
cannot be accounted for by inter-animal variations

since such differences were also present between nor-
mal (group 11) and pathological fibres (group 111) within
the same guinea pigs.

The chronic effect of noise exposure in mammals is
the disruption of stereocilia of the outer hair cells in
the first row and of the IHCs (e.g. Cody and Robert-
son, 1983; Liberman, 1987) or the damage of the cutic-
ular plate, the entire hair cells, supporting cells and the
afferent THC terminals (Cody and Robertson, 1983:
Robertson, 1983; Canlon et al., 1987), Of the different
degrees of damage that have been reported only
swelling of the afferent IHC dendrite might be related
to a change of UR because it is close to the spike-gen-
cration site (Siegel and Dallos, 1986). Effects on the
neuron itself which could give rise to a UR change only
occur for severe damage to the cochlea that is not
associated with pure noise trauma (Suzuka and
Schuknecht, 198%). In most experiments on chronic
noise-induced hearing loss the swelling of dendrites
was absent (Cody and Robertson, 1983; Liberman,
1987). The possibility cannot be excluded, however,
that some deviant URs were associated with dendritic
swelling (Canlon et al., 1987).

UR in high-threshold fibres: consequences of UR changes
Jar CAP

Changes of the UR, even when they are small, can
be responsible for substantial changes of the CAP
(Hoke et al., 19749 Schoonhoven et al., 1989). Exam-
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Fig. 10, Click-evoked CAPs synthesized with vse of a modelled sum
of normal fibre's discharge probabilities for various UR models, The
sum of discharge probabilities is taken from Versnel er al. (1992} for
a condensation click at 51 dB aSL. The dashed lines represent the
CAP with the normal model UR as shown in Fig. 8, solid lines
represent CAPs for modified URs. Maodifications compared to the
normal UR are: (A} Up = 012 pV (normal: 008 1V), (B) Up = 0.12
#Y (normal 009 gV), oy = 0.09 ms {normal: 112 ms), op =012 ms
Cnormal: .16 ms},
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ples of such changes in the CAD are shown in Fig. 10.
We synthesized click-evoked CAPs by convolution of a
modelled sum of normal discharge probabilitics (for
details see Versnel et al., 1992) both with the elemen-
tal UR for normal-threshold fibres (dashed lines) and
with a model UR for high-threshold fibres (solid lines).
To that end, the parameters ol G(U) that could change
with noise trauma, Uy, ey and oy, were modified. The
synthesized CAPs give an indication of deviations of
CAPs that may occur 25 4 consequence of UR changes.
An increase of U, by 33% causes an increase of the
positive CAP peak by about 100% (Fig. 10A) and a
decrease of the width by 25% causes a decrease of the
N, amplitude by about 30% (Fig. 10B}, These examples
stress the importance of a proper UR choice for CAP
modelling and the consequences that a change of UR
can have for the CAP.
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Chapter V

Click responses in noise-damaged guinea-pig cochleas. 1.
Abnormal single-fibre responses

Huib Versnel, Vera F. Prijs and Ruurd Schoonhoven

Summary

We simultaneously measured single-fibre responses and compound action
potentials (CAPs) to clicks in noise-damaged cochleas in order to analyse deviations of
the CAP from the single-fibre level. In the companion paper (Versnel et al., *) we
discuss the CAPs, in this paper we present the single-fibre data. We distinguish five
types of abnormal frequency threshold curves (FTCs). These types are comparable to
types of tuning curves reported by Liberman and Dodds (1984b). The click responses
were recorded as poststimulus time histograms (PSTHs) for various intensities (typical
range 30-40 dB) and for the two click polarities. As a basis for an empirical CAP model
presented in the companion paper, we describe for each FIC type parameters of the
dominant PSTH peak: latency, amplitude, and synchronization (cf. Versnel et al., 1990a).
The PSTHs showed various deviations from normal, which corresponded to the
classification of the FTCs. Remarkable changes were found in the response patterns of
fibres that had a relatively low threshold of the FTC tail. Fourier analysis on the PSTHs
of these fibres showed a correspondence between the FTC tail and the power spectrum
of the click response.

Key words: Noise trauma; Single fibre; Frequency threshold curve; Hypersensitivity;
Click responses; Guinea pig.

This chapter has been submitted for publication to Hearing Research.

Preliminary results were presented at the XXVIth Workshop on Inner Ear Biclogy, Paris, 1989; al the
Symposium on Mechanics and Biophysics of Hearing, Madison, 1990; at the 9th International Symposium on
Hearing, Auditory Physiology and Perception, Carcans, 1991,
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Introduction

Over the last few decades several experiments have been performed to examine
the changes in physiological functioning of the cochlea as a result of damage. Those
experiments involved recordings of compound action potentials (CAPs) or single-fibre
responses. A primary phenomencn in damaged cochleas is elevation of the response
threshold. Furthermore, amplitude-versus-intensity curves for CAPs are typically steeper
than normal (see overview for humans in Eggermont, 1976), single-fibre discharge rate-
versus-intensity functions can be similar to normal but are mostly steeper than normal
and saturation discharge rates can be either normal, increased, or decreased (Evans,
1975; Harrison, 1981; Salvi et al., 1983; Liberman and Kiang, 1984). Studies of CAP
tuning curves (Eggermont, 1977; van Heusden and Smoorenburg, 1981; Rutten, 1986;
Dolan and Mills, 1989) and frequency threshold curves (FTCs) or reverse-correlation
functions in single fibres (Evans, 1975; Harrison and Evans, 1982; Salvi et al., 1983)
show that in most hearing-loss cases the tuning broadens. Generally, in similar
experiments a large variety of morphological damage and corresponding frequency
characteristics is found (Hunter-Duvar et al., 1982; Robertson. 1982; Cody and
Robertson, 1983; Salvi et al, 1983; Harrison and Prijs, 1984; Liberman and
Dodds, 1984b).

In contrast to the spectral response properties only few data are available on the
temporal patterns of single-fibre responses in damaged cochleas. Dallos and Iarris
(1978) and Salvi et al. (1979) found in abnormal cochlear fibres over a wide range of
characteristic frequencies (CFs) that click latencies as well as temporal patterns of tone
responses were unchanged. On the other hand, Salvi et al. (1979) reported that the
number of peaks in click responses of low-CF fibres decreased. Exlensive knowledge of
the temporal aspects of fibre responses in pathology is required, firstly, for interpretation
of CAPs, and secondly, for understanding of the consequences for the temporal coding
of complex sounds such as speech.

Our goal is to find the single-fibre discharge patterns underlying abnormal CAPs
in pathological cochleas. This knowledge is useful in clinical diagnosis of human hearing
by electrocochleography. Moreover, it may support interpretation of click-evoked CAPs
as is often applied in animal auditory research. In order to reach our goal, we recorded
simultaneously single-fibre responses and CAPs to clicks in acoustically traumatized
guinea pigs. In this paper we describe the single-fibre click responses in relation to the
tuning curves or frequency threshold curves (FTCs). In the companion paper (Versnel
et al., *) the CAPs are discussed in relation to the single-fibre responses with the use of
an empirical CAP model.

With respect to the large variety of FTCs observed in noise-damaged cochleas
(Liberman and Kiang, 1978; Robertson, 1982; Salvi et al., 1983) this paper will
distinguish between different types of FTCs. An elegant scheme of FTC types in
pathology is given by Liberman and Dodds (1984b). Globally, our question is as follows:
what are the click responses for each damage-associated type of FTC? The click
responses presented as poststimulus time histograms (PSTHs) and FTCs will be
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compared to normal data in guinea pigs that we published in previous reports (Versnel
et al.,, 1990a, 1992a). In this comparison latency, amplitude, and synchronization of the
dominant peak are the relevant PSTH parameters because they are to be applied in the
empirical CAP model (Versnel et al., *). More specifically we pose the question: do
alterations in PSTHs uniquely relate to alterations in FTCs? To answer this, Fourier
analysis on PSTHs that show any form of periodicity may be helpful (Versnel et
al., 1992a).

A part of the data we present here has been published in two symposium reports
that present a model study of the single-fibre data (Prijs et al., 1990; Versnel et al.,
1992¢). A more claborate model study also related to data in this paper is presented
elsewhere (Schoonhoven et al., --). We note, finally, that our interest concerns functional
changes irrespective of the inducement of damage (acoustic overstimulation as applied
in this study, olotoxic drugs, respiratory depression). We might assume that cochlear
dysfunction relates to histological damage independent of the kind of inducement.

FTCs and PSTHs in normal cochleas (in summary)

As data in hearing-impaired cochleas will be described with respect to normal
data, we summarize here the relevant normal response properties as described in Versnel
et al. (1990a; on FTCs) and in Versnel et al. (1992a; on click PSTHs). The Q4 (ratio
of CF and bandwidth at 10 dB above the threshold at CF) could be described as
Qo0 = 2.70£"%, with symbol f, for CF (in kHz). With respect to their spontaneous
discharge rate (SR) we divide the fibres in three groups with boundaries of 5 and 30
spikes/s; the distribution of fibres over the low-, medium-, and high-SR ranges was 15-
23-62 %, respectively. Low-SR fibres have significantly higher thresholds than high-SR
fibres and medium-SR fibres have intermediate thresholds.

On the basis of two distinct click-response patterns we distinguished low- and
high-CF fibres with a frequency boundary of 3 kHz. Figure | shows representative
examples of click PSTHs for a high-CF (panel A) and a low-CF (panel B) fibre. The
PSTHs are presented in compound mode (cf. Pfeiffer and Kim, 1972) with PSTHs to
condensation clicks plotted upwards and to rarefaction clicks downwards. The PSTHs
of the high-CF fibre are similar for condensation and rarefaction clicks. The PSTIHs
show one or two peaks, and have a short latency. The low-CF fibre shows a polarity
dependent click response. The PSTHs have several peaks which alternate with polarity,
and interpeak intervals are about 1/f; the multiple-peak pattern is generally associated
with phase following, i.e. the neural firings follow the oscillatory mechanical responses
to the click. Compared to the high-CF fibres the PSTH latency is longer for low-CF
fibres and the peak amplitude is larger.

Methods

Physiological Experiments
The data are based on acute experiments on 13 female, albino guinea pigs
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weighing 200—800 g. They were exposed under anaesthesia during 2 hours to a loud tone
in a closed sound box with speaker (Fane type Classic 10-125T), eight animals to a tone
of 6.0 kHz and 121-123 dB SPL, five others to a tone of 1.4-1.7 kHz and 112-122 dB
I B SPL. By recordings of auditory brainstem responses (ABR), thresholds to clicks and to
aol { short tone bursts over a range from 1 or 4 to 11 kHz were measured before and directly

eo "\A

HNormal
/ i after the acoustic overstimulation. A needle placed closely behind the pinna served as

active ABR electrode, a needle on the vertex was reference electrode. The acute experi-
WW ments were performed after a survival time of 14-123 days,

THRESHOLD (<8 SPL)
=
=
THAESHOLO {dB SFL)
r
=

o1 o ty ) B : For animal preparation, sound stimulation, and signal recording and processing,
S e o R Y GP115 we used essentially the same methods and equipment as in the experiments on normal
UNIT= 3 3.0 kep/s UNIT= 14 hearing animals (Versnel et al., 1990a, 1992a). Briefly, both for noise exposure and
SEmBeilh pRen KEERAR SR acute experiments, anaesthesia was obtained with Nembutal” (27 mg/kg). A tone
threshold audiogram, determined by CAP recordings from the round window, served as

a criterion for (ab)normal hearing (Versnel et al., 1990a). ABR was recorded before the

1 M, ) actual experiment in order to verity the correspondence to CAP recordings. The single-
e U0 % HE : - o 88 fibre activity was recorded with glass micropipettes. Sound stimuli were presented in a
1 closed field by a dynamic earphone of Standard Telephones and Cables. The clicks had

2.0 kep/s

E] dB nSL 61 dB nSL

a width of 100 ps and a spectrum that was flat within 10 dB up to about 8-9 kHz where

T
] 31 d8 nsL e it fell off rapidly (see Versnel et al., 1992a). After an FTC of a fibre was determined by
threshold tracking (Evans, 1979), PSTHs to condensation and rarefaction clicks were
T recorded using 256 sweeps and a bin width of 60 ps.
21 dB nsL W P Jl\_f\._.._ G e S , 31 B nSL
[ﬂ wi Dara analysis
i = Fibres with a threshold at CF raised by more than 2 8.D. (= 20 dB) from the

2 i ol IH : S R mean values in an extensive sample of normal-hearing guinea pigs (see Fig. 1 in Versnel
1 ] ' et al., 1990a) were considered abnormal. We distinguish three groups of responses

1 (cf. Versnel et al., 1992b): from normal fibres in normal cochleas (group NF/NC). from
normal fibres in abnormal cochleas (group NF/AC) and from abnormal fibres in

gl 1 eRinsk g Tl i abnormal cochleas (group AF/AC). The responses of group NF/AC and AF/AC will be
compared to those of group NF/NC.

T TR SR T N TR The PSTHs were slightly smoothed using a three-point (1/4, 1/2, 1/4) window,

TIHE (ma) TINE (ns) and were normalized to a firing probability density by dividing the number of spikes by

the number of sweeps and the bin width. We determine P-parameters which were
introduced in Versnel et al. (1990a) and applied in the empirical CAP model in the
companion paper (Versnel et al., *): latency t,, amplitude A,, and synchronization 8, of
the dominant PSTH peak. The latency, defined at the peak’s maximum, is referred to the
start of the cochlear microphonics in order to eliminate the acoustic and middle-ear
delays. The amplitude A, is the normalized spike rate at time t,, note the amplitude’s

Fig. 1. Frequency threshold curve (FTC) and compound poststimulus time histograms
(PSTHs) in normal cochleas. The condensation-click PSTHs are plotted upwards, the
rarefaction-click PSTHs downwards; the compound PSTHs are arranged in order of
decreasing click intensity. Bin width of the PSTH is 60 ps. The ordinate represents the
ratio of average number of spikes per bin and the bin width. (A) Responses of a fibre

with & High CF (68 kHz); fhe PETHS ere siadiler for the o click jalintis dimension of spikes/s. The synchronization S, is defined as the ratio of A, and area p;
(B) Responses of a fibre with a low CF (1.1 kHz); the PSTH-peak latencies are different eige BRIl Pflak d(.Cf'hvcmnel Zt il.'l’. t19.90a= 19913a). = Aylpy Wi a dimensian ofs
for the two click polarities. Note the differences in ordinate scales between panels A Pieepoesont dhe e i o e Ty _ y

and B We present PSTHs in compound graphs as shown in Fig. 1. If we found

compound PSTHs with an oscillatory pattern (which normally is the case for low-CF
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fibres) we performed Fourier analysis on difference PSTHs. These mathematical
correlates of the compound PSTH are obtained by subtracting PSTHs to rarefaction
clicks from PSTHs to condensation clicks (Versnel et al., 1992a). We will indicate the
frequency where the power spectrum of the difference PSTH has its maximum as the
best frequency (BF) according to Eggermont et al. (1983). Finally, the term tail
frequency will be used as the frequency where the FTC tail has its minimum.

Results

Data were sampled in 13 guinea pigs that suffered a hearing impairment after
exposure to a loud tone. Recordings in the same ears showed that ABR thresholds were
within 10 dB from the CAP thresholds. This allowed the conclusion from ABR
recordings that in four animals a hearing loss had been present already before the loud-
tone exposure. Pre-exposure lesions would explain hearing losses in regions below
1 kHz. CAP audiograms measured before the single-fibre recordings showed that 8§
animals had a moderate hearing loss (20-40 dB at the frequency where the threshold
shift was maximum); 5 animals, of which 3 had a pre-exposure impairment, had a severe
loss (40-60 dB). One animal exhibited an additional loss of 20 dB during the acute
recordings. In 166 fibres we determined an FTC and at least one click PSTH: 77 of these
fibres had normal thresholds at CF (group NF/AC), 8% had abnormal thresholds (group
AF/AC). Most single-fibre thresholds at CF agreed with the CAP thresholds within
20 dB. Some of the abnormal single-fibre thresholds (AF/AC) were higher than the CAP
threshold by more than 20 dB.

TABLE 1
- CRITERIA FOR FTC CHARACTERIZATION

FTC type  Distinct Tail threshold Tail-notch level Global shape
tip (dB SPL) difference (dB)
| yes ®, > 80 and O, -9, <20 entirely elevated
11 yes 80=0,>65 and -0, <20 tip elevated
11T yes ®, < 65 or 0,909,220 tip elevated/ tail low
1Y no ®, > 65 and ©,,-©, <20 flat
v no ®, <65 or 0,-0,z20 flat/ tail low

Symbols: @, threshold at CT; ®: level of tail region; ® : level at notch between tip and
tail; Sy high-frequency slope of FTC. Tip definition: ® < ® _,-10 and S,,> 30 dB/oct over
14 octave. The tail is assumed to be at least one octave below the tip. The notch of the FTC
is the high-threshold part of FTC between tip and tail (in case of type IV and V: maximum
threshold in responsive frequency range).
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Fig. 2. Five types of FTCs found in fibres with a raised threshold. They are schematized

for high-CF fibres. The solid line represents the normal FTC. The dash-dotted lines

represent the segments of the curve that deviate from normal. For types IV and V the

normal FTC is represented by a dashed line indicating the uncertainty of the original FTC
that is associated to the abnormal curve.
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FTCs and PSTHs of normal-threshold fibres in pathological cochleas

The normal fibres in abnormal cochleas (NF/AC) showed FTCs and PSTHs that
were very similar to those in normal ears (NF/NC; see the introduction section). The
Qiqep Values and the SR distribution of the NF/AC fibres were normal, as well as their
click responses over the entire intensity range in terms of the P-parameters latency,
amplitude, and synchronization.

Abnormal frequency threshold curves

In the fibres with a raised threshold at CF (group AF/AC) we found a great
variety of threshold curves. We classified five types of abnormal FTCs. We did not
follow schemes (as with "U"-, "V"- and "W"-type) of other investigators (e.g. Robert-
son, 1982; Salvi et al., 1983; Liberman and Dodds, 1984b) since those classifications are
qualitative rather than quantitative and do not cover the full range of curves we found.
Our classification is based both on the identification of the tip and on the threshold of
the FTC tail. The tail level is compared to normal tail levels (for high-CF fibres with a
high SR in normal ears: 74+7 dB SPL, N = 19), and it is compared to the level of the
notch between tip and tail. For FTCs where the tail is sloping rather than flat (CFs
below 1-2 kHz) it is qualitatively compared to tails of normal FTCs with a similar CT'.
In Table I the quantitative criteria for classification are listed, and Fig. 2 presents
schematically the five types of abnormal FTCs. Types I, II, and III have distinct tips
with elevated thresholds; type I shows elevation of the tail threshold, type II a normal
tail level, and type III an abnormally low tail threshold. Types IV and V are lacking a
tip that can be associated with a CF, which implies an extreme broadening or total loss
of tuning at CF. Type IV has a tail segment at a similar level as the high-frequency
thresholds, and type V shows, as type III, a distinct tail with a low threshold.

In Fig. 3 the threshold at CF (A) and Q,y (B) are plotted versus CF for the
various FTC types. For types IV and V, where CF and Q4 cannot be determined
because of the absence of an FTC tip, thresholds of the higher-frequency region of the
type-IV and -V FTCs are indicated in the right margin of the scatterplot (A). Both
threshold and Q,,;, were related to the typification. The type-III FTCs showed somewhat
higher thresholds at CF than type-1 and -II FTCs, the type-IV and -V FTCs had the
highest thresholds. Type-T FTCs had normal Q) values, and on the average both type-
II and -IIT FTCs had a Q,, significantly lower than normal.

Table II shows that the SR distribution is normal for fibres with a type-I and type-
II FTC. For fibres with a type-Ill FTC the SR distribution is shifted towards high, for
types IV and V it is shifted towards low. As shown in Fig. 3 and Table II most
abnormal FTCs were found in the high-CF range. Each FTC type could be found at any
place in a hearing-loss region of the CAP audiogram (see examples in Versnel et al,, *),
except for regions below 1 kHz where only FTCs of type I were classified. Each type
occurred in both moderate (20-40 dB) and severe hearing losses (40-60 dB), except for
type V which was only found for severe losses.

Except for one, all FTCs classified as type IV or V represented fibre responses
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Fig. 3. (A) The threshold at CF versus CF for fibres with a raised threshold. The types
of abnormal FTCs are represented by different symbols. The dashed line represents
normal compound-action-potential thresholds. A CF cannot be ascribed to types IV and
V. hence their thresholds are plotted at the right side. A CF is ascribed only to the fibre
with a type-V FTC which probably had a low CF (see in Fig. 41). Average thresholds at
CF (dB SPL) for high-CF fibres: I 46+10 (N=9), II: 4618 (N=18), III: 52+9 (N=30);
average minimum thresholds: IV: 7547 (N=9), V: 7424 (N=5); thresholds of normal high-
SR fibres: 15£11 dB SPL (¥=42). (B) The Q,, versus CF for the abnormal fibres. The
dashed line represents normal values: Q,(f) = 2.70f."**. Average Q,,,; values for the
CF range between 3 and 6 kHz: T: 4.020.8 (N=6), II: 3.240.5 (N=10), III: 3.1+1.6
(NV=16), normal: 4.7+1.5 (N=16); average Q,.,; for the CF range between 6 and 12 kHz:
I: 4.4£0.8 (~=3), II. 3.620.9 (N=8), III: 3.8+1.9 (N=13), normal value: 5.0+1.7 (N=37).
The normal values in (A) and (B} are from (Versnel et al., 1990).
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to high-frequency tones thus indicating a high original CF. Since the high-frequency fall-
off in the earphone spectrum (Fig. 1 in Versnel et al., 1992a) does not allow proper
measurement of thresholds above 50 dB SPL in the frequency range above 12 kIlz, a
CF tip above 12 kHz and above 50 dB SPL could have been present in FTCs which
were classified as type-IV and -V but really were type-IT and -IIl FTCs, respectively.
Yet, this artifact is not very likely. In 7 out of 9 cases types IV were found for CAP tone
audiograms with small threshold shifts at 11.3 and 16 kHz, which makes the presence
of a tip above 12 kHz and above 50 dB SPL unlikely. Further, the distinctly different
SR distributions of type 11T and V (Table IT) suggest that type-V classified FTCs really
differ from the type-IIl FTC.

PSTHs of abnormal fibres: response patlerns

Figure 4(A-I) shows representative examples of all FTC types with corresponding
compound PSTHs. Except for type IV, the responses of both a high- and a low-CF fibre
are presented. Aspects we will consider are: the response duration, occurrence of
multiple peaks, latency and amplitude of peaks, and with particular attention, polarity
and intensity dependence of all these aspects. We describe deviations from normal
response behaviour which is summarized in the introduction section and in Fig. L.
A common feature in all examples in Fig. 4 is that click thresholds are elevated, which
in most cases corresponds well to the CF-tone-threshold shift.

Figures 4A, B show the PSTHs for two fibres with a type-I FTC, one with a high
CF (A), and the other with a low CF (B). In both cases the PSTHs have normal patterns.
One deviation oceurs in case of the low-CF fibre, where the peak amplitudes are smaller

TABLE IT

DISTRIBUTION OF TYPES OF FTC

CF SR type 1 type 1T type I type IV type V

low low 1 0 0 0 1
medium 1 2 1 0 0
high 7 3 2 0 0

high low 1 ] 0 0 1
medium 3 5 5 4 3
high 5 12 25 ) 1

all all 18 23 33 9 6

20 % 26 % 37 % 10 % 7 %

In 89 fibres with abnormally high thresholds at CF the FTC was typified. Figures of types
IV and V are given under high CF, unless the high-frequency slope was observed below 3
kHz. High CF: CF above 3 kHz; low CF: CF below 3 kHz. High SR: SR above 30 spikes/s;
medium SR: between 5 and 30 spikes/s; low SR: SR below 5 spikes/s.
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than normal even at high levels.

Figure 4C shows an example of type-1I responses of a high-CF fibre. The PSTHs
have changed in some respects. The response duration is shorter than normal over all
intensities. The peak amplitude shows a large increase with intensity, such that it reaches
a normal level already at 20-30 dB above the threshold. The click PSTHs of a low-CF
tibre with a type-ll FTC (Fig. 4D) show similar deviations: a short duration of the
responses (e.g. at 51 dB nSL the response dies after 3 ms whereas normally it continues
after 4 ms), and a rapid amplitude increase to normal values.

Large deviations in click responses were found in fibres which were tuned to two
distinet frequencies, i.e. to the tip and tail frequencies. A prominent example of such
tuning - type III - is presented in Fig. 4E. The main anomaly in the PSTHs is the
dissimilarity of the responses to condensation and rarefaction clicks. The latency of the
dominant rarefaction peak is shorter than that of the condensation peak, and with a
reversal of click polarity a response peak changes to a response dip below the
spontaneous level, Furthermore, with increasing intensity the rarefaction-click PSTH
shows a late second and a third peak, whereas in normal high-CF fibres second peaks
occur carly and more than two peaks appear only at very high levels (above 60-70
dB nSL). Abnormal behaviour as a function of intensity occurs in a smaller latency
decrease and a larger increase of peak amplitude. All these aspects are typical for low-
CF fibres rather than for high-CF fibres (ef. Fig. 1B). Figure 4F shows type-III responses
for a low-CI' fibre. The tail has a threshold (50 dB SPL) that is even lower than the CF
threshold (70 dB SPL). Here the click threshold (40 dB nSL) does not correspond to the
tip threshold but to the tail threshold as indicated by a typical difference of 10 dB
between tone and click thresholds (Versnel et al., 1992a). Just above the threshold the
compound click PSTHs show an oscillatory pattern corresponding to the tail frequency
(0.7 kHlz), For higher intensities the first and third peaks shift with click polarity and the
second peaks overlap such that the interpeak intervals for rarefaction are longer than for
condensation clicks.

Figure 4G illustrates click responses of a fibre with a type-IV FTC, i.e., where
tuning is lost. The PSTHs were normal for high-CF fibres in view of a very short and
polarity independent latency and a second peak at an interpeak time of about 1.0 ms.
However, in comparison to high-CF fibres, the amplitude was larger than normal already
10-20 dB above the fibre’s click threshold for both polarities, In turn, the PSTH peak
to condensation clicks was significantly larger than to rarefaction clicks. The dominant
peaks were only half as narrow as normal,

Type-V FTCs show loss of tuning to high-frequency tones as in type IV, and
relatively high sensitivity to low frequencies as in type III. Analogously to the FTC, the
click PSTHs (compared with responses of normal high-CF fibres) showed abnormal
properties reflecting both aspects of type-IIl and type-IV response behaviour (Fig. 4H).
Similarly to type IIL the PSTHs largely varied with polarity. On the other hand, the
large amplitude and the narrow width of the dominant peaks observed from 20 dB above
threshold were characteristic for type IV. We found one fibre with a type-V FTC which
did not respond to high frequencies, implying a low original CF (i.e. below 3 kHz).
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Figure 41 shows the responses of this fibre. The high-frequency slope of the FTC test
at 2-3 kHz indicates that the CF tip might have been originally between 1 and 2 kHz
and the PSTH latencies agree with this. The PSTHs were abnormal in that they had tW{;
distinct interpeak intervals: one in the rarefaction-click PSTHs of about 3 ms which
corresponds to the frequencies associated to the tail, and the other in the early
conldensalion-click response of about 0.5 ms which might reflect the high-frequency
region of the IFTC. As in the other type-V responses, the dominant peak was
considerably larger for rarefaction than for condensation clicks.

PSTHs _af abnormal fibres: latency, amplitude, and synchronization of dominant peaks

Figure 5 shows average values of the P-parameters - latency, amplitude, and
synchronization of the dominant PSTH peak - for the various types of abnormalities
(solid lines) in comparison to normal values (dashed lines). These results are applied to
simulate deviating click CAPs (Versnel et al., *). In Fig. 5 the CF ranges are covered
for which we collected most data. In Figs. SA, B the P-parameters are plotted for fibres
with CFs between 6 and 12 kHz for all types 1-V; in Figs. 5C, D the parameters are
presented for CFs between 2 and 3 kHz for types II, III and V. If possible, the
cgmparison is made between fibres of similar SR. Basically, abnormal features do not
differ with SR. It should be noted that parameters found in other CF regions than
presented here did not reveal different features. A brief survey of the PSTH pattern and

TABLE III

?LOBAL FEATURES IN CLICK PSTHS CORRESPONDING TO THE DIFFERENT FTC
YPES

FTC type te A, (slope) A, (max) Sp pattern
I long norm®! norm norm norm
1L norm steep norm norm narrow/norm
111 normé&pol” steep/norm norm normé&pol multi-peaks
1V short/morm steep large&pol large NArrow
vV normé&pol steep large large/normé&epol multi-peaks

The results of PSTH parameters t, (latency), A, (amplitude) and S, (synchronization) and
PSTH patterns, as shown in Figs. 4 and 3, are summarized in this Table. Most features do
not vary significantly with CF. The Table refers to the results for high-CF fibres, and apply
to those for low-CF fibres, except for 1): long & pol, and 2): small. All qualifications but
?nurm‘ refer to deviations from normal which are significant for most click
lr)tensitiesfpoiarities. Pol: dependent on click polarity. Norm & pol: per polarity normal, but
mgn'iﬁ.cant polarity dependence; other qualifications with /norm’ point to tendencies, i.e.
deviations are not significant for most intensities, polarities or for all CF groups.
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P-parameters is presented in Table ITL

For fibres with a type-I FTC the input/output curves of the P-parameters are
normal but shifted with level according to a threshold shift of 20-30 dB, i.e.. the P-
parameters are normal relative to threshold. This implies, e.g., that the latency is longer
than normal compared at absolute click level. On the other hand, P-parameters of fibres -
with a type-Il FTC do not differ significantly from normal in terms of absolute levels
when measured at 20 dB above threshold, which is found both for high-CTF (Fig. 5A,B)
and low-CF fibres (Figs. 5C,D). In this case the input/output curves of the amplitude are
steeper than normal.

The type-TII abnormality in P-parameters of click responses of high-CF fibres
(Figs. 5A, B) is reflected by polarity dependence rather than by great deviations for one
polarity. The rarefaction-click latency is considerably shorter than the condensation-click
latency, the difference is largest for low intensities, and is normal only at a very high
level (71 dB nSL). The peak synchronization is significantly larger for rarefaction than
for condensation clicks over the entire intensity range. The 2-3 kHz fibres with type-lI
responses (Figs. 5C, D) have latencies that are considerably longer than normal over the
entire intensity range. The slope of the amplitude curve is steeper than in normal
2-3 kHz fibres.

We compare type-TV responses in the plot for the CF range between 6 and 12
kHz (Figs. 5A, B). Typical deviations concern the amplitude: maximum value, increase
with intensity, and polarity dependence are all extremely large. For instance, the rate of
increase for the condensation polarity is larger than normal by a factor of 5. The peak
synchronization is also significantly larger than normal.

The peak parameters of type V reveal a large polarity dependence (Figs. SA-D).
The rarefaction-click latency is shorter than the condensation-click latency, and this
polarity difference decreases with intensity in a similar fashion as shown by type-IIL
responses. Both the peak amplitude and synchronization are larger for rarefaction than
for condensation clicks. The slope of the amplitude curve is very steep and the amplitude
is larger than normal at 20 dB above fibre’s threshold.

Faurier analysis of difference PSTHs

We performed Fourier analysis on difference PSTHs with an oscillatory pattern,
i.c. for fibres with a low CF (normal, types I or II) or relatively low tail threshold (types
11l or V). Figure 6A shows an example of the intensity dependence of the power spectra
of a fibre in a normal cochlea (group NF/NC). Similar results were found in fibres of
group NF/AC: near click threshold the best frequency (BF) was similar to the CF, and
in most fibres with a CF above 0.5 kHz the BF decreased and the spectrum peak
broadened with intensity. Significant BF decreases were not found in fibres with a CF
below 0.5 kITz (N = 11). Figure 6B presents a series of power spectra of difference
PSTHs of a fibre with a type-Il FTC. The BF and width of the spectrum peak showed
the normal behaviour with intensity, which was representative both for fibres with a
type-I and with a type-1I FTC.

Fourier analysis illustrates the relation between the oscillatory PSTH pattern and
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the FTC in simple cases shown above. Also in cases of type 1Il or V where the
oscillatory response patterns are more complex (cf. Figs. 4E, F, H. and I) Fourier
analysis may be useful in that it reveals the extent that the response patterns reflect the
tail frequency. Figure 7 shows an example of a type-Ill FTC (A), its corresponding
temporal response (B), and the power spectrum of the difference PSTH (C). The power
spectrum shows two peaks that correspond to the CF tip (around 3.1 kIz) and the tail
(around 1 kHz) of the FTC. Hence, in this case the abnormal response pattern might be
caused by superposition of the residual sensitivity to CF and hypersensitivity of the tail.
Figure 8 shows the power spectra for two fibres with a type-lII (A, B) and one with a
type-V (C) FTC. In all three cases the power spectrum at intensities near threshold
reflects the FTC tail. The spectra broaden with increasing intensity, either directed
towards lower frequencies (A) or towards higher frequencies (B, C). Note that, unlike
in Fig. 7, a (local) peak around the CF does not occur in the spectrum of the low-CF
fibre with a type-IIl FTC (Fig. 8B). We did not find any systematic variation of BF with
intensity in a group of 24 fibres with a type-IIIL or -V FTC. Figure 9 shows a scatter plot
of BF near threshold versus tail frequency for type IIT and type V. For all but one fibre
there is a close correspondence between the BF and the tail frequency.

Discussion

This paper presents single-fibre responses to clicks in relation to tuning curves
in impaired ears; in the companion paper (Versnel et al., *) we apply these single-fibre
results to construct a model to simulate simultancously recorded CAPs. For interpretation
of single-fibre and electrocochleographic results in terms of cochlear pathology, it is
important to ascertain that the hearing losses are of purely cochlear origin. Dysfunction
of the outer and middle ear could be excluded in our experiment since ear canals were
clean and typical phenomena in conductive hearing loss as a flat tone audiogram and
elongated CAP latencies over the entire intensity range did not occur (Versnel et al., *).
The frequency ranges of the threshold shifts from near the frequency of the damaging
tone to an octave above are typical for noise-induced, thus cochlear, hearing loss (cf.
Salvi et al., 1982; Cody and Robertson, 1983; Liberman and Dodds, 1984b). Also in one
case of an additional threshold shift after respiratory depression (see also Versnel et al.,
1992b), the cochlea should have been affected (Evans, 1975).

Responses of normal fibres in pathological cochleas

Pure-tone responses from cochlear regions that are morphologically intact but
located near damaged regions can be affected (Robertson, 1982; Liberman and Dodds,
1984b). We found that fibres which had normal pure-tone thresholds (NF/AC) had
normal click responses over the entire intensity range. This means that a possibly
existing non-local effect of damage (which causes threshold shifts up to 60 dB) is not
expressed earlier in click than in tone responses.
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Abnormal frequency threshold curves

The criteria for typification of abnormal threshold curves were based on changes
of sensitivities in both tip and tail (Table I). The distinction of tip and tail is well known
in pathology (Liberman and Kiang, 1978; Schmiedt et al., 1980; Salvi et al., 1983;
Liberman and Dodds, 1984b), and in normal cochleas a notch that separates the tip and
tail regions is observable (cf. Liberman and Kiang, 1978; Schmiedt, 1982; Versnel et al.,
1992a). Our scheme of FTC types for the most part agrees to that described by other
authors. The "V" type of Liberman and Kiang (1978) and Salvi et al. (1983) corresponds
to type I, their "W" type corresponds to type III, and Salvi et al. (1983) reasoned that
their "U" type probably represented a sensitive tail, which we classify type V. The types
2, 3 and 4 used by Robertson (1982) largely correspond to the "U"-, "W"-, and "V'-
types, respectively. Three of the four schematic tuning curves given in Fig. 14 in the
paper of Liberman and Dodds (1984b) correspond closely to our types I, III, V,
respectively, and their fourth curve is reflected by II or IV,

Generally, across all FTC types, we find that tuning broadens with increase of the
threshold shift (Figs. 3A, B), which is consistent with the general line in experimental
findings in cochlear damage (Harrison and Evans, 1982; Salvi et al., 1983).

Abnormal click responses

The click responses in abnormal fibres showed several distinct deviations apart
from threshold shifts. Table IIT demonstrates the unique relation between FTC type and
abnormal click PSTH, Each FTC type corresponds to a different set of deviations in
PSTHs. Here we consider the question whether altered PSTHs can be explained from
altered FTCs. As a first thought, we consider the cochlea as a unidirectional sequence
of transduction stages representing the following mechanisms: i) cochlear mechanics, ii)
IHC transduction, iii) the synaptic process, and iv) spike generating mechanism, Since
the FTC reflects the filter characteristics of the basilar membrane (e.g. Sellick et al,
1982), a click PSTH can be predicted from the FTC (Versnel et al., 1992a; Schoonhoven
et al., --). This concept applies to normal cochleas. In this study of abnormal cochleas
mainly the first two stages are subject to change, since noise causes damage to OHCs
(affecting stage i) and damage to IHCs (affecting stage ii). For an alteration in the first
stage the PSTH and FTC will be related to each other analogously to the normal case.
A change in the second stage might only involve simple threshold shifts. We may thus
expect that in most occasions changes in a click response can indeed be predicted from
the altered FTC. We discuss the deviations in click PSTHs related to the FTC type in
more detail in the following subsections.

Click responses for tvpe I

The FTCs and click PSTHs of type 1 are simply related by a threshold elevation
with respect to normal. The equal threshold shift for tones of all frequencies and clicks
indicates damage in IHCs (Liberman and Dodds, 1984b; Patuzzi et al., 1989). Type-1
responses appear to be comparable to normal responses of low-SR fibres. The type-I
FTC of a high-CF fibre of high SR (Fig. 4A) resembles an FTC of a normal fibre of
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low SR; and the I/O curves of the P-parameters of type I run, as those of low-SR fibres
do (Versnel et al., 1992a), parallel to normal high-SR curves (Figs. 5A, B). Both in the
case of low-SR responses where the synapse is different (Liberman, 1982), and in a
type-1 abnormality where presumably the IHC depolarization is smaller due to damage
to the THC cilia (Liberman and Dodds, 1984a), the postsynaptic generator potential
becomes smaller (cf. Versnel et al, 1990b). Since the SR distribution for type [ was
normal (Table II) it is likely that only the depolarization process was affected and not
the resting current which controls the spontaneous neural activity (Liberman and Dodds,
1984a). This points to a mild damage to the THC cilia.

Click responses for types II and IV

According to Liberman and Dodds (1984b) and Patuzzi et al. (1989) the
mechanical response corresponding to the type-II FTC is deteriorated by OHC damage.
Considering the absence of the tip and the increase of the tail threshold, one can assume
that the type-IV response is due to severe damage to both IHCs and OHCs (cf. Robert-
son, 1983; Liberman and Dodds, 1984b; Patuzzi et al, 1989). With respect to the
degradation of tuning as well as the synchronization and amplitude of the click response,
the type-IV responses can be considered as extreme forms of type-II responses. Three
agpects of the click responses are discussed here.

A broader filter corresponds to a shorter duration of the impulse response (both
can be thought of as a result of larger damping). It shows in basilar-membrane click
responses in deteriorated preparations (Robles et al., 1976; Ruggero et al., 1992), and
it is expressed by the neural responses in our experiments (Figs, 4C, D, G). Our results
agree with those of Salvi et al. (1979) who found in noise-exposed chinchillas low Qo5
of FTCs and a decrease in number of PSTH peaks of low-CF fibres.

The large increase of PSTH amplitude with intensity agrees with steep rate-
intensity curves to CF tones found in fibres with elevated thresholds (Evans, 1975;
Harrison, 1981: Liberman and Kiang, 1984), and is probably caused by a decrease of
compressive nonlinearity of the cochlear mechanics (cf. Ruggero et al., 1992). In the
type-IV case a large synchronization of discharges contributes to the large value of the
maximum amplitude. Here a preference for the condensation polarity might be due to
such a strong damping in the basilar membrane response that the largest displacement
is reached in the second halfcycle (Ruggero et al., 1992) which is excitatory for the
condensation polarity.

In agreement with click data of Salvi et al. (1979) and van Heusden and
Smoorenburg (1983), the latency of type-II responses did not change significantly from
normal at the same absolute level. This finding fits in with considerations of Eggermont
{1979) who pointed out that the time shift of the maximum of the basilar-membrane
response related to a decrease of Q,yy is very small if the high-frequency slope of the
tuning curve is not changed (Goldstein et al., 1971), which is approximately the case for
type-11 FTCs. Accordingly, shorter latencies of type-IV click responses result from a flat
tuning curve with a shallow high-frequency slope.

oR

Click responses for types Il and V, consequences of hypersensitivity

Tuning curves of type 11T or V, i.e. W-shaped and/or having a hypersensitive tail,
are found in cochleas damaged by noise (Liberman and Kiang, 1978; Robertson, 1982:
van Heusden and Smoorenburg, 1983; Salvi et al.,, 1983; Liberman and Dodds, 1984b),
ototoxic drugs (Schmiedt et al., 1980) or endolymphatic hydrops (Harrison and Prijs,
1984). In agreement with reports of Liberman and colleagues we found that type-III
FTCs were far from exceptional and tended to have a higher SR (Table II).

It has been suggested that hypersensitivity is caused by selective severe damage
to OHCs with 1HCs functionally intact (Liberman and Kiang, 1978; Liberman and
Dodds, 1984b; Schmiedt et al., 1980; Smith et al., 1988). The type-V FTC is thought to
be caused by total dysfunctioning of OHCs (Liberman and Dodds, 1984b). Different
cochlear models support these suggestions, Zwislocki (1984) explained tail
hypersensitivity as an increase of shear force between reticular lamina and tectorial
membrane which can oceur if OHCs are damaged; mechanical coupling between OHCs
and [HCs via the tectorial membrane was assumed. Geisler (1991) could simulate the
type-III tuning curve by varying motile feedback forces from OHCs, and Neely (1992)
simulated the type-V curve by eliminating OHC motility. Geisler suggests that OHC
damage basal from the CF location would lead to hypersensitivity. This demonstration
of non-local effect is consistent with experiments in a normal cochlea where a suppressor
tone presented above CF resulted in tail hypersensitivity (Schmiedt, 1982). These data
are not, however, supported by findings in damaged cochleas: type-1Il F'TCs are found
at the high-frequency border of damage (Liberman and Kiang, 1978; Robertson, 1982),
as well as at other locations relative to the damaged area (Liberman and Dodds, 1984b;
this report and Versnel et al., ¥). Considering the variations in experiments and models,
we could state that in general type-IT11 FTCs occur in regions with moderate hearing loss
where the necessary specific conditions for OHC damage can occur. As a consequence
of our criteria some of the fibres with a type-IIT or -V FTC involve tail hypersensitivity
(e.g. Figs. 4E, F, I) and some do not (e.g. Fig. 4H). We hypothesize that in all these
cases the basilar membrane is hypersensitive (o low frequencies caused by QOHC lesions,
and that in those type-Ill and -V cases with a normal tail level the mechanical
hypersensitivity is neutralized by additional damage to the IHC or afferent synapse.

In spite of this intruiging phenomenon of double tuning and hypersensitivity (a
paradox, Zwislocki, 1984), only little attention has been given to corresponding temporal
response features. The temporal responses we found can be understood on the basis of
the FTCs. The high-CF fibres showed click PSTHs with normal short latencies but with
low-CF like patterns (cf. Fig. 4E). The suggestion that these patterns are caused by the
low-frequency hypersensitivity is supported by the close correspendence between Fourier
power spectrum of the difference PSTHs and the FI'C tail (Fig. 8; Fig. 9). The click
response patterns are fairly predictable from the FTC over all levels. At low click levels
the PSTHs to both click polarities do not overlap indicating a dominant response to tail
frequencies, and with increase of intensity an overlap of response peaks grows which
indicates an additional contribution of resonance at the tip frequency (see Fig. 4E).
A comparable but reverse pattern is found in normal high-CF fibres where at high levels
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oscillations with the tail frequency seem to show up in click PSTHs (Antoli-Candela and
Kiang, 1978; Versnel et al., 1992a). A type-III response of a low-CF fibre is of interest
because the fibre is tuned to two low frequencies and, consequently, is expected to have
an oscillatory click-response pattern consisting of a superposition of oscillations with CF
and the tail frequency. This pattern is nicely demonstrated in Fig. 7 for a fibre with a CF
of 3.1 kHz and tail around 1 kHz; also, it is reflected by the short and long interpeak
intervals in the PSTHs of the low-CF fibre with a type-V FTC (Fig. 41). On the other
hand, in one fibre we did not find an oscillation with CF (2.6 kHz) in the click responses
at levels (61 and 71 dB nSL, Figs. 4F, 8B) while it was expected in view of the
threshold at CF (Versnel et al., 1992a). This discrepancy is not well understood.

As type-V FTCs are considered as a combination of type III (represented by the
low tail threshold) and type IV (represented by an absence of the tip), so do click PSTHs
of type V reflect this combination which is another indication that deviating PSTHs are
predictable from the corresponding abnormal FTC.

Finally, we have demonstrated that given a type-IIl FTC one can compute PSTHs
which well resemble our experimental PSTHs (Versnel et al.,, 1992¢; Schoonhoven et
al., --). Briefly, the mechanical output in this model is reproduced by application of two
parallel linear filters representing the tip and tail regions of the FTC, and parameters are
set to fit the FTCs, In combination with cascaded transduction sections (THC, synaps,
spike generator) neural click responses are simulated. The model results support above
discussed suggestions that the tail hypersensitivity causes the greatly deviating click
responses.

Deviations in click responses not related to FTC

In previous subsections we showed that for each FTC type the associated click
PSTH can be predicted. IHowever, occasionally we found cases where the compound
PSTH showed deviations which cannot be explained on the basis of the FTC. We
mention here two cases. (a) For the low-CF fibre with a type-TIl FTC (Fig. 4F) the
second peak of the condensation-click PSTH disturbs the regular pattern in the
compound PSTH that is oscillatory with the tail frequency. (b) In case of type-IV
responses, the PSTH to rarefaction clicks is single-peaked and narrow, this seems to
correspond well to the flat tuning (see subsection on type II/IV), but the PSTH to
condensation clicks has in addition a second peak (Fig. 4G). This second peak is
puzzling. It is noteworthy that both cases (a) and (b) occur at high click levels and that
they involve a second peak at about 1 ms after a full first peak (p,~1). In the literature
unexpected secondary discharges are reported to occur to a small extent in click
responses in normal cochleas (Liitkenh&ner et al., 1980). According to these authors®
analysis mechanical behaviour appeared to be normal. This leads us to speculate that
unexpected discharges are due to some synaptic mechanism that is active at high
intensitics, and more apparent in abnormal than in normal conditions (Prijs et al., --).

Consequences for CAPs and speech processing
We can adequately model CAPs to clicks on the basis of the P-parameters for
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normal cochleas (Versnel et al., 1992a). Since P-parameters reflect the various types of
abnormal responses (see Table III), we should be able to simulate deviations of CAPs
in pathological cochleas too. This issue is extensively addressed in the companion paper
(Versnel et al., *), but here we give qualitative predictions of CAP features. Deviations
of type III might result in increased polarity difference in CAPs. In spite of severe
hearing loss CAP amplitudes can be larger than normal as a consequence of abnormally
large responses of types IV and V. Abnormally short latencies even in cochleas with
high-frequency loss might occur if there is a significant number of fibres with response
types 111, IV or V. Vice versa, from specific deviations in click CAPs as just mentioned
one might try to assess the underlying single-fibre response patterns. Subsequently, from
that one would like to derive the local frequency tuning. This should be possible given
the unique relationship between FTC types and compound click PSTHs.

Various types of abnormal tuning properties are reflected by changes in responses
to clicks, especially in the temporal pattern. Single-neuron responses to complex sounds
such as speech may change accordingly. Since temporal cues presumably play a
significant role in peripheral speech processing (Young and Sachs, 1979; Shamma,
1985), this processing will be disturbed in subjects with cochlear pathologies. The
reduced tip-to-tail ratio which occurs for most abnormal FTCs will cause a significant
temporal influence of the tail at the expense of the role played by the tip, thus
dramatically changing the information carried by the fibre. Disorders in information
processing will be preserved up to central auditory levels; in this context it is relevant
that type-IIT characteristics as a result of cochlear damage could be found in the central
nervous system (Smith et al.,, 1988; Harrison et al., 1991). In conclusion, phenomena at
the auditory-nerve level as described in this paper may contribute to our understanding
of the nature of impaired sound perception.
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529-534. Aberrant temporal discharge patterns
in noise-damaged guinea-pig cochleas

Huib Versnel, Ruurd Schoonhoven and V.F. Prijs

Summary

Single-fibre responses to clicks were studied in hearing-impaired guinea pigs. The
click PSTHs showed various patterns that were related to different types of frequency
threshold curves (FTCs). Aberrant PSTHs were found for those types of FTCs where the
tail threshold was similar to or lower than the tip threshold. Fourier analysis of
compound PSTHs showed a close correspondence between the frequency content of the
PSTH and the tail frequency. With a simple cochlear mode! we demonstrate that basilar-
membrane frequency characteristics that correspond to the abnormal FTCs cause aberrant
neural responses that resemble in main aspects the experimental observations.

This chapter is presented at the 9th International Symposium on Hearing, Auditory Physiology and Perception,
Carcans, France, June 1991. It has been published in the proceedings of the symposium (editors: Y. Cazals,
L. Demany and K.C. Horner), Advances in the Biosciences, Pergamon Press, Oxford, Vol. 83: 607-615 (1992).
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Aberrant Temporal Discharge
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Guinea-pig Cochleas
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ABSTRACT

Single-fibre responses to clicks were studied in hearing-impaired guinea pigs. The click PSTHs
showed various patterns that were related to different types of frequency threshold curves
(FTCs). Aberrant PSTHs were found for those types of FTCs where the tail threshold was
similar to or lower than the tip threshold. Fourier analysis of compound PSTHs showed a close
correspondence between the frequency content of the PSTH and the 1ail frequency. With a
simple cochlear model we demonstrate that basilar-membrane frequency characteristics that
correspond to the abnormal FTCs cause aberrant neural responses that resemble in main
aspects the experimental observations.
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INTRODUCTION

Manifestations of sensorineural hearing loss are an elevation of response threshold and a
decrease of frequency selectivity. These manifestations are characterized by frequency threshold
curves (FTCs) that can be determined from single-fibre responses. Various types of FTCs are
found (Robertson, 1982; Salvi er al, 1983; Liberman and Dodds, 1984). Temporal coding of
responses to complex sounds which is of importance for neural speech processing will change
if the frequency selectivity changes. Distinct changes are expected in a click response, because
this reflects the (rectified, low-pass filtered) impulse response of the cochlear filter the Fourier

transform of which corresponds to the tuning curve. Click experiments of Salvi et al (1979) also
point to that suggestion,

In this paper we present click responses of fibres with various abnormal FTCs in noise-damaged
guinea pigs. We are interested in the extent to which temporal discharge patterns, reflected by
poststimulus time histograms (PSTHs), differ from normal (Versnel er al, 1990; Versnel et
al.,—). Using a simple cochlear model (Prijs er al., 1990) we examine how the abnormal
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temporal patterns are related to the abnormal tuning curves. The basilar-membrane tuning is
modelled by two parallel filters that reflect the tip- and tail-segment of the FTC, Parameters
of the filters are estimated on the basis of both FTCs and click PSTHs.

METHODS
Physi ical imen

Terminal experiments were performed in 11 female albino guinea pigs weighing 200—800 g.
These had been exposed under anaesthesia to a loud tone (6 kHz, 121-123 dB SPL, 2 hours or
1.0-1.7 kHz, 112-122 dB SPL, 2 hours) in a closed sound box with speaker (Fane type Classic
10-125T). After a survival time of 14-123 days single-fibre experiments were performed.

Premedication was given by atropine sulphate (25 ug/kg) and Thalamonal (1.6 cc/kg) and
anaesthesia was obtained with Nembutal® (27 mg/kg). Single-fibre responses were recorded
using micropipettes filled with 0.5 M KCI/0.1IM TRIS buffer. For each fibre a frequency
threshold curve (FTC) according to a threshold tracking algorithm was determined. We
presented 100-us clicks with a spectrum that was flat within 10 dB up to 10 kHz where it fell
off rapidly. Both polarity and intensity of the click were varied using 256 sweeps for each click
and an interstimulus interval of 128 ms. We present compound PSTHs with PSTHs to
condensation clicks (CC) plotted upwards and PSTHs to rarefaction clicks (RC) plotted
downwards (cf. Pfeiffer and Kim, 1972). Further details of animal preparation and equipment
for sound stimulation and signal recording have been described in Versnel et al. (1990).

Data analysis

We assume that the impulse response h(t) of the cochlear filter can be described by two parallel
filter components (Prijs er al, 1990):

h(t) = hy(t)+hy(t) ()
The components h;{1) and h,(t) correspond to the CF section and the tail section respectively.

For a normal fibre h{t) = h,(t). A single component of the impulse response, hi(t), is described
as follows (de Boer, 1975):

hi(t) = gl{ticos(2rfyt+e,) withi=12 (2)
where f is the resonance frequency and ¢, is the phase angle, and where
g(t) = c{(t-,)/B} lexp{-(t-a))/B;} fortze, (3)
=0 fort < o

The parameter ¢, controls the sensitivity of the filter, The parameters a; may be assumed to
reflect the travelling-wave delay; B, and v, determine the shape of the filter; B, reflects a
damping factor. The time delay parameters, ¢, and a,, are corrected for an acoustic and a
synapto-neural delay. For some abnormal low-CF fibres (CFs below 3 kHz) with a dominant
tuning frequency fits of g(t) to the PSTH envelopes were performed. The fit procedures yielded
estimates of «;, B, and v,. The fitting procedure and results for norma fibres are described in
Versnel et al. (—).

We performed Fourier analysis on difference PSTHs, which are obtained by subtracting PSTHs
to RC from PSTHs to CC. From these we derived a best frequency (BF) and a phase-frequency
curve, ¢ = ¢(f). The parameters ¢, are estimated as follows: ¢y = o(f=f,) if f, = f, and
P = @(f=1f,) if f, = f_, (with f: CF, f;: tail frequency, f,: BF).

107



Computational Model

The model is built up of a unidirectional sequence of sections that reflect different cochlear
transduction processes. The first step of the model reflects the basilar-membrane mechanics.
The basilar-membrane impulse response h(t) is described according to Egns. (1)-(3). The
parameter a is estimated by the minimum values which are found for high intensities,
Subsequently, a, and @, are chosen under the condition that the starting phase at t = a, was
equal for all CFs:

2ma (L)E + @g,(f) = const. 4)

Assuming that all frequencies travel with equal velocity along the basilar membrane, both in
normal and damaged cochleas, we chose a,(f) = e,(f.). We estimated v, from the fit of g(t) to
the PSTH envelope for low intensities, where the click PSTH fairly approximates the (rectified)
impulse response. From Egns. (2)-(3) follows the Qyq,; of the power spectrum, denoted as Q.

Q, = mBfyk(y)) with k(y) = (10-1)* (5
The parameter B; is taken such that Q, equals the Qg of the FTC-tip (8,) or -tail (8,).

The second stage of the model consists of an inner-hair-cell transduction section modelled
(including parameters) according to Shamma er al. (1986). Third, a first-order low-pass filter
with cut-off frequency of 2 kHz is added to achieve realistic neural phase-locking praperties, and
a synapto-neural delay is modelled by a time shift. The fourth step reflects the spike generation.
The model discharge probability depends linearly on the synaptic output with a conversion
factor controlling the recovered discharge rate. The refractory mechanism is modelled according
to Liitkenhoner ef af. (1980), with recovery parameters obtained from spontanecus-activity data
recorded in our laboratory.

RESULTS

Abnormal Frequency Threshold Curves

The fibres were divided into low-threshold (normal) and high-threshold (abnormal) fibres.
Fibres with a threshold at CF raised by more than 2 S.D. from mean values in a sample of
normal-hearing guinea pigs (see Fig. 1in Versnel ef al., 1990) were considered abnormal. For
70 abnormal fibres we distinguish 5 types of FTC on the basis of tip and tail thresholds. In this
paper two types are discussed: type II (27 %): tip threshold is raised and broadened, tail
threshold is normal; type II1 (36 %): tip as type II, but tail threshold is lowered.
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Fig. 1. FTCs (upper panels) and compound PSTHs to clicks of
51 dB nSL (bottom panels) of normal fibres.
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Fig. 2. FTCs and compound PSTHs of abnormal fibres. A: type I,
Qpap = 2.8; click intensity: 51 dB nSL; B: type III, Qg4 = 1.5,

fan = 0.74 kHz, Q. = 14, click intensity: 71 dB nSL.

Normal PSTHs

Examples of compound PSTHs and corresponding FTCs of normal fibres are shown in Fig. 1
for three fibres of different CFs. For the fibre of 6.9 kHz the PSTHs to the opposite polarity
are almost identical with similar short latencies. This pattern is typical for fibres with high CF
(above 3 kHz). The PSTHs of low-CF fibres show multiple peaks arranged in an oscillatory
pattern with an oscillation frequency of approximately CF, thereby reflecting the phase-lock
phenomenon. The response peaks to the opposite polarity occur in opposite phase.

Changes in Click PSTH

For type-II fibres of high CF the PSTHs to CC and RC were identical, as normal. Figure 2A
shows an example of type-II response behaviour. The peak amplitude reaches a normal level
at 20-30 dB above the threshold. The response duration is shorter than normal. The PSTHs of
low-CF type-II fibres showed less peaks than normal,

Remarkable changes of click responses were found for type-III fibres. Figure 2B shows a
representative example of the responses of a high-CF type-III fibre. The PSTHs showed multiple
peaks occurring at long latencies and they showed large differences between CC- and RC-
respanses in contrast to normal responses. For RC the dominant-peak latency was shorter than
for CC. The dominant-peak amplitude of the RC PSTH was larger than that of the CC PSTH.
The amplitudes were larger than for normal high-CF fibres, but similar to that for normal low-
CF fibres. In Fig. 2C an other example is shown of a type-III click PSTH, now for a low-CF
fibre which normally has a multiple-peaked pattern. One would expect that the compound PSTH
showed an oscillatory pattern consisting of a superposition of oscillations with CF and the tail
frequency. We found, however, that a part of the responses (especially the second peaks) to CC
and RC overlapped considerably. This pattern is comparable with that shown in Fig. 2B. We see
in both compound PSTHs that the interpeak intervals for RC responses were longer than those
for CC.
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Fig. 3. Difference PSTHs (upper panels) and corresponding Fourier
power spectra (medium panels) and phase characteristics
(bottom panels). A: normal fibre (CF: 2.7 kHz), click: 31
dB nSL; B: abnormal fibre (CF: 2.6 kHz), click: 51 dB nSL.

Parameters of Double Filter

Examples of the difference PSTHs, Fourier power spectra and phase spectra are shown in Figs.
3A (normal) and 3B (abnormal, type III). For low intensities the PSTH power spectrum of the
normal fibre resembles its FTC (see Fig. 1B), albeit less sharp. The main part of the power
spectrum of the type-IIl fibre resembles the tail segment of the FTC (see Fig. 2C). An
agreement of the BF of the power spectrum with the tail frequency was found for most fibres
with relatively sensitive tails. The absolute values of gy, (= a(f=1,)) and ¢y, (= @(f=f)) are
plotted in Fig. 4. For both normal and abnormal fibres values of ¢, are plotted since they
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Fig. 4. (Left) Absolute value of phase -, vs. BF or f;. Circles: i=1
(tip); Triangles: i=2 (tail). The solid line represents the phase
used in the model: -¢,,(f) = 1.47f"+1.5x7
Fig. 5. Modelled PSTHs for CFs as shown in Fig. 1.
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Table 1. Parameters of model impulse response of basilar-
membrane filter h(t) = hy(t) + hy(t)
Parameters of h(t) Parameters of h,(t)
fo =if fo2 = fan
@o(f) = 147125157 ¢olfy) = -2.0mf,,>"
oy(f) = 0.7 o) = o(fu)
B,(f) = Quuup(f.)/2.92f, B5(F i) = Q,;/2.92f,
L#! =3 Y2 w3

were similar. The parameter | ¢;, | increased with CF; | ¢y, | was lower than | ¢, | and it tended
to increase with CF too.

The parameter «, decreased with CF, this decrease is larger for lower CFs. Without taking into
account the phase condition of Eqn. (4) we found for a high intensity in normal guinea pigs
a(f) = 0.67f.°%. Comparing at one click level we found that e, for abnormal fibres did not
differ significantly from normal. For fibres with broad tuning B, was smaller than normal and
¥, was similar to the normal value (about 3). In a fibre for which a FTC tip could not be
distinguished but for which a tail was present we found that y, was similar to v,. For most fibres
where we determined a tail (CFs of 2.5-10 kHz) f, was between 0.5 and 1 kHz; Q,,,,, the Q,,.4
of the FTC tail, varied from 0.5 to 2.

Model Simulations

Our choices of the parameters are listed in Table 1. For normal fibres we applied the relation
Qupup(fy) = 2.70£2% (Versnel et al., 1990). In Fig. 5 the neural outputs of the model are shown
for three different CFs that correspond to the normal fibres shown in Fig. 1. The input level is
chosen in order to simulate a level above click threshold that correspond to the intensity used
in Fig. 1. Latencies and amplitudes of the early peaks are well reproduced; the late responses
of the model are larger than in the animal’s responses.

In Fig. 6 model responses are shown for a type-II (A) and type-III (B) fibre: the inverted power
spectrum of the basilar-membrane impulse response reflecting the FTC, the basilar-membrane
click response and the neural output. The modelled type-Il PSTH fairly resembles the
experimental PSTH: amplitude, latency and duration of response. The type-11 model PSTH is
narrower than the normal model PSTH while the peak amplitudes are similar. The more
complex response pattern of the type-11II fibre is in several aspects reproduced: the RC first-peak
latency is shorter than that for CC; the RC first-peak amplitude is larger than that for CC; the
interpeak distance for RC is longer than for CC. As for the modelled normal PSTHs, the
amplitudes of the late responses are not well simulated.

DISCUSSION

We found that abnormal frequency characteristics in a pathological cochlea resulted in changed
patterns of click responses. As one should expect, broadening of the tuning at CF resulted in
narrower click responses (type II, Fig. 2A). Comparable short-duration responses were also
found by Salvi et al. (1979). If the low-frequency sensitivity increases in comparison to the high-
frequency (CF) sensitivity, the click response patterns were unusual, they partly resemble normal
low-CF click responses (type III, Fig. 2B, C). This suggests that the aberrant pattern is caused
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by the tail hypersensitivity, which is supported by the close correspondence between tail and
Fourier spectrum of difference PSTH (Fig. 3B). Under the condition that the double tuning
originates in the basilar-membrane filter the model could simulate PSTHs of type-Ill fibres in
some important aspects. The discrepancy between animals’ and model’s PSTHs that concern the
late responses oceurring both for normal and abnormal cochleas is probably due to a model
simplification, as e.g. an omission of synaptic mechanisms (adaptation, spontaneous activities).
Hence, it is likely that the aberrant transient single-fibre responses are mainly caused by
abnormal double tuning of the basilar membrane.
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Commentaries

EVANS

How can you be sure that the pathological changes you describe are a
result of acoustic trauma, and not a result of well-known problems in the guinea
pig preparation producing spurious pathological features. What controls did you
carry out (blood pressure etc.) to minimize the latter ?
VERSNEL

By means of auditory brainstem responses measurement of the tone
audiogram the pre-noise exposure condition of the cachlea was controlled. During
the single-fiber experiment the condition was controlled by measurement of
round window recorded compound action potential to clicks. The click CAPs are
very sensitive to changes in cochlear condition. Moreover the CAP tone
audiogram has been determined before and after the single fiber recordings. On
the basis of brainstem and CAP measures we conclude that the examples we
show in the paper concern pure noise-induced losses.

HARRISON

The authors report that for the most part, there is a good correlation
between the FFT of the click-evoked compound PSTH and the thresheld tuning
curve. This is consistent with previous reports that FFTs of (broad band noise
derived) "revcor" functions and FTCs of pathological cochlear fibres are almost
identical (Harrison and Evans, 1982).
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There are, as the authors note, some discrepancies between the real
PSTMs and their model-derived PSTMs, especially for "type II1I" abnormal FTCs
(W-shaped tuning curves). The authors conclude that these aberrant PSTMs are
possibly caused by abnormal double tuming of the basilar membrane.
Alternatively, one could suggest that the double tuning relates to one low-
frequency (passive) basilar membrane filter, and one high-frequency (active)
filter tuned to CF, perhaps having an increased separation of centre frequency.
In any case, the authors should take into account in their model (and/or in their
data interpretation) the fact that input/output characteristic of the "tip" and
“"tail" components of the FTC differ, The former is much less steep than the latter
(Harrison, 1981} and perhaps non-linear,
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VERSNEL

First, we stress that the main discrepancy between the model and the
experimental results which applies to the click responses of normal and type II
fibers concerns the late response peak. Probably this cannot be accounted for by
simplifications in the basilar membrane model; the omission of synaptic
adaptation in the model is likely the origin. The basilar membrane section of the
model consists of two (parallelly set) linear and passive filters. This simple model
is able to demonstrate that the real PSTHs of the fibers with a type III tuning
curve can be explained by a double (tip and tail) tuning of the basilar membrane.
Different I/O characteristics for tip and tail segments that are found in normal
cochleas indeed should be incorporated in a more realistic model, However, in
abnormal cochleas the differences in I/O behavior might be less or even absent (cf
Harrison 1981). Unfortunately there are no data on 1/0 curves for type III
abnormalities. At this point it seems wise to start from invariance of I/O
characteristics,

PUJOL

The type III aberrant discharge you described, with an enhanced and
repetitive firing, is reminiscent of an activity driven by NMDA receptors. As
these receptors are probably activated at high intensities (see Puel's paper), you
could also think about a synaptic explanation for this pathology.
VERSNEL

We did not think yet about that interesting point. However, seeing the
close correspondence between the click responses and the tone threshold curve
for type 1II (with repetitive firings) as well as for other pathologies (without
repetitive firings, see type Il in the paper) we still strongly suggest that the
multiple-peak pattern in type II PSTHs is caused by hypersensitivity to low (tail)
frequencies.
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Chapter VII

Click responses in noise-damaged guinea-pig cochleas. II.
Sensorineural causes of
deviations in the compound action potential

Huib Versnel, Vera F. Prijs and Ruurd Schoonhoven

Summary

We measured simultaneously compound action potentials (CAP) and single-fibre
responses to clicks in acoustically traumatized guinea pigs in order to study the single-
fibre origins of deviations of the CAP in cochlear pathology. The companion paper
(Versnel et al., *) presents the single-fibre data, in this paper we analyse the CAPs.
Whole-nerve responses to both condensation and rarefaction clicks were recorded for
various intensities. We describe the waveforms and input-output curves of the N, latency
and amplitude for four different types of audiograms. Usually, at low intensities N,
latencies and amplitudes were longer and smaller, respectively, but near normal at high
intensitics. A notable deviation in the CAP observed in cases of high-frequency loss was
an increase of the polarity dependence that occurred either in the N, or in late oscillatory
waveforms. We apply an empirical CAP model, which has been shown to reproduce
normal CAPs (Versnel et al., 1992a), in order to synthesize CAPs for each of the four
abnormal audiograms. If we do not account for other changes than threshold shifts then
only a few typical CAP deviations can be simulated, in particular those at low
intensities. Adjustment of the model with parameter values that reflect abnormal single-
fibre responses (Versnel et al., *) results in notably better simulations of the CAPs at
high intensities. The model results demonstrate that aberrant single-fibre responses play
a major role in determining high-intensity click CAPs in pathological ears, and thus,
recording of click CAPs might be useful in assessing deviations at the single-fibre level.

Key words: Noise trauma; Click polarity; Compound action potential; Guinea pig;
Empirical model.

This chapter has been submitted for publication to Hearing Research.
Preliminary results were presented at the A R.O. midwinter meeting, St Petersburg Beach, 1993,
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Introduction

Electrocochleography, the recording of the compound action potential (CAP) from
a site close to the cochlea or auditory nerve, provides the opportunity to assess
objectively the condition of the cochlea. Analysis of deviations in the input/output
functions of the CAP and in its waveform can contribute to diagnosis of a hearing
disorder (cf. Eggermont, 1976). The interpretation of the CAP is based on large sets of
phenomenological CAP data in man (e.g. Eggermont, 1976; Elberling and Salomon,
1976), and on CAP and single-fibre studies in animals often in combination with
histological data (e.g. Wang and Dallos, 1972; Liberman and Kiang, 1978; Aran and
Cazals, 1978: Salvi et al., 1979; van Heusden and Smoorenburg, 1981; Pettigrew et al,
1984). These studies show the following CAP features in relation to pathology. The N,
latency does not change considerably with hair-cell loss in most instances (Wang and
Dallos, 1972; Eggermont, 1976; Salvi et al., 1979; Pettigrew et al., 1984). However, in
high-frequency loss elongation of the click latency occurs at low intensities, and
shortening can occur in patients with Meniére’s disease and in specific cases of hair cell
loss (Elberling and Salomon, 1976; Aran and Cazals, 1978; Eggermont, 1976, 1979;
Pettigrew et al., 1984). Extreme latency increases are found for an acoustic neuroma
(Eggermont, 1976), and for reduction of body temperature (Prijs and Eggermont, 1981).
Apart from the common reduction of the N, amplitude (Eggermont, 1976; van Heusden
and Smoorenburg, 1981; Salvi et al., 1983; Pettigrew et al., 1984; Popeldf et al., 1987;
Dolan and Mills, 1989), amplitude-versus-intensity curves can be steeper than normal
such that amplitudes at high intensities are normal (Eggermont, 1976; Elberling and
Salomon, 1976: Salvi et al., 1983). Only in rare conditions is the CAP enhanced
(Shivapuja and Gu, 1992). Further, changes in waveform are reported such as in cases
of high-frequency loss where click responses show multiple peaks which strongly depend
on click polarity (Coats and Martin, 1977; Pettigrew et al., 1984; Schoonhoven, 1990;
Magller and Jho, 1991). _

In order to refine analysis of the CAP various model studies have been done (de
Boer, 1975; Elberling and Salomon, 1976; Wang, 1979; Bappert et al., 1980; Dolan et
al., 1983; Versnel et al., 1992a). All of these studies apply the theorem of Goldstein and
Kiang (1958) which assumes the CAP to be the convolution of the sum of discharge
probability densities of single auditory-nerve fibres with a unit response (UR). The UR
is the potential at the CAP-recording site induced by a single fibre discharge, and it is
considered to be invariant across fibres. Discharge probabilities are usually estimated
from poststimulus time histograms (PSTHs). Remarkably enough, model work on
pathological cochleas is only known from Elberling and Salomon (1976) who modelled
CAPs to rarefaction clicks in humans. In their model the PSTH patterns were derived
from cat data (Kiang et al., 1965); latencies and excitation patterns (corresponding to
PSTH amplitudes) were computed from narrow-band derived click CAPs in humans (see
Elberling, 1976). Elberling and Salomon simulated CAPs for various abnormal
audiograms by climinating contributions from affected regions for levels below
threshold, whereas contributions above threshold were kept normal (compared at the
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same sound level) both in latency and amplitude, this model thus ignores variability of

‘abnormal local responses. For a majority of ears the general trends in the CAP

input/output functions of latency and amplitude were well reproduced.

Our goal is to explain CAPs in pathological cochleas on the basis of changes in
single-fibre responses. For that purpose we simultaneously recorded single-fibre
responses and round-window CAPs to clicks in normal (Versnel et al., 1990, 1992a) as
well as in acoustically traumatized guinea pigs (Versnel et al., *). Also, the unit response
was experimentally determined in these animals (Versnel et al., 1992b). Subsequently,
we developed a phenomenological CAP model that was based on the PSTH and UR data
(Versnel et al., 1992a). In this paper we focus on the actual abnormal CAPs and we
discuss these for four different types of audiogram. The CAPs are compared to normal
with respect to wave patterns (N, and multiple peaks), and input/output characteristics
of the latency and amplitude of the N, peak. Two factors can play a role in deviations
in the click CAP: the threshold audiogram, and the specific responses of fibres with
elevated thresholds. It can be assumed that CAPs fully depend on the audiogram for
intensities below elevated single-fibre thresholds since fibre responses from cochlear
regions with normal CAP thresholds are not changed (Versnel et al., *). In most fibres
with elevated thresholds the click responses deviate from normal to an extent depending
on the type of abnormal tuning curve (Versnel et al., *). These changed responses can
influence the CAPs at high intensities. The deviations in CAPs are analysed with an
empirical model described in preliminary form in Versnel et al. (1992a). It is assumed
that the UR is unaffected (Versnel et al, 1992b), and two types of adjustments are
introduced in the PSTH section of the model. First, we make pure audiogram-based
adjustments to the model. The single-fibre responses from hearing loss areas are
computed as virtually normal by reducing the effective click intensity according to the
audiogram. This adjusted model is denoted M1. Second, we adapt the model (denoted
M2) by implementation of parameter values as found for the abnormal PSTHs (Versnel
et al., *). A comparison of the M1 and M2 simulation results will reveal the effects of
deviations in single-fibre responses on CAPs.

Methods

The physiological CAP data were obtained during experiments described in the
companion paper (Versnel et al., *) in which we used 13 albino guinea pigs weighing
200-800 g. The guinea pigs placed in a sound box with speaker (Fane type Classic 10-
125T) were exposed under anaesthesia to a loud tone for 2 hours, eight animals to a tone
of 6 kHz and 121-123 dB SPL, and five animals to 1.4-1.7 kHz and 112-122 dB SPL.
By means of recordings of auditory brainstem responses (ABR), thresholds to clicks and
tone bursts were measured before and directly after the traumatizing sound exposure.
The CAPs and single-fibre responses were measured in an acute experiment after a
survival time of 14-123 days.

Premedication consisted of atropine sulphate (25 pg/kg) and Thalamonal
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(1.6 cc/kg) and the animals were anaesthesized with Nembutal® (27 mg/kg). A silver ball
electrode was used to derive the cochlear potentials, and the round window was chosen
as the recording site. The sound stimuli were presented to the animal by a dynamic
earphone in a closed field. An audiogram was determined by CAP recordings to tone
bursts of 4 ms plateau and 2 cycles rise/fall time, the threshold criterion being 1 pVv.
Condensation and rarefaction clicks of a fixed width of 100 ps were presented at
intensities varied in 10 dB steps. Simultaneously with the recording of the single-fibre
responses (Versnel et al., *), the round-window signals were amplified (2,500x -25,000x)
and stored on magnetic tape with the use of a TEAC datarecorder (XR-510WB) with a
recording bandwidth of 0-6.25 kilz. The CAPs were determined off-line over typically
64 or 128 sweeps. The timing of the CAP was referred to the start of cochlear
microphonics in order to eliminate non-cochlear delays. For further details on the
methods see the companion paper or Versnel et al. (1990).

Empirical model of CAP

A general outline of the model is given in this section, and a detailed description
is presented in the Appendix. We elaborated on a preliminary version of a model for
normal cochleas that has been discussed in a previous paper (Versnel et al., 1992a). The
model CAP is computed by convolution of a compound discharge latency distribution
with a unit response (cf. Goldstein and Kiang, 1958). The latency distribution is
synthesized by summation of model PSTHs which reflect single-fibre discharge
probabilities. The model PSTHs are computed on the basis of experimentally derived P-
parameters (Versnel et al., 1992a, *), i.e. the latency t,, the amplitude A, and the
synchronization Sp of the dominant PSTH peak; t; is defined by the time instant with the
maximum spike rate, A, is the normalized spike rate at t;, S; is defined as the ratio of
A, and area p, of the PSTH peak (cf. Versnel et al., 1990): S, = Ay/p,. These parameters
are described as functions of the fibre variables characteristic frequency (CF) and
spontaneous rate (SR), and the stimulus variables intensity (L) and click polarity (m).
The PSTHs are simulated for a hypothetical population of fibres each represented by a
CF and an SR, and then summed to a latency distribution. A model unit response is
chosen on the basis of potential waveforms at the CAP recording site (round window)
that have been derived by a spike-triggered averaging method (Versnel et al.,, 1992b).
The synthesized CAPs for normal cochleas presented in Versnel et al. (1992a) agree with
the experimental CAPs with respect to the latency of the N, component, the N,
amplitude at low and moderate intensities (below 60 dB nSL), and the global waveform
of the N,. The second negative peak (N,), the increase of N, amplitude at high
intensities, and the onset of the CAP were insufficiently simulated.

Before we describe the model for CAPs in pathological cochleas we mention the
main refinements made in order ta eliminate discrepancies between the model and the
data for a normal cochlea. Several of these modifications have been suggested in Versnel
et al. (1992a). In the preliminary model the PSTHs consisted of one single peak
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representing the dominant peak, which was sufficient to simulate the N,. Now, a
secondary peak with P-parameters tp, A, and S, is added in order to obtain a more
realistic simulation of the late components of the CAP, such as the N,, which can be
important in pathological cochleas (Pettigrew et al., 1984). For the description of the
shape of PSTH peaks of high-CF fibres we use now a function that is associated with
a gamma distribution (Grashuis, 1974). This function is comparable to the originally
applied Gaussian function but has a finite starting point, which results in a more realistic

TABLE TA

PARAMETERS FOR MODEL PSTHS OF NORMAL AND ABNORMAL FIBRES
Parameter Normal/l 11 111 v v Unit
c,(L=41) 1.13 1.13 1.61 # # ms

¢ (L>41) 1.24 1.24 1.45 0.94 1.83 ms

¢, (L=61) 1.24 1.24 1.45 0.94 1.02 ms

¢, 0.90 0.90 0.90 0.90 0.90 1

Cs 0.0143 0.0143 0.0143 0.0143 0.0143 dB!
c(L=41) 0 0 -0.44 # # ms
c(L>41) -0.11 -0.11 -0.27 0 -0.60 ms
c(L>61) -0.11 -0.11 -0.27 0 -0.18 ms
£,(0) 1.99 1.99 1.99 1.99 1.99 ms
a(f,=3) 100 100 100 # 100 sp/s/dB
a(f>3) 40 80 50 150+50m 150 sp/s/dB
L(f<3) 30 30 30 ¥ 30 dB
L(£>3) 40 20 30 20 30 dB

b 25 28 3.0-0.5m 4.5 4.5-0.5m ms”

dy 50 50 50 50 50 dB/oct
d, 10 10 10 10 10 dB/oct
o, 0.15 0.15 0.15 0.15 0.15 ms
&L(r,<5) 26 26 26 26 26 dB
dL(5<r.<30) 10 10 10 10 10 dB
8L(r,>30) 0 0 0 0 0 dB

¢y 1.0 1.0 1.75-0.75m 1.0 1.25-0.25m  ms

L 60 60 40 60 40 dB
r(f,=3) 0.4 0.4 0.4 04 0.4 1
r(f=>3) 0.3 0.2 0.3 02 0.3 1

m = 1 for condensation clicks; m = -1 for rarefaction clicks; L in dB nSL; f; in kHz; 1, in

spikes/s; #: value not applicable. Parameters not shown: j(f, L) = -1 for f, = 0.5 and L =
11,f<1.0and L > 21, [, <2.0 and L > 31, f, £ 3.0 and L > 41; j(f, L) = 1 for the other
conditions. t,, as given in step v), except for type Il with f < 3 kHz: t;, = 1.0 ms
(independent of CF).
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TABLE IB

MAIN CHARACTERISTICS IN ABNORMAL CLICK PSTHS

type I: input/output curves of latency and amplitude shifted with threshold shift along
intensity axis

type 1L normal latencies, and relatively steep amplitude-versus-intensity curves

type 1II: shorter latency for rarefaction clicks than for condensation clicks

type IV: very high thresholds, and very steep amplitude-versus-intensity curves (an
extreme case of type II)

type V: abnormal polarity dependence as type ITl, steep amplitude-versus-intensity
curves,

*): PSTHs in the M1 model have type-l parameters.

PSTH onset, Some modifications were made with respect to the increase of click
threshold with CF for CFs above 12 kHz which results from the high-frequency cut-off
in the click spectrum (Versnel et al., 1992a). These modifications will have an effect on
the high-intensity CAP behaviour. On the basis of a few available single-fibre data, we
assigned a larger increase of amplitude with intensity to fibres which have high click
thresholds because of a very high CF (above 18 kHz). An upper click-threshold limit (60
dB) was introduced, which accounts for the fibre’s sensitivity to the low-frequency
components of the click stimulus (Versnel et al, 1992a). As a consequence, a large
number of fibres will have the same high threshold. Furthermore, the group of high-CF
fibres was extended by half an octave from 24 up to 34 kHz.

Figure 1 presents results of simulations of normal discharge latency distributions
in high-CF (A) and low-CF (B) ranges. The distributions are PSTHs summed over a
small group of fibres with a similar CF, a distribution of high, medium and low SR, and
a Gaussian shaped statistical latency spread that is independent of CF and SR. The
histograms are very similar to single PSTIs. Note the typical difference between high-
and low-CF responses: overlapping of response peaks to clicks of opposite polarity for
high-CF fibres (A) and the interlacing of peaks for low-CF fibres (B).

Adapiations to the model for pathological cochleas

We applied two adaptations to the model in order to simulate CAPs found in
guinea pigs with a hearing impairment. For both approaches the hearing loss area was
represented by one or two rectangular areas of a certain threshold shift over a certain
frequency range. The first adjustment (M1) is straightforward: we assume that the
PSTHs in the hearing-loss area are normal relative to the fibre’s click threshold, i.e., the
input/output curves of the P-parameters are shifted with intensity by the amount of the
threshold shift present in the audiogram. The second adaptation of the model (M2) is
based on experimentally determined PSTHs of fibres with a threshold shift. We have
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Fig. 1. Model-computed discharge latency distributions over narrow CF bands, i.e. sums
of model PSTHs of single fibres of similar CF (but different SR). The histograms are
representative for single-fibre PSTHs. The response to condensation clicks is plotted
upwards, that to rarefaction clicks downwards. (A) Sum of model PSTHs for high CFs,
in this case hetween 3 and 12 kHz where PSTH is independent on CF. The shape is
determined by a y-tone function, which simulates a single-fibre’s response, convolved
with a Gauss distribution, which simulates the latency spread across fibres of similar CF.
The PSTHs show the typical early dominant peak and the small secondary peak after
1 ms. Note the amplitude increase over a range of 40 dB, and the gradual latency
decrease with intensity. (B) Model PSTHs for low CFs between 950 and 990 Hz. The
shape is determined by a half-cycle sinusoid reflecting the single-fibre’s PSTH, and a
Gaussian distributed latency spread. The dominant peak of the rarcfaction-click PSTH
shifts by a cycle above 21 dB. The dynamic range is about 30 dB.
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Fig. 2. Normal hearing, experiment and model: compound action potentials (CAPs) to
condensation (solid lines) and to rarefaction clicks (dashed lines) for various intensities.
(A) CAPs recorded from animal GP115. (B) Model simulated CAPs.
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experimental date are represented by circles, the model data by triangles.
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distinguished five types of abnormal tuning curves (or, frequency threshold curves,
FTCs) to each of which specific abnormal click PSTHs are associated (Versnel et al., *).
These abnormal PSTHs are synthesized. The values of the PSTH model parameters are
derived from average response behaviour, as e.g. reflected in the average P-parameters
(Fig. 4, Versnel et al., *). Table IA gives the parameters for the PSTHs for each FTC
type (denoted by Roman numerals 1 to V), and Table IB gives the corresponding
characteristic response features. Note that the PSTHs for type I are modelled according
to M1.

The Appendix gives a detailed description of the various components of the
present CAP model, including the model PSTH, the fibre population, and the model UR.

Results

CAPs in normal cochleas: experiment and model

Figure 2A presents a typical example of an intensity series of click-evoked CAPs
recorded from a normal cochlea. The CAPs are plotted for both condensation (solid
lines) and rarefaction (dashed lines) polarity. The N, latency, ty,, decreases
monotonically with intensity. The N, amplitude, Ay, shows an increase over an intensity
range of 30-40 dB. and as in most guinea pigs, it has a second increase above 50 dB
nSL. At low intensities the CAPs are similar for the two click polarities; at high
intensities, however, ty, is slightly shorter and A, considerably larger for rarefaction
clicks. A second negative peak, N,, with an amplitude of 30-50 % of Ay, appears about
1.0 ms after the N,.

Figure 2B shows a series of normal CAPs computed with the empirical model.
In Figs. 2C, D we compare the important parameters ty; (C) and Ay, (D) between
averaged experimental CAPs and synthesized waveforms, for both condensation and
rarefaction clicks. Versnel et al. (1992a) presented a similar series of normal CAPs
synthesized with a preliminary version of the empirical model. Basically, with respect
to ty;, Ay and the waveform including the width of N, and the appearance of the N,
component, the synthesized CAPs are very similar to the experimental CAPs. Several
aspects appear better than in the early model version, in particular the N,. Also a second
increase of Ay,, above 50 dB nSL, is now simulated in contrast to the early model
version, although it remains smaller than experimentally observed.

CAPs in pathological cochleas: experiment and model

In considering the audiograms of pathological ears, we define three frequency
ranges: high-frequency range: above 6 kHz, mid-frequency range: 1-6 kHz, and low-
frequency range: below 1 kHz. In twelve noise-exposed guinea pigs we categorized four
different types of audiograms: i) high- and mid-frequency loss, ii) high-frequency loss,
iii) mid-frequency loss, and iv) high- and low-frequency loss. In general, deviations in
recorded click CAPs were related to the type of audiogram. We modelled CAPs
according to both M1 and M2 for each of the four audiograms. The simulations of
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abnormal CAPs are compared to the simulations for normal CAPs in order to judge the
deviations in the CAP predicted by the model. Model results will be considered in
particular at high intensities where the abnormal single-fibre responses may play a role
and thus simulations with M1 and M2 may differ. Note that features in abnormal CAPs
are compared to normal at the same sound level (as opposed to sensation level).

CAPs in cochleas with high- and mid-frequency loss, experiment

Two guinea pigs, which showed initial threshold shifts and in addition were
exposed to traumatizing tones of 6 kllz, experienced severe hearing losses in the high-
and mid- frequency range. The deviations in the click CAPs were similar in both
animals. Figure 3 presents the data of GP123 which shows the abnormal features most
pronouncedly. The audiogram (Fig. 3A) indicates losses of 40-50 dB for frequencies
above 1 kIlz. The click CAPs deviated markedly from normal. Both the early and late
parts of the waveforms manifested a large dependence on click polarity (Fig. 3B). At
low intensities this behaviour was expressed by multiple peaks shifting half an interpeak
period with reversal of click polarity. In Figs. 3C, D the latency and amplitude of the
N, ty, and A, are compared to average normal values. At low intensities t,, was
considerably longer than normal and Ay, was smaller. At high intensities, however, in
spite of the severe high-frequency loss, t, and A, were as short and large, respectively,
as normal. Table IIA (third column) gives a summary of the results.

CAPs in cochleas with high- and mid-frequency loss, model

We simulated CAPs for an audiogram as found for GP123 (cf. Fig. 3A) by
choosing a threshold shift of 30 dB for the octave range from 1.5 to 3 klz, and 40 dB
for the range above 3 kHz. Figure 4 presents the results of the simulation with model
MI1. An important implication of this model version is an elongated PSTH latency at
each level. In this paragraph we mention the score for the simulation of a feature (*+,
', or ’-"), in order to illustrate the scoring criteria used in Table II. At low intensities
the model results partially agree with the experiment: the synthesized waveforms show
the trend of the experimentally observed pattern (0; Fig. 4A), ty, is longer (+; Fig. 4B),
and Ay, is smaller than normal (+; Fig. 4C). At high intensities the model is not
adequate: ty, is too long (=), Ay, is too small (-), and the polarity effect is too small or
inverted (-).

Simulations with the M2 model were performed with each of the four single-fibre
response types II-V separately, in order to compare the effects of each type on the CAPs.
Since types IV and V are associated to high-CF fibres, these types were only applied to
the high-frequency hearing loss region (above 3 klz), and type-II and type-III responses,
respectively, were substituted for the low-frequency region (1.5-3 kHz) of the audiogram.
Table 1IA shows the scores of the four simulations. Note that the scores are equal at low
intensities since the abnormal response patterns are only effective at high intensities.
Comparing then at the relevant high intensities we see that each of the four M2 models
scores better than the M1 model. Simulations with types II, III or IV/II are good with
respect to t, and Ay, but they are insufficient with respect to the polarity dependence
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Fig, 3. High- and mid-frequency loss, experiment. (A) CAP tone audiogram of GP123,
which indicates a high- and medium-frequency hearing loss (above 1.4 kHz). The CAP
thresholds of GP123 are represented by dol-dashed lines (first recordings) and dashed
lines (last recordings). The normal audiogram averaged over 12 normal ears (cf. Versnel
et al., 1990) is given by solid lines. Asterix, triangle or circle symbols indicate thresholds
at CT for single fibres. The roman digits indicate the type of FTC in an abnormal fibre
(Versnel et al., *) (B) CAPs of GP123, ordered as in Fig. 2. (C) Latency of N, versus
click intensity. As in B condensation and rarefaction polarities are represented by solid
and dashed lines, respectively. Stars symbolize the responses of GP123, circles the
averaged normal values as given in Fig. 2. (D) Amplitude of N, with symbols as in C.
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Fig. 4. High- and mid-frequency loss, simulations of click CAPs with model M1, i.e. all
abnormal fibres have response type I (normal response behaviour for reduced effective
intensity). Threshold shifts are 30 dB for the frequency range 1.5-3 kHz, and 40 dB for
3-34 kHz. Panels (A)-(C) as Figs. 3A-C, respectively. (A) Synthesized CAP waveforms
for condensation (solid lines) and rarefaction (dashed lines), respectively. (B) Latency of
N,, and (C) amplitude of N, versus click intensity for CAPs shown in panel A (Y-
symbol) and for modelled normal responses as shown in Fig. 2B (friangle). Compared
with experimental data at high intensities (¢f. Fig. 3): model latencies are too long; model
amplitudes are too small; click-polarity effect too small.
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of the CAP. Obviously, the best model simulations are obtained with parameters of
response type V (in combination with type II1), which shows among others an abnormal
polarity dependence (c¢f. Table I). This model version scores better than the M1 model
for each feature, and better than or equal to the other M2 versions except for t, where
the type-IIl version is more realistic, The results of the type-V/IIT version of the M2
model are shown in Fig. 5. Not only the absolute values of ty, and Ay, but also the
polarity effects are reproduced well. Furthermore, notice for both polarities the similarity
of waveforms between model and experiment, in particular at 51 and 71 dB nSL
(Fig. 5A). Also the simulation of the latency in its remarkable variation with intensity
is good (Fig. 5B). The model result is encouraging since the single-fibre responses found
in GP123 (see Fig, 3A) justifies a choice of both type Il and V.

For the three other cases, which we consider in the next subsections, a simulation
with the M2 model was only performed with the response type(s) found in the majority
in the specific example animal.

TABLES 1II
GLOBAL FEATURES IN CAPS AND SUCCESS OF CORRESPONDING MODEL
SIMULATIONS

For each type of audiogram the average features are described. Simulation with type-I
characteristics represents the M1 model version, that with types Il to V the M2 version.
Qualifications of features: if not indicated as normal then abnormal, e.g. short means shorter
than normal. Symbols: +: good result, feature closely approximated; 0: tendency of feature
present, but not close approximation; -: bad result, often opposite to feature.

TABLE ITA

High- and mid-frequency loss (GP123, GP147)

Parameter Level Feature 1 1 [11 IV/IL VI

tiyy low long + + + + +
high normal - + + + 0

ty;» Dol dep low large 0 0 0 0 0
high large - - F - b

An low small + + + 3+ +
high normal - + 0 A +

Ay, pol dep low large - - - - -
high normal - + - - g

waveform low multiple peaks 0 0 0 0 0
high multiple peaks - - 0 0 +
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Fig. 6. High-frequency loss, experiment and model. (A) CAP tone audiogram of GP118:
dot-dashed lines represent early recordings and dashed lines final recordings. The pre-
and post-experiment audiograms are separately plotted symbolized by plus-signs and
crosses, respectively, The averaged normal audiogram is given by a solid line. Asterix,
triangle or circle symbols indicate thresholds at CT for single fibres, the roman digits
indicate the FTC type of abnormal fibre. Most abnormal responses were of type IlI
(71 %). (B) Click CAPs of GP118, see Fig. 2A for symbols. (C) N, latency, and (D)
N, amplitude versus click intensity for CAPs of GP118 shown in B (stars), compared to
normal experimental values (cireles). (E) Model CAPs for a high-frequency hearing loss
as found in GP118, computed according to M2 model with type 1I1. The threshold shifts
are 30 dB for 6-10 kHz, and 20 dB for 10-20 kIiz.
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CAPs in cachleas with high-frequency hearing loss

Three guinea pigs had a high-frequency hearing loss after exposure to a 6 kHz
tone. The major deviation in their click CAPs was a small but significantly increased
polarity dependence at high intensities. Figure 6 presents as example the CAP data for

TABLE IIB
High-frequency loss (GP110, GP118, GP131)

Parameter Level Feature [ [T
i low normal + +
high normal/short 0 +
ty» pol dep low normal + +
high large - 4
Koy low normal 0 0
high normal/large 0 +
Ay. pol dep low normal T -+
high normal + +
waveform low normal/small N, 0 0
high normal/small N, 0 0
TABLE 1IC
Mid-frequency loss (GP133, GP136, GP137, GP139, GP151)
Parameter Level Feature I v/
e low short - -
high short -
tw;» pol dep low normal - -
high normal + +
Ay low normal/small + +
high normal/large - 0
Ay, pol dep low normal 0 0
high normal 0 0
waveform low multiple peaks 0 0
high N, pol dep 0
132

TABLE 11D
High- and low-frequency loss (GP121, GP130)

Parameter Level Feature |
| = low long
high long 0
ty, pol dep low normal +
high normal 0
A low small +
high normal/small 0
Ay» pol dep low normal +
high small 0
waveform low normal 0
high normal 0

GP118, which showed a moderate threshold shift in the frequency region above 6 kiz
(Fig. 6A). Especially, the latencies (Fig. 6C) exhibited an increased polarity difference
at high intensities because the rarefaction-click latency was significantly shorter than
normal. Deviations could occur in opposite directions. For example, in two of the three
guinea pigs CAPs showed an significant reduction of the N,-N, ratio (as in Fig. 6B),
whereas in one the N,-N, ratio was abnormally large.

The high-frequency loss was simulated by a threshold shift of 30 dB for
frequencies between 6 and 10 kHz, and 20 dB for frequencies between 10 and 20 kHz.
A relatively large percentage of type-lIl responses, which typically vary with click
polarity (cf. Table I), was found in the experiments (see Fig. 6A). Therefore, M2
simulations were performed with PSTH parameters for that type. At low intensities,
where the M1 and M2 models are similar, the CAPs were simulated sufficiently (see Fig.
6E). At high intensitiss the M1 simulated waveforms, lacking an increase of polarity
dependence and having too small amplitudes, did not agree with the experimental CAPs
(Table 1IB). A better simulation was achieved with the M2 model: the polarity
dependence of ty, was increased and Ay, was normal (Fig. 6E; Table IIB). Since the
type-11I responses have abnormal second peaks, some effect on the N, component could
be expected in the M2 model simulations such as in the experimental CAPs. However,
the simulated N, compenent had not changed.

CAPs in cochleas with mid-frequency loss

In four animals exposed to tones of 1.4 or 1.7 kHz we found a hearing loss in the
frequency area between 1 and 6 kllz, and one animal exposed to 6 kHz had a moderate
loss in a small area around 4 kllz. There were three major deviations in the click CAPs,
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Fig. 7. Mid-frequency loss, experiment and model, Click CAPs as in Fig. 6 but for a
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respectively. (A) CAP tone audiogram of GP137 (dashed lines). Abnormal FTCs in
GP137 were of type I, III, or IV. (B) Click CAPs of GPI37. (C) N, latency, and
(D) N, amplitude versus click intensity for CAPs of GP137 shown in B (stars), compared
to normal physiological values (circles). (E) CAPs computed by model M2 for a
medium-frequency hearing loss. For frequencies between 1 and 3 kHz, threshold shifts
are 30 dB and the abnormal responses are of type 111, in the 3-6 kHz range the threshold
shifts are 50 dB with the response type IV.
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each exhibited by 4 out of the 5 animals. Late CAP components as N, and N; greatly
varied with polarity; ty, was significantly shorter than normal; the increase of Ay, with
intensity was large and at high intensities Ay, could be significantly larger than normal.
Figures 7B-D demonstrate these remarkable response features in animal GP137. Tts
audiogram (Fig. 7A) indicated moderate threshold shifts of 20-30 dB. For condensation
clicks the N,-N, ratio was significantly larger than notmal, and for rarefaction clicks we
observed only a small N, but a pronounced N;. Note that the N, peak showed a normal
polarity dependence.

The mid-frequency hearing loss in the M1 model was simulated with threshold
shifts of 30 dB in a frequency range of 1 to 6 kHz. The Ml-synthesized CAPs had an
N, component that was large for condensation clicks and small for rarefaction clicks,
which agreed remarkably well with the experimental waveforms. However, discrepancies
between the M1 model and experiment appeared with respect to the other major features
in the CAPs (Table IIC). The settings for the M2 model were based on the types and
corresponding thresholds as shown in Fig. 7A: type-1ll responses with a threshold shift
of 30 dB between | to 3 kHz, and type-IV responses with a threshold shift of 50 dB
between 3 to 6 kHz. The latter response type shows steep amplitude-versus-intensity
curves (Table I). The simulations at high intensities are improved by the M2 model in
three aspects: ty, is shorter than normal, the increase of Ay, grows above 40-50 dB nSL,
and also the N, component at the high levels comes out better (see Table [IC and
Fig. 7E).

CAPs in cochleas with high- and low-frequency loss

Two animals which had been exposed to a 6 kHz tone suffered a high- and low-
frequency hearing loss. The specific deviations occurred in the N, latency. It was
significantly longer than normal and the decrease with intensity was abnormally large.
Figure 8 presents the relevant CAP data for GP121. The audiogram indicated a hearing
loss of about 40 dB for high frequencies, a lass of 20-30 dB for low frequencies, and
minor threshold shifts for the mid frequencies (Fig. 8A). The waveforms of the CAPs
are normal (therefore, not presented herc)., The N, latency was elongated for all
intensitics, and the intensity curve was almost twice as steep as normal (Fig. 8B). The
slope of the amplitude-versus-intensity curve was steeper than normal in GP121 (Fig.
8C). The CAPs in the other animal were different with respect lo the N| amplitude. The
slope of the intensity curve was normal such that Ay, remained relatively small up to
high intensities.

The simulations of CAPs for low- and high-frequency loss as in GPI21 are
performed with a threshold shift of 45 dB in the frequency range 5 - 34 kHz, a threshold
shift of 25 dB in the range below 1 kHz, and a small shift of 10 dB in the intermediate
range. Only model M1 was applied to simulate the click CAPs, since most abnormal
respanses were classified as type I (Fig. 8A). The simulation results were partly
sufficient as indicated by Table 1ID. The latencies were indeed longer than normal bul
did not show a large decrease with intensity. At low intensities A, agreed with the
experiment. but the increase with intensity was shallower than normal, unlike what was
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Fig. 8. High- and low-frequency loss, experiment. (A) CAP tone audiogram of GP121
(dashed lines), showing a high- and low-frequency loss. See Fig. 3A for symbol legends.
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and amplitude (C) of click N, from GP121, Stars symbolize the responses of GP121,
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experimentally found.

Discussion

Normal CAPs: experiment and model

For analysis of click CAPs recorded in guinea pigs we used an empirical model.
The model introduced in Versnel et al. (1992a) has been upgraded in order to simulate
CAPs for various (abnormal) audiograms, and with that, the modelling of normal CAPs
is refined. The second peak that is added in the normal model PSTH causes a large
contribution to the N, from high-CF fibres since their second peaks are, like the
dominant peaks, synchronized across fibres as opposed to peaks of low-CF fibres.
Hence, according to our model, the N, is mainly caused by second discharges of high-CF
fibres, which supports interpretations of Ozdamar and Dallos (1978), Dolan et al. (1983),
and Versnel et al. (1992a). Adjustments of the parameters in the fibres with CFs above
12 kHz, which includes the idea that the fibres’ click threshold is determined by the
level of the FTC tail rather than by the tip (Versnel et al., 1992a), results in an extra
increase of the amplitude at high intensities. However, the high-intensity slope is still
shallower than in experimental CAPs. More data are needed on click responses of the
fibres with very high CF (up to 30 kHz) to determine if they indeed are responsible for
the large increase of the N, amplitude; for those high CFs we have now estimated
parameters as amplitude increase (a), latency (t,), and inter-fibre latency spread (s,) cn
the basis of only a few fibres.

The new model is improved with respect to the N, peak, the CAP onset latency,
and the latency and amplitude of the N, peak. Normal click CAPs are properly
described, and thus, the model is an adequate starting point to simulate and analyse
deviations in CAPs in damaged cochleas.

Deviations in the CAPs: relation to the threshold audiogram

In the next paragraphs we discuss CAP deviations at low intensities in
relationship to the audiogram. Subsequently, we consider deviations at high intensities
where apart from the audiogram the specific abnormal single-fibre responses (cf. Table T)
play a role.

The lack of contributing high-CF fibres, which have a short latency, explains
longer N, latencies at low intensities for the three types of audiogram with a high-
frequency loss (Figs. 3C: high/medium, 6C: high, 8B: high/low). For ears with a broad
range of hearing loss (high/medium and high/low) the number of fibres contributing to
the CAP at low intensities is small, and therefore, the N, amplitudes are markedly
smaller than normal (Figs. 3D and 8C). These two phenomena and their explanations are
reported by many authors (e.g. Elberling and Salomon, 1976: Aran and Cazals, 1978;
Pettigrew et al., 1984). The explanations are confirmed by our model simulations
(Table TI).

The low-intensity CAPs in ears with a mid- or high/mid-frequency loss comprise
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a multiple-peaked wave pattern that shifts with reversal of click polarity. An early
component (N,) is present in case of the mid-frequency losses (Fig. 7B), but it has
disappeared in case of the high/mid-frequency losses due to the lack of contributing
high-CF fibres (Fig. 3B). The occurrence of late multiple CAP peaks that shift with
polarity can be ascribed to a dominant contribution of normal low-CF fibres which have
polarity dependent multiple-peaked click responses (e.g. Kiang et al., 1965; Versnel et
al.,, 1992a). In both cases the interpeak intervals in the quasi-periodic pattern of the
CAPs correspond to the CI' range of the most sensitive fibres (around 800 Iz). This
pattern is reported for high- (and mid-) frequency losses in cats (Pettigrew et al., 1984),
and in humans (Coats and Martin, 1977; Schoonhoven, 1990; Meller and Jho, 1991).
The strong polarity dependence of the N, peak, an aspect of the multiple-peaked pattern
in mid-frequency loss, is fairly well reproduced by the model (see Fig. 7E at low
intensities, Table IIC). From the model latencies follows that for condensation clicks
second discharges of high-CF fibres and first discharges of fibres with CFs around 800
Hz respond in phase and for rarefaction clicks out of phase. This underlines the crucial
role of fibres with CFs of about 800 Hz. The quasi-periodic patterns in the CAPs of
GP123 were simulated to some extent but not in its very pronounced form (Fig. 4A).
The PSTH model in its simplified description of average response behaviour does not
account for individual variations in amplitudes and thresholds. Therefore, the simulated
contributions from remaining responding fibres with different CFs (below 1.5 kHz) are
equally large, and can cancel in view of the different peak periods and latencies (cf.
Moller and Jho, 1991). However, we assume that in cases as GP123 a group of fibres
in a narrow CF band is dominant; this is plausible since normal PSTH amplitudes seem
to be largest for a particular range of low CFs (Versnel et al., 1990).

Another relation between audiogram and click CAPs at low intensities is found
in animals with a mid-frequency loss where four out of five had abnormally short
N, latencies. This finding is not supported by the model simulations, and we do not have
a satisfactory explanation for this discrepancy.

In conclusion, for low intensities there are several deviations in click CAPs that
are systematically related to the type of audiogram, and according to the model results,
most of these CAP features can be predicted. Also for high intensities we see common
deviations in CAPs for animals with the same type of audiogram. Here the low
simulation scores of model version M1 strongly indicate that it is not sufficient to know
the audiogram in order to explain the abnormal CAPs (cf. Table II; Fig. 4).

Deviations in the CAPs: relation to aberrant single-fibre responses

Since simple assumptions on PSTHs (M1) are not adequate for high intensities
we have to consider response characteristics of abnormal single fibres in order to explain
abnormal response features of CAPs. In this analysis we assume that the UR (see
Egn. (2) in the Appendix) does not change in pathology (Versnel et al., 1992b). It must
be siressed that the modelled responses can only be a global representation of actual
responses, since there is a great variety of single-fibre responses in damaged cochleas
(Liberman and Kiang, 1978) and the abnormal responses are represented on the basis of
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relatively few fibres. Furthermore, for some parameters we did not have sufficient data
and thus took for simplicity the normal value (such a parameter is o, see Appendix
step ix)), a significant variable of the N, amplitude).

The global features of abnormal click responses of types I to V are that the
latency has about the normal value, and that the amplitude at the saturation level is
normal (types II and III) or larger than normal (types IV and V). Accordingly, at high
intensities where these abnormal fibres are excited, the N, latency and amplitude are
normal or border-line normal in most abnormal ears. Hence, even if one does not choose
the correct actual types of abnormal response (Il to V), simulation results generally
should be better than with the M1 model (single-fibre response type T) as suggested by
the scores in Table IIA. In this view the model assumptions of Elberling and Salomon
(1976) that above threshold PSTHs of abnormal fibres are normal (when referred to
sound level) appear reasonable. However, Table IIA also suggests that details in single-
fibre responses are relevant: the best CAP simulation is achieved with response types
which most likely were present in the studied ear. This modelling result and those for
other ears (Figs. 6,7, Table TIB, C) demonstrate that specific response properties of
abnormal fibres play a significant role in the deviations of CAPs to high-intensity clicks.
Experimental results with a similar audiogram and different CAP deviations underline
this conclusion. For instance, for audiograms with a high-frequency loss a larger polarity
dependence of N, latencies was found for a larger percentage of fibres with response
type III.

Beside the general CAP behavicur in noise-damaged ears, there are specific CAP
deviations that can be well interpreted on the basis of the aberrant single-fibre responses.
A nice example is animal GP123 which had a severe hearing loss with thresholds shifts
of 40 dB in the high- and medium-frequency range and, paradoxically, short rarefaction-
click latencies for levels more than 40 dB above normal click threshold (Fig. 3C). In this
animal we found a large percentage of FTCs with a hypersensitive tail. The model
simulations strongly indicated that the short single-fibre latencies associated to these
 FTC types caused the short N, latencies to rarefaction clicks. The same simulations made
clear that the polarity dependence of the N, latency at high intensity is caused by the
abnormal fibre responses, and not by dominant normal (and polarity variant) low-CI
fibre responses, which at low intensities are responsible for the large N, -latency
differences with polarity.

OQur findings and model analysis clarify phenomena reported in pathological ears.
It is demonstrated that normal N, latencies at high intensities as found by Wang and
Dallos (1972), Eggermont (1976). Elberling and Salomon (1976), Salvi et al. (1979) and
Pettigrew et al. (1984) are a consequence of the normal latencies for most abnormal
single-fibre responses. Normal N, amplitudes to clicks as reported by Eggermont (1976)
and Elberling and Salomon (1976) occur because of steeper single-fibre input/output
curves and normal or larger than normal single-fibre response amplitudes. Bggermont
(1979) observed in humans with a severe flat hearing loss abnormally short narrow-band
derived CAP latencies to clicks. This might have been caused by hypersensitivity to low
frequencies of fibres with a high CF and, thus, short latency. Finally, differences in
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CAPs or ABRs to clicks between subjects with similar hearing loss as reported by Coats
and Martin (1977) and Maller and Jho (1991) can be ascribed to the difference in types
of single-fibre responses for similar audiograms.

From click CAPs to local cochlear dysfunctioning

Deviations in the CAP to high-intensity clicks are for cne part caused by the
threshold shifts and frequency range of hearing-loss areas, and for the other part by
abnormalities in suprathreshold behaviour of single fibres from hearing-loss areas. On
the basis of an audiogram and specific abnormal single-fibre response properties one can
predict the click CAPs for pathological ears. Hence, given an audiogram and click CAPs,
one might try to derive the underlying abnormal single-fibre responses. Accordingly, in
view of the systematic relation between PSTHs and the type of abnormal FTC (Versnel
et al., *), the changed frequency tuning might be derived. Furthermore, since the FTC
shape is associated with a type of morphological cochlear damage (Liberman and Dodds,
1984), one may also be able to assess cochlear damage on the basis of the CAP. Clicks
should be presented at high intensities, where abnormal fibres respond, and it is
important to record click CAPs for separate polarities, because potential deviations occur
in the difference between responses. The latter suggestion has also been done by Coats
and Martin (1977).

The application of click CAPs as here described for analysis of abnormal hearing
will apply to guinea pigs in animal research. The merits for ECoG in humans are not as
clear, It seems that with respect to polarity effects, larger variations between individuals
exist in humans than in animals (Schoonhoven, 1990; data in our clinic). The additional
application of narrow-band analysis of click responses would be useful here. See, e.g.,
in case of response types Il and V: for low-frequency narrow bands an influence of
hypersensitivity might be observed by short latencies or large amplitudes, for high-
frequency bands a cancelling of polarity effects might occur (compared to broad-band
click CAPs). Finally, the clinical application of the method of click CAPs, especially the
possibility to obtain information on tuning characteristics, might be examined by
recording both click CAPs and CAP tuning curves (cf. Rutten, 1986) in the same human
ears. The opportunity to assess abnormal tuning characteristics would be very helpful in
understanding specific problems with speech perception.

Appendix

The various components of the CAP model will be described here. Those that
have been modified compared to the previous model version (Versnel et al., 1992a) are
marked with an asterix. New elements in the model are extensively described, for details
on unchanged elements we refer to Versnel et al. (1992a). The quantities described are:
1) the model PSTH derived from the P-parameters, 2) the fibre population, and 3) the
model UR. For abnormal cochleas threshold shifts for particular CF areas are inserted
and parameters in the model PSTH are adapted as indicated in Table TA.
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Model for click PSTHs

The model PSTHs P(t) are simulated according to the following series of

assumptions. The values of the parameters, listed in Table IA, are all derived from
single-fibre data.

i)

ii)*

iii)

iv)

v)*
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The PSTH is generally formulated as P(t) = f(t: t,, Ap Sp) + £t th, Ape Spy)
where the symbols with subindex P represent the parameters of the dominant peak
and those with subindices Ps represent the parameters for the secondary peak. All
parameters depend on the fibre variables CF (f.) and SR (1), and on the stimulus
variables intensity (L,) and polarity (m; m=1 for condensation, and m=-1 for
rarefaction click).

The PSTH peaks (ie. the dominant and the secondary) of a high-CF fibre
(f. > 3 kHz) are represented by a function g(t) associated with the gamma
distribution.

fortz o

ft; tp, Ap, Sp) =gl o, By, k) = k{(t-a)/B} exp{-(t-a)/B}
0 fort < o

The relation of P-parameters with parameters of function g(t) is as follows:

t, = & + B(y-1), A, = xh, and S, = h/(28) with h = (y-1)*" exp(1-y).

The parameter v was set at a constant value, we chose y=3 (Versnel et al., 1992c¢).
The function g(t; a, B, v, k) could then be expressed as a function of the P-
parameters:

f(t; 15, Ap Sp) = gty t,-0/S,, W28, 3, Ap/h) for £, > 3 kHz

with h = dexp(-2) = 0.54.

The PSTH peaks of a low-CF fibre are represented by half a period of a sinusoid
with a frequency of Sy/m (see step vii) on parameter S,).
f(t; tp, Ay Sp) = Apcos{28,(t-t,)}  with |tt,| < midsy)

The SR dependence is incorporated in the intensity dependence, the effective
intensity L is taken different for the three SR groups: L = L, - 8L(r,), with L, the
actual intensity and 8L(r,) the threshold difference of low- or medium-SR fibres
with high-SR fibres.

The description of latencies of low-CF fibres is modified in view of their polarity
dependent behaviour. The condensation-click latencies are directly derived from
the data. but the rarefaction-click latencies of the low-CF fibres are now taken a
half cycle (1/2f)) longer or shorter than the condensation-click latencies, for low
intensities longer and for high intensities shorter. The transition intensity increases
with CF according to the data (Versnel et al,, 1992a). The rarefaction-click
latencies of high-CF fibres (where the difference between rarefaction and
condensation clicks deviates from 1/(2f.), see Versnel et al., 1990) are directly
derived from the data. The CF dependent latency term t, has now been made to
vary with the effective level L instead of L, which introduces a simplification

for t, <3 kHz

vi)*

without resulting in significant changes since the level dependence of the latency
is mainly expressed by the second term t,.

t =1(f; L, m) + (L) in which
t(f; L, m) =c(L)2 + 0.5(1-m) j(L,, L)A2f,) for £, < 3 kHz

=¢,(L)3"2 + 0.5(1-m) c(L) for f, > 3 kliz (independent of [)
and t,(L) = t,(0)exp(-c.L)
with j=1 or j=1, and ¢, accounts for a rarefaction- minus condensation-click
difference.

Figure | illustrates the gradual decrease of latency with intensity.

For low CFs the latency of the second peak, tp, is longer or shorter than the
dominant peak by one period of 1/f,. For condensation clicks t,, is longer for all
conditions, for rarefaction clicks it is shorter if t; is longer for rarefaction than for
condensation clicks, which occurs at low intensities as described above, and vice
versa for high intensities. If the period 1/f, is less than the absolute refractory
period (1.0 ms) and the sum of the two peaks reflects an integral discharge
probability greater than 1, then the interpeak period is set at two or three periods
of 1/f, such that it is larger than 1.0 ms. The second peak for high-CF PSTHs is
set at the experimentally observed interpeak time of 1.0 ms.

By =6 + (s L, m) with the interpeak interval t;, described as

t, =€ for £, > 3 kliz
tip(m) = 0.5{(m+1) + (m-1)j(f,, L)} n/f, with n=1,2,3  for f, £ 3 kHz.
Note in Fig. 1A the interpeak intervals of 1.0 ms (c, value), and note in Fig. 1B
in the rarefaction-click histograms the shift of the peak dominance between 21 and
31 dB nSL induced by a sign change of j(f., L).

The amplitudes A, and A,, are assumed (o increase linearly with the effective
intensity (in dB) up to a saturation value:

A(f; L) =0 forL <0
= a(f )L for0<L =1L,
= a(f,)L(f.) forL>L,

with a(f,) the rate of increase, and L(f) the saturation intensity.
Ap, =1(f)A,  with ratio factor (f) < 1.

Figure 1 illustrates that the saturation levels are 40 and 30 dB for the high-CF (A)
and low-CF (B) fibres, respectively.

We took into account not only the sharp increase of click threshold with CF for
CFs above 12 kIz (see Versnel et al., 1992a), but also the threshold increase with
decreasing CF for very low CFs. For CFs above 12 kHz we made important
refinements. The increase of click threshold with CF (related to increase of CF-
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tone threshold and decrease in click spectrum) was limited to a level that
corresponds to an FTC-tail threshold, ®; this threshold being hyper- or
hyposensitive varies with a type of FTC (Versnel et al., *). Furthermore, for high
click thresholds (30 + 8L(r,) dB nSL), which are reached for CFs above 18 kHz,
the increase rate a was enlarged and L was reduced by a factor 2.

L = L, - 8L(r,) - d,*log(0.5/f)

L =L, - 8L(r) - d,2log(f,/12)  if d, log(f/12) <O, or
L=L,-3L(r) - ©®, if d, 2log(f/12) 20,  for f, > 12 kHz
with d, and d, rates of threshold increase (dB/octave).

for £, < 0.5 kHz

vii)* The CF dependence of the peak synchronization S, and S, is modified. For CFs
below 1 kHz S, is set to make the peak duration be half a period of 1/f,, for CFs
between 1 and 3 klz S, slightly increases with CF, above 3 kHz S, is invariant
with CF. The synchronization in the secondary peak is taken equal to that of the
dominant peak.

8, =mnf, for f, <1 kHz

S, =nf® forl<f <3kHz

S =b for . > 3 kllz with b a conslant.
Spe =S

S, is enlarged by making it equal to A, in those cases that 8, would be smaller
than A,, because the firing probability that is represented in the PSTH peak,
Ap/S;, cannot be larger than 1.

PSTHs in cochlear regions of hearing-loss

In model MI the parameters for hearing loss regions are described as normal but
for a reduced effective intensity, in the analogy of the SR dependence (step iv).
Parameter values are found in Table 1A for normal/type L

L =L = 8Lr) = Lig for 05 <f <12kHz (1)
L =L, - 8L(x,) - d,*log(0.5/) - Ly for f. < 0.5 kHz

L =L, - 8L(t) - d, “log(f/12) - Ly if dy*log(f/12) < ®, or

L=l DL =0y = T if d. *log(f/12) 2®, for f,> 12 kHz

with L the threshold shift that corresponds to the hearing loss.

For model M1 Eqn. (1) is applied in all steps i)-vii) of the PSTH model.

In model version M2 the specific PSTHs which correspond to different abnormal
FTC types are explicitly incorporated. Parameters adapted according to M2 are: for tp:
¢, and ¢, (see step v)); for A,: @ and Lg (step vi)); for Sp: b (step vii)); for tp,: ¢, (step
v)); for Ap, (step vi)): r; furthermore the tail level ®, (step vi)) is dependent on the
response type. The values of the parameters for the types 1I-V are listed in Table TA. For
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M2 synthesized abnormal PSTHs Egn. (1) is only applied to compute the amplitude
(step vi)).

Model compound discharge latency distribution
A compound discharge latency distribution is computed by summation of the
fibre’s discharge probabilities P(t) over a fibre population which is generated as follows.

viii)* The CF range was extended from 0.5-24 kHz to 0.25-34 kHz. One hundred CF
points are logarithmically distributed over an octave. For each discrete CI point
the responses of 40 fibres are computed, which are subdivided into high-,
medium- and low-SR fibres according to the ratio 25:9:6 (Versnel et al., 1990).

ix)  The spread of latencies of different fibres of similar CF and SR was simulated by
convolution with a Gaussian distribution function n(t) = exp{-(t-t;,)%2q2}.
Particularly, Fig. 1B illustrates the effect of the latency spread in that the
originally sinusoidal shaped PSTH has now become bell-shaped.

Model CAP
) For each audiogram the sum of P(t)’s of contributing fibres was convolved with
the same standard UR according to Goldstein and Kiang (19358):

c@ = [ S(t) U(t-t) dt (2)
in which C(t) is the CAP, S(t) is the sum of P(t)’s, and U(t) the UR.
The model UR was chosen as follows (Versnel et al., 1992b):

U(t) = (Unlay) (1-) exp{s - (t-1,)%/20 4%} fort<t,

U(t) = (Up/op) (1) exp{'s - (t-1,)226,2} fort=t,

with the parameter values: t; = -0.06 ms, Uy = 0.12 pV, oy = 0.12 ms,
Up =0.09 pV and o, = 0.16 ms.
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Chapter VIII

Summary and conclusions

The previous chapters of this thesis discussed auditory physiological experiments
performed in the guinea pig. Whole-nerve and single-fibre responses to click stimuli
were simultaneously recorded in both normal and noise-damaged cochleas. Also, the unit
response at the round window was measured. The results of these experiments are
summarized in this chapter, first for normal cochleas, then for abnormal cochleas.
Subsequently, conclusions with respect to the electrocochleography are given. We refer
regularly to the previous chapters and their figures, so that the reader can look up the
details. For a complete summary of this research project both the General introduction
(Chapter I) and this chapter should be read.

Normal cochleas

Single-fibre responses to clicks

We divide the auditory-nerve single fibres in three groups with respect to the
spontancous discharge rate (SR), with boundaries at 5 and 30 spikes/s. High-SR fibres
are more sensitive than low-SR fibres, and medium-SR fibres have intermediate
thresholds (Ch. 1I, Fig. 1). This agrees with findings of other investigators (Liberman,
[978; Winter et al., 1990; Schmiedt, 1989). We distinguish fibres with low and high
characteristic frequency (CF) on the basis of two distinct patterns in the click responses
(Ch. I, Fig. 5; Ch. IIl, Fig. 3). The high-CF fibres (CF above 3 kHz) respond similarly
to condensation and rarefaction clicks, the poststimulus time histograms (PSTHs) show
one or two peaks, and the response latency is short. On the contrary, the responses of
the low-CF fibres (CF below 3 kHz) are dependent on click polarity: the PSTHs have
several peaks that alternate with polarity, and the click latency is long and increases with
decreasing CF (cf. Kiang et al., 1965; Pfeiffer and Kim, 1972; Salvi et al.. 1979).

The single-fibre data of click responses are applied in an empirical CAP model.
In this model, discharge probabilities of click responses of single fibres are computed
on the basis of the experimentally derived parameters of latency, amplitude, and
synchronization of the dominant PSTH peak (Ch. III, VI). These PSTH parameters
depend on the fibre variables CF and SR, and on the stimulus variables level (L.) and
click polarity (m). The SR dependence of the PSTH parameters is incorporated as a shift
of effective intensity, L = L, - 8L(r,), this describes reasonably well that with lower SR
(lower L) latencies are longer and amplitudes are smaller.
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Unit response .

The unit response (UR) is derived with the method of spike-triggercd' averaging.
Typically at least 5,000 averages were needed for a sufficient signal.-to.-noxse ratio. In
most recordings (usually in high-SR fibres since these provide a sufficient nu_mbcr of
averages) the UR had a diphasic waveform and the amplitude of its first negative peak
was 0.12 + 0.06 uV (Ch. I¥). This confirms earlier reports on the UR, whf:re tl}e same
method was applied (Kiang et al., 1976; Wang, 1979; Prijs, 1986). The splke-ulggerf:d
averages of most low- and medium-SR fibres are found to be lar‘gc.r than 0.3 pV which
is interpreted as resulting from synchrony of spontaneous activity of. several_ fibres
having each a UR of about 0.12 uV (cf. Evans, 1987). A model UR is described as
follows:

U(t) = Up/oy(t-to)expf a-(t1p)420y 2} fort <t (1)
U(t) = Up/op(t-todexp{ a-(1-15)%/20,2} fort2t,

with Uy, the amplitude and oy the width of the negative (N)_and positive (P) UR
peak, and t, the zerocrossing of the diphasic waveform, and with parameter values:
Uy = 0.12 uV, oy = 0.12 ms, U, = 0.09 pV and 6, = 0.16 ms, t, = -0.06 ms.

Compound action potential ' ‘
Simultaneously with single-fibre PSTHs we recorded compound action p'otelmals
(CAPs) to clicks of various levels and both polarities. These CAPs are simulated
according to the convolution theorem of Goldstein and Kiang (1958). Model PSTHs
(estimates of the discharge probability density) arc summed over the whole-nerve
population of single fibres each characterized by variables CF E!.l’.ld SR. Subsequently, the
sums (estimates of the whole-nerve discharge latency distribuu.on} are f:omfo]vcd with
the model UR (see Eqn. (1)) resulting in a model CAP. This CAP is expressed as

follows:

1
ClLy Mty = |

s

{ ¥ P(f,r, Ly m; 1) } Ut-1) dr 2)
3

where C(L,, m; t) is the CAP as a function of stimulus Ie\{el L, and c]ifzk polarity m, and

P (f, r, L, m; ) the model PSTH with f, and r, representing fibre variables CF and SR.

Note that the model unit response U(t) is considered independent of ﬁbre:

The synthesized CAPs agree with the experimental _CAPS with respect to the
latency and amplitude of the N, component (i.c. ﬁrtj,t negative pn:eak) o‘f the CAP, the
polarity dependence in the N, parameters, and the basw'wavef{mn Imch.,ldm g.tfle N, peak
(Ch. VII, Fig. 2). Only the intensity increase of amplitudes at high intensities (above
50 dB normal sensation level, nSL) is not simulated accurately.
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Abnormal cochleas

In the general introduction, we raised several questions addressing the core of our
research project. How are click PSTHs of single fibres from hearing loss regions related
to abnormal FTCs? Does the UR significantly change as a result of cochlear damage?
To what extent are abnormal single-fibre responses responsible for deviations in CAPs?
And, is it possible to derive from click CAPs the response propertics at the single-fibre
level? These questions are discussed in following sections.

Frequency threshold curves and click PSTHs

In 89 fibres with elevated thresholds we distinguished 5 types of abnormal tuning
curves, classified by both the identification of the CF and the threshold of the low-
frequency tail (Ch. ¥). Three out of the five correspond very closely to the tuning curves
schematized by Liberman and Dodds (1984). Two types include the intriguing
phenomenon of hypersensitivity of the FTC tail.

The click PSTHs of abnormal fibres correspond to the various types of FTCs.
Main features (Ch. V, Figs. 4, 5) are as [ollows. A fibre with a broad tuning around CF
(type 1I) shows a relatively short response duration. The PSTHs of a fibre with a double
tuning (type III), around a (high) CT and a low frequency of an abnormally sensitive
FTC tail, represent a high-CF character in that they have a short latency, and a low-CF
character in that they show multiple peaks and a strong polarity dependence. The click
responses of fibres in which a CF cannot be identified (type IV or V) and found in
cachleas with a severe high-frequency loss, often have a short latency and a very large
peak amplitude. These response patterns can be understood on the basis of the abnormal
tuning, e.g., aberrant PSTHs of type Il are caused by hypersensitivity of the tail as
demonstrated by a close correspondence between the tail and the Fourier power spectrum
of the click PSTHs (Ch. V, Figs. 8 9). Moreover, the cochlear model simulated the
PSTHs fairly well for different types of FICs (Ch. V1), e.g., a simulation of type-III
responses shows the multiple-peak pattern and the dominant-peak latency that is shorter
for rarefaction than for condensation polarity.

Unit response

The UR in fibres with elevated thresholds is not significantly changed from
normal, apart from a trend to shortening of the waveform duration and a small increase
in amplitude of the positive peaks (Ch. V). These minor deviations, which are not
related to the amount of threshold shift, have not been considered in our modelling.

Compound action potential

Deviations of the click CAPs in pathological cochleas are significant (Ch. V7).
Examples of such deviations are steep amplitude-versus-intensity curves with relatively
large N, amplitude values for high intensities, an abnormally short N, latency and a large
polarity dependence of the waveform including the N, latency. Most deviations are
systematically related to the type of audiogram. Two types of CAP model computations
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are applied in order to simulate the abnormal CAPs. These are:

Ml1. Only threshold shifts in the tone audiogram are considered, suprathreshold
responses of abnormal fibres are represented by parameters which are normal
with respect to the elevated fibre’s threshold: I/O curves of P-parameters shifted
with intensity.

M2. Deviations in PSTHs of fibres with threshold shifts are incorporated. Response
types found in the corresponding animal are included. At low levels (where
abnormal fibres do not respond) M2 is identical to M1.

Simulations were done for four ears with different audiograms. At low intensities most

features can be predicted from the audiogram. However, according to our M1 model

simulations, at high levels CAP deviations cannot be explained only on the basis of the
audiogram. The model simulations with M2 demonstrate that specific abnormal single-
fibre response patterns significantly contribute to deviations in the CAP to high-intensity
clicks. If the types of abnormal single-fibre responses that were dominant in a certain
cochlea were incorporated in the computation, the recorded CAPs could be better
simulated than with other types or the M1 model (Ch. VII, Table II). Moreover, in
absolute sense synthesized waveforms often well reproduced the abnormal CAP features
(Ch. VI e.g., Figs. 3, 3).

What do deviations in click CAPs rell us?

The choice of type of abnormal single-fibre response is critical for the model
simulations of abnormal CAPs. Therefore, given an audiogram and click CAPs, one
might derive the underlying abnormal single-fibre responses. To obtain from abnormal
CAPs any information on cochlear dysfunctioning, it is crucial to present clicks at high
intensities, where abnormal fibres respond, and it is important to record CAPs for
separate click polarities, because potential deviations occur in the difference between
responses. Information might be derived about the changed frequency selectivity in the
hearing-loss regions since there is a consistent relation between PSTHs and the type of
abnormal FTC. In the case of electrocochleography in humans, this method of estimating
tuning properties would help to understand specific problems with speech perception.
Furthermore, Liberman and Dodds (1984) related the various tuning manifestations to
different stages of damage to IHCs and OHCs, thus it may even be possible fo assess
cochlear damage on the basis of click CAPs.
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Samenvatting

Om gehoor te geven aan een verzoek van de Leidse universiteit volgt hier een
samenvatting van het proefschrift in de Nederlandse taal. Voor een groot deel is dit stuk
een vertaling van hoofdstuk 1, General introduction, en van hoofdstuk VIII, Summary
and conclusions. Dit proefschrift is getiteld "Effekten van abnormale responsies van
afzonderlijke vezels op de samengestelde aktiepotentiaal in beschadigde cochlea’s", en
beschrijft dierexperimenteel onderzoek in de electrocochleografie (ECoG). De ECoG is
een audiometrische techniek waarmee ecen diagnose kan worden gesteld van de
(pathologische) toestand van de cochlea. Deze techniek waarbij met geluidsstimuli
electrische zenuwpotentialen worden opgewekt en gemeten met behulp van een electrode
dicht bij de cochlea of gehoorzenuw, is eind *60-er jaren ontwikkeld met het oog op
klinische toepassing. Al spoedig is de ECoG toegepast aan de Keel-, Neus-, en
Oorheelkunde afdeling van het Academisch Ziekenhuis te Leiden onder impulsen van
J.I. Eggermont en P.H. Schmidt. Een deel van het experimenteel onderzoek in de Leidse
audiologie is sindsdien gericht op verbetering van interpretatic van de ECoG signalen
en ontwikkeling van nieuwe stimulusparadigma’s. Het recente onderzoek is geinitieerd
door V.I. Prijs en heeft ondermeer geleid tot dit proefschrift.

De hoofdkomponent van de opgewekte ECoG signalen is de samengestelde
aktiepotentiaal (verder aangeduid met CAP, afkorting van de Engelse term Compound
action pofential), een signaal dat is samengesteld uit aktiepotentialen van
gehoorzenuwvezels. De interpretatie van de CAP is voornamelijk gebaseerd op statistiek
over een grote kollektie van experimentele CAP gegevens in mens en dier, zowel voor
goede als slechte oren. Om tevens een mathematische onderbouwing van de CAP
analyse te verkrijgen zijn modelstudies verricht waarbij gebruik gemaakt wordt van
responseigenschappen van afzonderlijke neuronen van de gehoorzenuw. Opvallend
genoeg is slechts weinig gedaan aan modellering van CAPs voor beschadigde cochlea’s.
In dit proefschrift zijn experimenten beschreven waarbij CAPs en responsies van
afzonderlijke zenuwvezels zijn gemeten in cavia’s met gebruik van kliks als
geluidsstimuli. Met behulp van een empirisch model is onderzocht welke veranderingen
in vezelresponsies ten grondslag liggen aan afwijkingen in de CAP in beschadigde
cochlea’s. Alvorens in te gaan op de resultaten van dit onderzoek, volgen inleidingen
over het oor, en over de ECoG.

Inleiding
Cochlea en gehoorzenuw

Voor visuele ondersteuning bij de uitleg over de cochlea in deze paragraaf zijn
figuren 1, 2 en 4 van [loofdstuk 1 aanbevolen. De cochlea is het deel van het
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gehoororgaan waar de transduktie van akeestische trillingen naar electrische signalen van
de gehoorzenuw plaatsvindt. De cochlea bestaat uit drie compartimenten die gevuld zijn
met vloeistof en die van elkaar worden gescheiden door het membraan van Reissner en
door het basilaire membraan. De cochlea is spiraalvormig gewonden, en heeft 2% (mens)
tot 4 (cavia) windingen. Vanwege de vorm wordt de cochlea ook wel slakkehuis
genoemd.

De geluidstrillingen worden via de gehoorgang, het trommelvlies en de
gehoorbeentjes (hamer, aambeeld en stijgbeugel) overgebracht op bewegingen van de
vloeistof in de cochlea en op bewegingen van het basilaire membraan. Het basilaire
membraan is tonotopisch georganiseerd: de frequenties waarvoor het membraan meest
gevoelig is, variéren langs het membraan, en dit is aldus bij de stapes afgestemd op hoge
tonen en bij de apex (top van de cochlea) op lage. Op het basilaire membraan bevinden
zich de zintuigcellen, de haarcellen, te onderscheiden, zowel qua plaats, qua vorm als
qua funktie, in binnenste en buitenste haarcellen (inner, outer hair cells, IHCs, OHCs).
Ten gevolge van de beweging van het basilaire en het tectoriéle membraan gaan de
haartjes, de cilia, van de haarcellen heen en weer. Er ontstaan daardoor ionenstromen in
de haarcellen met als gevolg dat biochemicalién, neurotransmitiers, uit de haarcel naar
de zenuwuiteinden bewegen, waar vervolgens aktiepotentialen gegenereerd worden.
Langs de zenuwvezel wordt de aktiepotentiaal (vanwege de vorm ook spike genoemd)
voortgeleid naar volgende zenuwkernen en uiteindelijk naar de hersenen leidend tot een
gehoorsensatie. De informatie van het geluid (frequentieinhoud, volume) is gecodeerd
door een specifiek tijdspatroon waarin de aktiepotentialen gegenereerd worden, en in een
specificke groep van vezels die geaktiveerd worden. De informatiestroom naar de
hersenen loopt primair langs de binnenste haarcellen (IHCs), die fungeren als mechano-
electrische transducers. Per octaaf langs het basilaire membraan bevinden zich ongeveer
200 IHCs, en ongeveer 20 zenuwvezels zijn gekoppeld aan één IHC. Per binnenste zijn
er drie buitenste haarcellen. Over de rol van die buitenste haarcellen is veel beweging
in gehooronderzoekersland, de algemene opvatting is dat ze fungeren als electromotoren
die een positieve terugkoppeling verzorgen naar het basilaire membraan om zo de
detectie-gevoeligheid te vergroten en de frequentieafstemming te verbeteren.

Bij het gehooronderzoek kan informatie verkregen worden over het funktioneren
van de cochlea ondermeer door de responsies van de gehoorzenuwvezels te meten. Met
behulp van zeer fijne micro-electroden kunnen metingen worden verricht aan de
gehoorzenuwvezels in proefdieren. Lokale frequentiekarakteristicken in de cochlea
worden weerspiegeld door de frequentieafstemming in een vezel, welke wordt bepaald
uit frequentie-drempelkurven (frequency threshold curves, FTCs). Van een FTC wordt
de karakteristieke frequentie (characieristic freguency, CF) en de responsdrempel
afgeleid. Een andere responseigenschap die de vezel typeert, is de spontane
vuurfrequentie (spontaneous discharge rate, SR). Het gedrag van de neurale respons als
funktie van tijd wordt afgeleid uit post-stimulus-tijd-histogrammen (poststimulus time
histograms, PSTHS).
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Electrocochleografie

De aktiviteit van de gehoorzenuw kan globaal bepaald worden door bij de cochlea
cen macro-clectrode te plaatsen. Indien in respons op een geluidsstimulus in een
voldoend aantal zenuwvezels gelijktijdig een aktiepotentiaal gegenereerd wordt, tellen
die aktiepotentialen dusdanig op dat op de plaats van de macro-electrode een electrische
potentiaal meetbaar is. Deze samengestelde aktiepotentiaal geeft een indikatie van de
(eventueel verslechterde) toestand van de cochlea. De methode waarbij de CAP wordt
gemeten, is de ElectroCochleoGrafie (ECoG). De ECoG kan enerzijds dienen voor
diagnose van gehoorstoornissen van een patiént, anderzijds kan kennis worden verkregen
over de werking van de cochlea (in een proefdier of specifiek in de mens).

De opbouw van de CAP uit de responsbijdragen wvan de verschillende
zenuwvezels (lotaal aantal vezels In gehoorzenuw is ongeveer 40.000) wordt
mathematisch weergegeven als een convolutie van de som van de neurale vuurkansen
met de eenheidsbijdrage. Deze eenheidsbijdrage (unit response, UR) is de
potentiaalverandering ter plaatse van de macro-electrode die het gevolg is van een enkele
aktiepotentinal van een zenuwvezel. De vuurkans van de vezel wordt geschat uit het
PSTH. De UR is in goede benadering gelijk voor alle vezels en is onafthankelijk van de
geluidsstimulus. Het PSTH is wvezelspecifiek en hangt af van de stimulus. De
convolutievergelijking is uitgangspunt in modellering van CAPs, en in geval van dit
proefschrift wordt die als volgt weergegeven:

Clom ) =] (T Plr,lomo)UED)de M

waar C(L,, m; t) de CAP voorstelt als funktie van stimulus nivo (level) L, klik
polariteit m en tijd t, en waar P(f., r, Ly, m; 1) het model-PSTH is met [, en r, de vezel-
variabelen CF en SR. Voorbeelden van een CAP, PSTH en UR zijn afgebeeld in
figuur 5 van Hoofdstuk L

De ECoG kan worden toegepast ten behoeve van de diagnostiek, omdat de CAPs
afgeleid van slechte oren signifikante afwijkingen vertonen. Afwijkingen in de CAP
kunnen op verschillende wijzen tot stand komen. Bij een aandoening aan de
gehoorzenuw kan de UR veranderen, en aldus, zoals we eenvoudig begrijpen uit
bovenstaande vergelijking, de CAP. Meer voorkomend (bij voorbeeld als gevolg van
ouderdom of te veel lawaai) zijn cochleaire aandoeningen, die gewoonlijk bestaan uit
schade aan de haarcellen. In een vroeg stadium van een haarcelkwetsuur zijn de cilia,
de haartjes, aangedaan. Een funktioneel gevolg van schade aan binnenste haarcellen
varieert van een verhoging van de responsdrempel (onathankelijk wvan de
stimulusfrequentie) tot een komplete uitschakeling. Fen gevolg van kapotte buitenste
haarcellen is een verandering van frequentieafstemming en van gevoeligheid (meestal
uiteraard een verslechtering). Een preciezer verband tussen morfologische afwijkingen
en dysfunkties is voorgesteld door Liberman, die verschillende beschadigingen aan IHCs
en/of OHCs relateerde aan abnormale typen van FTCs (Hfdst. I figuwr 6). Een
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verandering in een haarcel betekent een verandering in de transdukticketen buitenwereld-
gehoorzenuw, en leidt tot veranderingen in de responsies van de zenuwvezels. Als
gevolg van een verhoging van responsdrempels zullen bij lage geluidsnivo’s minder
vezels bijdragen tot de CAP. Bij hoge geluidsnivo’s kunnen de vezelresponsies
(P(f, 1, Ly m; 1) in vergelijking (1)) gewijzigd zijn en aldus de CAP.

Onderzoeksvragen

Het doel van het onderzoek is een betere basis te verschaffen voor interpretatie
van CAPs in beschadigde cochlea’s. Daartoe zijn experimenten uitgevoerd in cavia’s met
normale en met lawaaibeschadigde cochlea’s. CAPs en PSTHs zijn simultaan gemeten
op klikstimuli. In deze korte geluidspulsen (duur 0.1 ms) zijn alle frequenties
vertegenwoordigd, zodat vrijwel alle vezels reageren. De kliks zijn gevarieerd in
intensiteit en in polariteit (verdichting of verdunning, analoog aan blazen versus zuigen).
In dezelfde vezels waarbij PSTHs zijn gemeten, zijn de FTC en SR gemeten en is,
indien de micro-clectrode nog in kontakt was met de vezel, de UR afgeleid. De volgende
vragen zijn onderzocht. Ten eerste, zijn de klik-PSTHs van vezels die beschadigde
cochleaire gebieden innerveren, veranderd, en hoe zijn veranderingen gerelateerd aan
veranderingen in FTCs. Ten tweede, verandert de UR ten gevolge van een cochleaire
aandcening? Ten derde, zijn naast een afname in bijdragen volgend uit
drempelverhogingen van vezels, ook abnormale vezelresponsies verantwoordelijk voor
afwijkingen in de CAP, en zo ja, in welke mate? Ten slotte, is het mogelijk om uit
abnormale klik-CAPs afwijkingen in responsies van afzonderlijke vezels af te leiden en
zo informatie te verkrijgen over lokale dysfunkties in de cochlea?

Resultaten voor de normale cochlea

Responsies van afzonderlijke vezels

De gehoorzenuwvezels van de cavia kunnen op grond van de spontane aktiviteit
(weergegeven in SR) worden onderverdeeld in drie groepen. Vezels met een hoge SR
(groter dan 30 spikes/s) hebben een lagere responsdrempel dan vezels met een lage SR
(kleiner dan 5 spikes/s), en middel-SR vezels hebben een drempel daartussenin (Hfdst. 11,
figuur 1). Een verdere onderverdeling is aangebracht tussen vezels met hoge en die met
lage CF en is gestoeld op twee verschillende temporele patronen in de klikresponsies
(Hfdst. I figuur 5; Hfdst. 1II, figuur 3). Vezels met hoge CF (boven 3 kHz) vertonen
nagenoeg identieke responsies op verdichtings- en verdunnings-klikstimuli, en de PSTHs
tonen een of twee pieken met een korte latentie. Daarentegen zijn de klikresponsies van
vezels met lage CF sterk afhankelijk van klikpolariteit: de PSTHs hebben verscheidene
picken die in tegengestelde fase verschijnen als de klikpolariteit wordt omgewisseld, de
latentie is relatief lang en neemt af als funktie van CF. Deze resultaten komen overeen
met bevindingen in zoogdieren van andere gehooronderzoekers.
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Ten behoeve van het empirisch CAP model (Hfdst. III, V1I) zijn de klikresponsies
van de afzonderlijke zenuwvezels (de vuurkansen) geschat op grond van de
experimenteel gevonden waarden van specificke parameters van het PSTH: de latentie,
amplitude en synchronisatie van de grootste piek. Deze parameters zijn athankelijk van
vezelvariabelen CF en SR, en van stimulusvariabelen intensiteit (L,) en klik-
polariteit (m). De SR-afhankelijkheid van de PSTH-parameters is gemodelleerd met
behulp van een effektieve intensiteit L die variéert met SR: L. = L - 8L{r,). Zo wordt
zeer redelijk beschreven, dat vezels met een lagere SR (dus lagere L, hogere drempel)
een langere latentie en een kleinere amplitude hebben.

Eenheidsbijdrage

De eenheidsbijdrage van afzonderlijke vezels is experimenteel bepaald met behulp
van vuring-volgend middelen (spite-friggered averaging). In deze methode is het
spontane electrische signaal aan het ronde venster (waar gewoonlijk de CAP wordt
afgeleid) in tijdsintervallen voor en na het optreden van een aktiepotentiaal opgenomen
en gemiddeld per optreden. Na minimaal 5000 middelingen wordt een
potentiaalgolfvorm verkregen met redelijke signaal-ruis verhouding. De meest gevonden
UR-golfvorm (meestal in vezels met hoge SR) is bifasisch en de amplitude van de
eerste, negatieve piek is 0.12 pV (Hfdsz. V). Dit bevestigt spaarzame eerdere
bevindingen verkregen met dezelfde methode. De UR-amplitude schattingen die gedaan
konden worden in vezels met lage en middelhoge SR, bleken meestal groter uit te komen
dan 0.3 pV. Een verklaring van E.F. Evans (1987, Brit. I. Audiol. 21:103-104) dat zulke
grote golfvormen het resultaat zijn van synchronie van spontane wvuringen van
verscheidene vezels (elk met een UR van ongeveer 0.12 pV), is aannemelijk. Een model-
UR, gelijk voor alle vezels van de gehoorzenuw, is beschreven als volgt:

U(t) = Uyloy(t-ty)exp{¥a-(i-t,)> 20y 2} als t <ty (2)
U(t) = Uploplt-ty)exp{la-(t-t)4 20,2} als t > t,

met Uygy, de amplitude en Gy, de breedte van de negatieve (N) en positieve (P) UR
piek, en t, de nuldoorgang van de bifasische golfvorm. en met parameter waarden als
volgt: Uy = 0.12 uV, o, = 0.12 ms, U, = 0.09 puV en o, = 0.16 ms, t, = -0.06 ms.

Samengestelde aktiepotentiaal

Gelijkertijd met de responsies van afzonderlijke vezels op klikstimuli is de
samengestelde respons aan het ronde venster afgeleid. Deze CAPs zijn gesimuleerd met
een empirisch model dat gebaseerd is op de convolutie vergelijking (zie vergelijking (1)).
De model-PSTHs (P(f. r,, Ly, m; 1) in (1)) zijn berekend voor een hypothetische
populatie van gehoorzenuwvezels (voor CFs tussen 250 Hz en 34 kHz), waarbij elke
vezel gerepresenteerd is met een CF en een SR-kategorie. De model-PSTHs =zijn
bijelkaar opgeteld, en vervolgens is de som geconvolueerd met de model-UR met als
resultaat een CAP. Volgens dit concept zijn CAPs voor beide klikpolariteiten en voor
verschillende intensiteiten gesimuleerd.
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Voor normale oren komen de gesimuleerde klik-CAPs goed overeen met de
experimenteel bepaalde CAPs (Hfdst. VII, figuur 2). De overeenkomst geldt de latentie
en amplitude van de eerste CAP piek (N,), het gedrag van deze parameters als funktie
van klikpolariteit, en de golfvorm van de CAP met inbegrip van de tweede piek (N,).
Het enige aspect dat niet naar tevredenheid is gesimuleerd, betreft de toename van de
N,-amplitude als funktie van intensiteit bij hoge intensiteiten.

Beschadigde cochlea’s

Om cochleaire beschadigingen te bewerkstelligen zijn een aantal cavia-oren
blootgesteld aan een langdurige, luide toon (2 uur, ongeveer 120 dB SPL).
Drempelverhogingen in de orde van 20 tot 40 dB werden gevonden over een bepaald
frequentiegebied. Ook de enkele gevallen waar al voor aanbieding van het lawaai
drempelverhogingen aanwezig waren, zijn gebruikt voor de metingen.

Responsies van afzonderlijke vezels

In een totaal van 89 gehoorzenuwvezels in beschadigde cochlea’s vonden we
diverse afwijkende afwijkende drempel kurven (FTCs) die konden worden ingedeeld in
5 klassen. De typering van de FTCs was gedefiniéerd op grond van de identifikatie van
een CF tip in de kurve en op grond van de drempel van de zogenoemde staart welke de
FTC heeft bij frequenties kleiner dan de CF (Hfdst. V). Drie van de vijf typen abnormale
FTCs vertonen nauwe gelijkenis met de kurven zoals door Liberman geschetst in relatie
met bepaalde haarcelbeschadigingen (Hfdst I, figuur 6). Twee typen FTCs vertonen het
intrigerende verschijnsel van vergrote gevoeligheid voor lage frequenties, ook wel geduid
als de hypersensitieve staart.

De klikresponsies van abnormale vezels vertonen een éénduidige relatie met de

typen FTCs. Laten we enkele voorbeelden noemen (Hfdst. ¥, figuren 4, 5). Een vezel

~ met brede frequentieafstemming rond de CF (type II) toont een korte responsduur. Een
vezel met dubbele frequentieafstemming (W-vormige FTC, type IIT), namelijk op CF en
op overgevoelige staart, toont zowel een hoogfrequent karakter met een korte respons-
latentie, als een laagfrequent karakter met een veelheid aan pieken en een sterke variatie
met klikpolariteit. Klikresponsies van vezels waar een afstemming rondom CF praktisch
verdwenen is (type IV of V), hebben vaak een korte latentie en een zeer grote
pickamplitude. Dergelijke afwijkende responspatronen kunnen in grote lijn worden
verklaard op grond van de abnormale frequentiekarakteristieken. Dit is bijvoorbeeld
evident in de nauwe overeenkomst tussen de FTC staart en het Fourier amplitude-
spectrum van de klik-PSTHs voor vezels met FTC type III of V (Hfdst. V, figuren 8, 9).
Andere evidentie blijkt uit de simulatieresultaten van een cochleair model. Gegeven een
willekeurige FTC produceert dit komputermodel neurale klikresponsies. De klik-PSTHs
die berekend zijn op grond van type Il en type Il FTCs, toonden vele aspekten van
gelijkenis met de experimentele PSTHs (Hfdst. VI).

160

Eenheidshijdrage

De eenheidsbijdrage in abnormale vezels is niet in belangrijke mate veranderd ten
opzichte van normaal, zij het, dat er een trend tot versmalling van de golfvorm en tot
toename in de amplitude van de positieve piek was waar te nemen. Deze minimale
veranderingen, die overigens geen korrelatie met de drempelverhoging vertoonden, zijn
verwaarloosd in de modelsimulaties.

Samengestelde aktiepotentiaal

De klik-CAPs in lawaaigetraumatiseerde cochlea’s vertonen significante
afwijkingen van normaal (Hfdst. VIIj. Voorbeelden zijn steile N,-amplitude/intensiteits
kurven met relatief’ grote N,-amplitudes voor hoge intensiteiten, een abnormaal korte N -
latentie, en cen grote polarileitathankelijkheid van de totale golfvorm. De meeste
afwijkingen komen systematisch voor bij bepaalde toonaudiogrammen.

Twee variaties van het empirisch CAP model hebben we uitgevoerd om klik-
CAPs te simuleren. Variant M1: als pathologische veranderingen zijn alleen drempel-
verschuivingen in het toonaudiogram meegenomen in berekening, en de responsies van
vezels mel verhoogde drempels zijn berekend alsof de klikintensiteit overeenkomstig de
drempelverhoging verlaagd was, ofwel de I/O curven van de PSTH parameters zijn
verschoven langs de intensiteitsas; variant M2: ook de specifieke afwijkende
responspatronen van vezels met verhoogde drempels zijn verdiskonteerd. Nota bene: M1
en M2 zijn identick voor lage intensiteiten waar abnormale vezels niet responderen.

Samengestelde aktiepotentialen zijn nagebootst voor vier oren met verschillende
toonaudiogrammen. Uit de modelexercities blijkt dat voor lage intensiteiten de meeste
verschijnselen voorspeld kunnen worden op grond van het audiogram. Daarentegen
kunnen voor hoge kliknivo’s, waar het M1 model namelijk faalt, CAP-afwijkingen niet
verklaard worden uit het audiogram. De simulaties met het M2 model waren aanzienlijk
beter dan met de M1 variant. Indien juist die typen van abnormale FTCs in het model
verdiskonteerd werden die voorkwamen in de cochlea waarvoor CAPs werden
nagebootst, waren de simulaties optimaal (Hfdst. VI, tabel Ii). Daarenboven toonden in
enkele gevallen de berekende golfvormen op zich een treffende gelijkenis met de
fysiologische werkelijkheid (Hfdst. VIL figuren 3, 5). De konklusie luidt, dat abnormale
responsies van afzonderlijke vezels significant bijdragen aan afwijkingen in CAPs op
luide klikstimuli,

Slotkonklusies

Abnormale klikresponsies van afzonderlijke gehoorzenuwvezels zijn bepalend
voor een simulatie van de gemeten klik-CAP. Dit betekent, dat men op grond van een
toonaudiogram en van klik-CAPs zou kunnen afleiden welke typen van abnormale
vezelresponsies voorkomen. Om op deze wijze informatie te onttrekken over cochleair
dysfunktioneren, is het van belang klikstimuli te gebruiken van hoge intensiteit, omdat
daar abnormale vezels responderen. Ook dienen de CAPs voor beide klikpolariteiten
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afzonderlijk gemeten te worden. Informatie zou verkregen kunnen worden over de
veranderde frequentieselectiviteit in het frequentiegebied waar het gehoor slecht is. Dit
soort informatie zou, in geval van toepassing in de klinische electrocochleografie,
behulpzaam kunnen zijn om problemen in het spraakverstaan te begrijpen. Als de soort
van abnormale frequentieafstemming geschat kan worden, lijkt het zelfs mogelijk te zijn
een idee te krijgen van de aard van de beschadiging aan haarcellen.
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Stellingen

Stelling 1

Het meten van de samengestelde akliepotentiaal (CAP) in respons op klikstimuli
van hoge intensiteit en van verdunnings- en verdichtings polariteit afzonderlijk lijkt een
geschikte methode om een afwijkende frequentieselektiviteit in de cochlea te kwalificeren
(dit proefschrift).

Stelling 2

De klik-CAP-methode als gesteld onder 1, dient getest te worden in slechthorenden in
kombinatie met de methode van CAP tuning curves, voordat tot toepassing in de klinische
electracochleografie kan worden overgegaan.

Stelling 3

Dankzij het fenomeen van de walkman is er een toenermende voorraad van potenlicle
proefpersonen te verwachten met lawaalgetraumatizeerde cochleas voor een fest van de
klik-CAP-methode.

Stelling 4

De bijdrage van intrinsieke mechauismen aan demping van het vierde geluid in su-
perfluide helium wordt, zelfs voor temperaturen beneden 1 Kelvin, overschaduwd doar
bijdragen die met het niet-ideaal zijn van het vierde geluid geassocieerd kunnen worden
(Sierat, Versnel en Van Beelen, Physica B 133:159-165, 1988},

Stelling 5

De verbreding van de CAP tuning curve en toename van CAP amplitude op lage
intensiteits tonen na toediening van cocaine (Shivapuja, ARO meeting, 1992) zon kun-
nen duiden op een uniek verschijnsel van verslechtering van [requentieselectiviteil zonder
drempelverhoging.

Stelling 6

De aanzienlijke vergroting van het electrocochleografisch signaal op 1 kHz tonen in een
Lermoyez oor in slechte toestand vergeleken mel goede toestand (Schoonhoven, Schmidt
en Eggermont, Eur. Arch. Otorhinolaryngel. 247:333-339, 1990), zou niet alleen veroorza-
akt kunnen zijn door een vergroting van de sommatiepotentiaal, maar ook door vergroting
van de CAP als het gevolg van hypersensitiviteit voor lage tonen van basale neuronen.

Stelling 7
De wijsvinger die de Nederlander zo menigmaal opheft naar de buitenlanden, verraadt
zendingsdrang en vaderlandslielde.

Stelling 8

Het onthreken van hypersensitiviteit in alle basilair membraan experimenten tot nu
toe, kan niet worden sangevoerd om de mechanische corzaak van hypersensitiviteit in
twijfel te trekken, laat staan het verschijnsel op zich.

Stelling 9

Volgens het lateraal-inhibitie-model van Shamma (JASA 78: 1622-1632, 1985) is bij
elk geluidsnivo het temporele gedrag van auditieve zenuwvezels met hoge spontane ak-
tiviteit van belang voor codering van klinkers, en is een specifieke plaatscoderingsrol van
laag-spontane vezels voor hoge nivo’s niet noodzakelijk (Winslow en Sachs, in: Auditory
processing of complex sounds, Lawrence Erlbaum Associates, 1987).

Stelling 10

Voar lysiologische verklaringen van psychoacoustische verschijnselen wordt traditioneel
naar het perifeer auditief systeem gekeken, maar het zou beter zijn modellen te hanteren
op basis van het centraal auditief systeem.

Stelling 11
De term abstract is ontleend aan de visuele kunsten en kan niet worden gebruikt in de
muziek.

Stelling 12

De auditiel corticale neuronen funktioneren als filters van het spectrale profiel, zoals
corticale neuronen in het visuele zintuigsysteem funktioneren als filters van het ruimtelijke
profiel.

Stelling 13
De walkman zou voorzien moelen zijn van een waarschuwing tegen heschadiging van
het gehoor.

Stelling 14
Indien sprake is van een gelijke toonhoogte waarneming voor beide oren kan de slecht-
horende zonder klachten naar muziek luisteren (Muziek en (slecht) gehoor, red. Lamoré

en De Laat, N.V.A., 1993).

Stelling 15
De fundamentele sociale verschillen tussen vrouw en man kunnen zeer goed heschreven
en begrepen worden op basis van de gedragsrollen van de prehistorische voorouders zijnde

de rol van de verzamelaar (vrouw) en die van de jager (man) (naar Rob Becker, Defending
the Caveman, 1993).



