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INTRODUCTION

This paper outlines recent findings in our laboratery concerning the spectral
analysis of complex sounds at the cochlear nerve level of the auvditery system.
Further accounts are to be found in {6, 3, 9, 11}.

At the cochlear nerve level, the spectral analysis is surprisingly linear in
spite of the non-linear mechanisms now known .to be involved in determining coch-
lear frequency selectivity (see 10 for review). Thus, the concepts of effect-
ive bandwidth and- filter shape have a real meaning in predicting the responses
of neurones at this level to complex stimuli: broadband and comb-filtered noises
harmonic complexes; click complexes.

The_cochlear nerve considered as a bank of filters. Each of the 30,000 fibres
in the mammalian cochlear nerve can be considered, to a first approximation, to
act as a narrow band filter. Each fibre has a preferred, centre frequency (the
characteristic frequency, CF) reflecting its origin along the cochlear partit-
ion, Stimulus energy falling within the triangular response area bounded by
the frequency threshold ('tuning*) curve (FTC; see continuous curve ‘tone thre—
sheld' in Fig. 1A} will evoke an acceleration of the mean rate of impulse act-
ivity of the fibre abhove its resting discharge of 0-120 spikes/s. The cut-offs
and the bandwidths of the FTC depends upon the fibre's characteristic frequency.
For fibres with CF above about 2kHz, the FTC is asymmetrical and the cut-offs
steep, particularly on the high freguency side, approaching (in the cat and
guinea pig) S00 dB/oct. For lower CFs, the curves are more symmetrical and the
cut-offs become progressively less steep, from 50-100 dB/oct at 1kHz to about
10-20 dB/oct at 0.2kHz (3). The effective bandwidths of the cochlear fibre
filters for broad-band siqnals are approximately their half-power bandwidths
{16). They range from about 100 Hz for fibres with CFs up to about 1kHz, and
10% of the CF thereafter (Fig. 4; 16). although there is systematic variation
in these values from individual to individual (see the differences between cats
in Fig. 4}, they are representative of measurements of filtering employing pure
tone, broad-band and comb-filtered noise stimuli (16}, withip limits to be
described later.

This remarkably sharp filtering is alsc reflected in the temporal patterning of
the discharges for frequencies up to about 4-5kBz. (Figs. 1, 2, 3). In Fiq. 1,
the results of reverse correlation analysis with a broad-band noise stimulus
are shown for a fibre in the cat's cochlear nerve having a CF of 2kHz and the
FTC shown by the continuous curve in Fig. 1A {4}. The reverse correlation anal-
ysis yields the impulse response of the cochlear filter, shown in Fig. 1P for
various levels of the wideband noise stimulus, The Fourier transfarms of the
impulse responses are shown for comparison with the pure tone FTC. Several
polnts may be noted. First, the correlation analysls indicates that the filter-
ing represented by the pure tone FTC is reflected in the frequencies dominating
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Fig. 1. Filtering characteristics of a cochlear fibre, derived by reverse
correlation at different noise stimulus levels.

A: Frequency threshold ('tuning') c¢urve (continuous line) with pure tone stim-
ulation for comparison. Interrupted lines: Fourier transforms of the impulse
responses {B) obtained by reverse correlation of the spike discharges with the 1
broad-band noise stimulus. C: Discharge rate versus stimulus level function for
the responses in A, B, showing the restricted dynamic range (30-40 dB) typical of
the majority of cochlear fibres. {(From 4}

the temporal patterns of discharge, on which the analysis depends, In other
‘words, the discharge pattern tends to follow preferentially frequencies within
the effective bandwidth of the fibre. Secondly, the impulse response ls more
like that of a multiple pele band-pass than a resonant filter, reflecting the U
{rather than V) shape of the FTC tip. Thus, the cochlear filter appears to have
effected an optimal compromise between spectral and temporal resolution, the
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Fig. 2. 'Mean dtschatge rate threshold (Freguency Threshold Curve) of  a single
cochlear fibre . compared with' the vector strengths of its phase locked
response to individual harmonics of a tén-harmonic tone“complex at d:.fferent

Stimulus levels. Vector strengths plotted on a- log power scale for comparison.
DdB 106 dB SPL. (Fram 13)

latter beinq of the order of 5ms for fibres with- CFs in the regi.on of 1kRz.
Thirdly, the bandwidth of the cochiear filter increases and the low—frequency cut-
off decreases with stimulus levei’, particularly above 30-40 dB. above threshold.
" This does not happen in all fibres, at least in the cat; and .in any case, the
effective bandwidths increase by a factor of only 1.1-2.5 at the highest noise
levels (100-110 dB SPL), again in the cat. The small but systematic .shift in the
CF with level is CF dependent: for fihres with CF above about 1kHz, it shifts
downwards by about 10%, and for ﬂ:ose below lkﬂz, it shifts upwards (4).

The propertles are also reflected in the temporal pattern of activity of cochlear
fibres to stimuli having multiple frequency compements (Fig. 2) (8, 13). ‘I‘hg
fibre in Fig. 2 is being stimlated with a 10 harmonic {equal amplitude) complex
centred on its CF (1.4kBz), the fundamental frequency being 200 Hz. The degree
to which the temporal patterns of discharges synchronize with each hammonic
('phase-locking') is plotted as the 'vector strength' (vd. 2, 17)against the
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Fig. 3. Compariscn of weighting functions derived from the Fourier transforms of
autocorrelation histograms in response to the click train, for 3 fibres with CFs
of 0.37, 1.08 and 3.15kHz respectively at 3 stimulus levels in each case, with
the pure-tone FTC of each fibre.

FTCs indicated by dotted lines; weighting functions: -60 dB level (about 10 4B
above response threshold): continuous line; -40 dB level: dashed-dotted line;
-20 dB level {about 50 dB above threshold) : dashed line. (From 11}.

signal level. These vector strengths are plotted against frequency in Fig. 2, on
a logarithmic scale so that comparison may be made with the pure tone FTC. Again,
at stimulus levels near threshold, the frequency weighting of the vector strengths
reflects the FTC. At higher stimulus levels, similar changes in selectivity are
reflected in the vector strengths as described in the case of reverse correlation
(13). Similar results have been obtained with impulsive stimuli (Fig. 3). This
shows the weighting, by the cochlear nerve filtering process, of a fibre's res-
ponse to a click train {11). It fs derived by FFT of the autocorrelation histo-
gram of the discharge pattern evoked by the click train. The fiqure shows the
correspondence between the welghting functions at 3 levels of the click train,
with the pure tone FIC {(dotted outline). The mincr deviaticns between the weight-
ing functions and the FIC are consistent with those encountered with broad-band
noise and harmonic complexes as described above. At threshold stimulus levels,

* the weighting function with harmonic complexes is scmetimes slightly wider than
the FTC.. At stimilus levels up to about 40-60 4B above threshold, however, the
correspondence 1s close, particuelarly for fibres with CFs below about 1.SkHz.

For hightr stimelus levels, the weighting functien tends to shift towards lower
frequencies for fibres with CFs above about 1kBz {Fig. 3, fibre 976..) together
with a progressive decrease in the slope of the low frequency cut—o%g'.
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To a first approximation, therefore, cochlear nerve fibres act for broad-band
and multicomponent stimuli as if they were linear filters having the filter
characteristics described by their pure tone FTC. Given a fibre's CF, its prop-
erties in response to complex sounds can therefore be reasonably well predicted,
and simulated by simple electronic analogues (12}, In other words, it is those
frequencies that fall within the effective bandwidth of the fibre's filter, that
tend to dominate its mean discharge rate, and the temporal pattern of the dis-
charges. As has been indicated above, this is true for the latter over a very
wide dynamic range of intensity.

In the case of mean discharge rate, however, the above approximation breaks down
above levels of about 40 dB above threshold. Fig. 1C shows how the level of the
stimulus can be signalled in the mean discharge rate of the fibre only over a
range of about 30-40 4B, before it saturates. At stimulus levels above satur-
ation, then, cochlear fibres cannot manifest their frequency selectivity intheir
discharge rate properties, although as indicated im Figs. 1 and 2 for those with
CFs below about 3-5kHz (the limit of ‘phase-locking') they can do se in the
degree of synchrony of thelr temporal discharge patterns with the stimulus.

Cochlear fibre responses tco complex stimuli, particularly two component stimuli,
also deviate from the above first approximation description, in respect of
certain cochlear non-linearities responsible for intermodulation distortion and
'lateral suppression' effects. Of the former, the 2f1-f cubic distortion pro-
duct is the most important (e.g. 18), although its presefice is evident only in
carefully contrived stimulus conditions. The latter non-linear effect, termed
two-tone suppression or inhibition (e.g. 32; although it is not limited to two
tones, nor is it neural inhibition) means that the excitation generated by a
Stimulus at one frequency (e.g. at the CF) can be suppressed by that at another,
particularly, lower, frequency. This suppression is reflected in both the mean
discharge rate response and in the degree of synchrony exhibited by the temporal
discharge patterns. Thus, in the fibre of Fig. 2, the synchrony to harmonic
frequencies at and above the CF (e.g. 1.6kHz) becomes progressively more supp-
ressed with stimulus level, reflecting the increasing dominance of the frequency
components below the CF. This phenomenon has been termed 'synchrony suppression’
(31}. For speech stimuli, these lateral suppression effects mean that the lower
frequency, higher energy first formant will have suppressing effects on the rate
and synchrony of the responses to the higher formants (36). It should he emphas-
ised, however, that these effects are not strong features of the responses of the
majority of cochlear fibres having spontanecus discharge rates above about 20
s§p/s. The effecta are strongest in the smaller subpopulation of the fibres with
the lowest spontanecus discharge rates {(33). .

Physiological and psychophysical filtering

The above measurements of physiolegical cochlear filtering are relevant also
because they are consistent with measurements of human frequency selectivity obt-
ained by psychophysical methods. Thus, the physiological effective bandwidths
{obtained in cats, see data points in Fig. 4) approximate to the values .of the
human ‘ecritical bands' (dashed line in Fig. 4), becoming smaller than the latter
for frequencies above 1kHz (16; see 5 for review). The shapes and cut-off slopes
of the cochlear fibre FICs are consistent with those obtained by tone-on-tone
masking techniques ylelding the se-called 'psychoacoustic tuning curves' (e.g. 35,
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Fig. 4. Comparison of neural and psychophysical effective filter bandwidths.
Each small symbol represents the effective bandwidth of an individual cochlear
nerve fibre filter plotted against its characteristic frequency. Individual

cats are identified by different symbols., Dashed line represents the ‘'eritical
band’' of human hearing, one estimate of the bandwidth of human auditory filters
determined psychophysically. Human effective bandwidths determined by comb-—
filtered nolse masking are alsc included. Open circles: behavioural measurements
of "critical band' in the cat (data from 27). (From i4).

37). It is not possible to reconcile entirely the filter bandwidths derived fromg¢
all the different psychoacoustic (e.g. 21, 24) and animal behavioural {e.g. 27,
2B) techniques of measurement in order to compare them with the physiological
effective bandwidths. Taken together, they suggest that a value of about 10%
{i1.e. about 1/6 octave) would be more appropriate for the effective bandwidth of
the ear's peripheral filter bank than the value of 1/3 octave commonly employed
in modelling the ‘front-end' of the auditory system, and representing the 1arger
critical band value ohtained in simultanecus masking.

This limited frequen:y resclution imparts impertant constraints on the first
stage of the processing of complex stimuli by the anditory system. It sets
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limits on the closeness of individual frequency components that can be resolved;
and conversely, it determines which components of & complex sound will interact
50 that the gross and fine temporal structure of the discharge patterns reflect
the amplitude envelope and periodic structure of the filtered atimulus complex
(see 6, B; 20). Animals having poorer frequency selectivity than cats and man,
for example chinchillas, cannot distinguish vowels having closely spaced form-
ants (e.q. /ae/ from /a/: 22). In impairment of hearing due to pathological con-
ditions of the cochlea, where deterioration in frequency selectivity is predicted
from the physiclogy {e.g. 16) and has been confirmed psychoacoustically (e.g. 30,
34, 35), impairment of intelligibility for the back vowels has been observed
(e.g. 25). Here, the separation of the first two formants is likely te be too
small compared with the increased peripheral filter bandwidth (sece 7, and for
review). Sim{lar, but smaller, deterioration in frequency selectivity for sound
complexes occurs at high sound levels {particularly 70 dB SPL and above), as
measured physiclogically (Figs. 1, 2 and 3 above; see 4, 19, 23) and psyche-
physically (29). .
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