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Abstract. We have recently shown [1] that our ability to discriminate
between a flat-spectrum noise and a similar noise with a high-frequency
spectral notch deteriorates for levels around 70-80 dB SPL. The present
paper explores an underlying physiological mechanism for this result.
The hypothesis is that discriminability relies on the sensitivity of the au-
ditory nerve to changes in the stimulus spectrum. A good correlation was
found between behavioural results and sensitivity functions for two au-
ditory nerve fibers with different dynamic ranges and with characteristic
frequencies within the notch band. Although preliminary, these results
suggest that the sensitivity of the auditory nerve to spectral notches is
a non-monotonic function of stimulus level.

1 Introduction

Research on the functional properties of the peripheral auditory system is moti-
vated, at least in part, by the need to develop better speech processors or robots
with hearing capabilities. The underlying assumption is that any new knowl-
edge on the functioning of the peripheral auditory system may contribute to
developing better sound processors for artificial systems.

A physiological stage that is crucial for auditory perception is the auditory
nerve (AN), since it is the only transmission path of auditory information from
the peripheral to the central auditory system. Indeed, our ability to detect and
employ the auditory information contained in the spectrum of an acoustic stim-
ulus requires that the spectrum be adequately represented in the response of
the AN.

In the AN, spectral features may be represented either in the temporal pat-
tern of the fibers’ activity or in terms of rate profiles, that is, as the distribution
of activity over a population of AN fibers with different characteristic frequencies
(CFs) [15]. Spectral features with frequencies above the cutoff of phase locking
(>4000 Hz; [10]) must be represented in terms of AN discharge rate alone [13].
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The majority of AN fibers are of the high spontaneous rate (HSR) type. These
have low thresholds (<10 dB SPL) and dynamic ranges of approximately 30-40
dB ([6], [14]). Fibers with low spontaneous rates (LSR) have higher thresholds
(>15 dB SPL) and wider dynamic ranges (~ 50-60 dB; [6], [14]). The existence
of these two fiber types with distinct thresholds and dynamic ranges have led
several investigators ([5],[11],[13],[15]) to suggest that high-frequency spectral
features could be encoded in the rate profile of HSR fibers at low levels and in
that of LSR fibers at high levels. This would provide the auditory system with
the ability to encode spectral features over a wide range of levels.

The present work investigates whether this applies to the encoding of high-
frequency spectral notches. The study focuses on spectral notches because they
are important cues for sound localization ([3], [4], [9]). Summarised is a psy-
chophysical experiment [1] that shows that the threshold notch depth for dis-
criminating between a flat-spectrum noise and a similar noise with a spectral
notch at 8 kHz is a non-monotonic function of the stimulus level. Specifically,
spectral discrimination deteriorates for levels around 70-80 dB SPL.

To elucidate the physiological mechanisms underlying this result, estimates of
threshold notch depths based on guinea pig auditory nerve sensitivity to changes
in the noise spectra are compared with the behavioral data. A strong correla-
tion will be shown to exist between behavioral and physiological notch-depth
thresholds. It is suggested that LSR fibers are responsible for the improvement
in discrimination at very high levels, possibly as a result of suppression. The
implications of these results for the design of bio-inspired speech processors are
discussed.

2 Psychophysical Experiment

The ability to detect high-frequency spectral notches was studied by measur-
ing the threshold notch depth necessary for listeners to discriminate between
a broadband (20-16000 Hz) noise with a notch centered at 8000 Hz (target
stimulus) and a similar noise with a flat spectrum (standard stimulus). The
notch had a rectangular shape and a bandwidth of 4000 Hz. Threshold notch
depths were measured for overall levels of the noise ranging from 30 to 100 dB
SPL.

The presence of the notch in the target stimulus makes its overall level lower
than that of the standard stimulus. To minimize for the possibility that listeners
use this level difference as a cue for discrimination, the standard and the target
noise bursts were presented with equal overall level. This was done by reducing
the spectrum level of the flat spectrum noise as appropriate (e.g., a reduction of
0.58 dB would be required for a 2000-Hz wide, 27-dB deep notch). The details
of the experimental procedure are provided elsewhere [1].

The main result is shown in Fig. 1(b). Despite the large variability of the
data across listeners, the most significant feature is the non-monotonic variation
of threshold notch-depth with stimulus level. As the stimulus level increases up
to 70-80 dB SPL threshold notch depth also increases, meaning that spectral
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Fig. 1. Threshold notch depths for discriminating between a flat-spectrum noise and
a notch noise as a function of stimulus overall level. (a) Results for a single listener
for two conditions (notch bandwidth = 2000 Hz): with equal levels for the standard
and target stimuli (triangles); with levels being roved (squares). The triangle on the
abscissa indicates the absolute threshold for the flat spectrum noise. (b) Threshold
notch depths for eight listeners (notch bandwidth = 4000 Hz). Each symbol illustrates
the results for a different listener. The continuous bold curve represents threshold notch
depths computed from d’ values based on the response of AN fibers to the flat-spectrum
noise and the notch noise stimuli (Sec. 3.3)

discrimination becomes harder. However, for levels between 80-100 dB SPL,
notch depth thresholds decrease with increasing level; that is, discrimination
becomes easier.

A similar pattern was observed when the overall level of the noise was roved
across trials (Fig. 1(a)). This suggests that discrimination must be based on
comparing the AN rate profiles rather than by monitoring the discharge rate
of specific AN fibers with CFs within the notch band. Furthermore, the non-
monotonic variation of the threshold notch depth wvs. level function suggests
that the AN conveys clearer information for spectral discrimination at levels
lower and higher than 70-80 dB SPL. The next section investigates the validity
of this interpretation.

3 Auditory Nerve Response to High-Frequency Spectral
Notches

The physiological mechanisms underlying the non-monotonic character of the
threshold notch depth vs. level function (Fig. 1) were investigated by measuring
the response of guinea pig AN fibers to the same stimuli used in the psychophys-
ical experiment. Though the obvious separation between the two species (i.e.,
human and guinea pig) imposes a special care when establishing any relations
between psychophysical and physiological results, the following data provide in-
formation that is fundamental to establish a consistent and reliable theory of
how high-frequency spectral notches are encoded in the human AN.
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3.1  Experimental Procedure

Stimuli consisted of wideband noise bursts (20-16000 Hz). Their spectra were
either flat or contained a rectangular notch centered at a high frequency (7000
or 9000 Hz), with a bandwidth of 4000 Hz and with varying depth. The duration
of the noise bursts was 220 ms. The notch center frequency was 7000 and 9000
Hz during the first and second halves of the stimulus duration respectively. The
change between the two notch center frequencies was abrupt. The notch depths
tested ranged from 3 to 9 dB in 3-dB steps and from 9 to 27 dB in 6-dB steps.
Noise levels ranged from 40 to 100 dB SPL in steps of 10 dB. Stimuli were
presented every 880 ms. Notch depth and noise level varied randomly between
presentations. Unlike in the behavioral experiments, the level difference between
the flat-spectrum and the notch noise bursts was not made equal. The surgical
procedure and the recording methods are similar to those employed by [6].

AN responses were collected for at least four stimulus presentations. The
results presented below are average discharge rates over the last 110 ms of the
response, hence correspond to the portion of the stimulus with the spectral notch
centered at 9000 Hz. The onset response is, therefore, excluded from the analysis.

3.2 Rate-Level Functions for HSR and LSR Fibers

Figure 2 illustrates rate vs. levels functions (RLFs) for two AN fibers, one HSR.
and one LSR. The CFs of both fibers are well within the notch band (7000-
11000 Hz).

Let us first consider the RLFs for the flat-spectrum noise (filled diamonds
in Fig. 2). Their shapes are clearly different for the two fibers. For the HSR,
fiber (Fig. 2(a)), it is representative of AN fibers of the saturating type [16].
The maximum discharge rate is reached at a level of approximately 20 dB above
threshold. The RLF for the LSR fiber (Fig. 2(b)), however, clearly shows a wider

(b)
180 + -
LSR

150 1 CF=9.962kHz ——0
P 120 unit: 48706 —&-3
% —A—6
= 9 4 o P~ —A—9
& —¥—15
a 60- HSR 60 - ——-7]
= -
£ 3. (CF=9.217kHz 30 - ——27

unit: 51215
Ol— e | 0+ —
30 50 70 90 110 30 50 70 90 110

Overall Level (dB SPL)

Fig. 2. Rate-level functions for the notch noise stimuli for two AN fibers with CFs well
within the notch band. (a) HSR fiber; (b) LSR fiber. Symbols denote the notch depths
in dB re. reference spectrum level
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dynamic range and does not saturate over the range of levels tested. It is typical
of the non-saturating type of AN fibers [16].

Since both fibers have CFs near the notch center frequency, they both ef-
fectively receive less energy from the notch noise stimulus than from the flat-
spectrum noise stimulus. For any given notch depth, the energy difference be-
tween the two stimuli is the same regardless of the noise level. Therefore, one
would expect this energy difference to shift the level at which their rate thresh-
old occurs, but not the slope of the RLFs. In other words, one would expect
that the effect of the notch be to shift the RLF in parallel to higher levels. This
is clearly not the case. For the LSR fiber, the deeper the notch the shallower
the associated RLF. As a result, the vertical distance between the RLF for any
given notch depth and that for the flat-spectrum noise increases gradually as the
overall level of the noise increases. As for the HSR fiber, its discharge rate also
increases more slowly with increasing the noise level, mainly for deeper notches.
Furthermore, saturation seems to occur at a lower rate and for a level higher
than when stimulated with the flat-spectrum noise.

As the level of the wideband noise increases, fibers not only receive a stronger
stimulation as a result of their frequency response areas becoming wider with in-
creasing level, but they may also become gradually more affected by suppression
effects [2]. Hence, it is possible that the differences between the RLFs for the flat-
spectrum and the notch noise stimuli reflect the combined effect of suppression
and energy reduction associated to the notch.

The rate reduction produced by the notch introduces a cue for discriminating
between the flat-spectrum noise and the notch noise stimuli. The largest differ-
ences between the rates for the two stimuli occur between 40 and 60 dB SPL for
the HSR fiber, and between 90-100 dB SPL for the LSR fiber (Fig. 2). This may
be why spectral discrimination is easier over these ranges of level (Fig. 1). This
idea is further explored in the following section.

3.3 Neural Sensitivity to the Spectral Notch

Although the spectral notch produces a rate reduction in fibers with CFs within
the notch band, it is difficult to evaluate whether the decrease is enough for
discriminating between the flat-spectrum and the notch noise stimuli. A com-
mon numerical measure of the discriminability between two stimuli is the d’
parameter (see, for example, 7] and [13]). d’ values are computed as follows:

d!: RO_R
V0.5 x (02 + 0?)

where (Rg,00) and (R,0) are the mean discharge rates and the associated stan-
dard deviations in response to the flat-spectrum and the notch noise stimuli,
respectively, over a number of stimulus presentations. d’ takes into account the
variability in the response inherent to each fiber and, therefore, provides a more
accurate measure of the fibers sensitivity to stimulus variations. Discrimination,
whether behavioral or physiological, is considered to occur when |d'| > 1. There-




228 A. Alves-Pinto, E.A. Lopez-Poveda, and A.R. Palmer

(@ (b)
5 HSR LSR
CF=9.217kHz L CF=9.962 kHz
4 .. ..__.unit: 51215 4 unit: 48706
34 3+ =0
R —=-3
= A6
2 I R A S . 1 /A a0
15
14 1 ——21
——27
0+ 0 . -
30 30 50 70 90 110

Overall Level (dB SPL)

Fig. 3. d’ values as a function of noise overall level, calculated from the discharge rates
presented in Fig. 2, for the same (a) HSR and (b) LSR fibers. Symbols denote the
notch depths in dB re. reference spectrum level

fore, the analysis of d’ values makes it possible to compare psychophysical and
physiological discrimination thresholds.

Figure 3 illustrates d’ values as a function of noise overall level for the two
fibers whose RLFs are illustrated in Fig.2. For both HSR and LSR fibers, d’
values change non-monotonically with noise overall level. The non-monotonic
character of the function gets more obvious the deeper the notch.

The non-monotonic shape of d’ vs. level functions suggests that the abil-
ity of the fiber to discriminate spectral differences should correspondingly vary
non-monotonically with stimulus level. Discrimination based on the information
provided by HSR fibers would be optimal at levels between 50-70 dB SPL, where
|d’| > 1, and would be almost impossible from 70-90 dB SPL. LSR fibers show a
less consistent trend. Their associated d’ values are generally higher than corre-
sponding values for HSR fibers and exceed unity for most notch depths at almost
all levels except 40 dB SPL. Discrimination based on the information provided
by LSR fibers seems to be optimal at around 100 dB SPL.

Imagine, now, a system comprised of these two AN fibers only. Its ability to
discriminate between the flat-spectrum and the notch noise stimuli would be the
result of combining the discrimination capabilities of each of the two fibers. This
can be quantified by calculating a global d” as follows [8]:

d'=/dysp® +dLsR’

Figure 4 illustrates global d’ values as a function of level for different notch
depths. Also plotted are the minimum notch depths for which this global |d’|
exceeds unity at each of the overall levels considered.

The global d’ also varies non-monotonically with stimulus level, as would
be expected, since it is calculated from two functions that already are non-
monotonic (Fig. 3). A comparison of the global d’ values (Fig. 4) with the
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Fig. 4. Global d’ values as a function of noise overall level for different notch depths
(inset). The bold continuous line (right ordinate axis) illustrates the minimum notch
depth, at each noise level, for which the global |d’|exceeds 1. Symbols denote the notch
depths in dB re. reference spectrum level

individual d’ values of each fiber type (Fig. 3) reveals that the global d’ is
essentially determined by d’ysr and d’Lsg at low and high levels, respectively.
This suggests, therefore, that discrimination based on the combined sensitivity
of these two fibers, essentially relies on HSR fibers at low stimulus levels and on
LSR fibers at high levels.

Approximate threshold notch depths for each stimulation level can be com-
puted from the global d’ values of Fig. 4 by calculating the minimum notch depth
that produces a d” value greater than one. The results are shown in Fig. 1(b),
where they can be directly compared with the behavioral notch depth thresh-
olds. Notice the excellent agreement between the physiological and behavioral
results. Not only the peak in the two functions occur around 80 dB SPL, but
also the threshold notch depth estimates and the behavioural data are similar
in magnitude over the range of noise levels tested.

4 Discussion

Psychophysical discrimination between a flat-spectrum noise and a similar noise
with a notch centered at 8000 Hz was shown to vary non-monotonically with
stimulus level. The activity of guinea pig AN fibers in response to the stimuli em-
ployed in the psychophysical experiment was measured with the aim to provide
a physiological explanation for the behavioral data. Physiological data have been
shown for two representative fibers only rather for a large population of fibers.
Hence, the present study must be considered as preliminary and the conclusions
should be taken cautiously. However, the data illustrate real properties of HSR
and LSR AN fibers; properties that are likely to apply to human AN fibers.

A close agreement was found between the physiological and the psychophys-
ical results (Fig. 1(b)). This supports the hypothesis that the main limitations
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for behavioral spectral discrimination come from the sensitivity of the AN to
changes in the stimulus spectrum.

For both HSR and LSR fibers, differences were observed in the RLFs in re-
sponse to the flat-spectrum noise and the notch noise. These differences are
likely to reflect a combined effect of suppression and a reduction of energy due
to the spectral notch. However, understanding the way these two factors, espe-
cially suppression, affects the activity of these fibers in response to the notch
noise stimulus needs further investigation. The decrease in the slope of the RLFs
observed for both HSR and LSR fibers increases the dynamic range of the two
fiber types in response to the notch noise stimuli. This is likely to be responsible
for the non-monotonic variation of the global d’ values with stimulus level, and
by extension, for the non-monotonic variation of the physiologically-estimated
threshold notch depths with stimulus level.

Suppression may affect not only the rate of fibers with CFs within the notch-
band, but also the activity of fibers with CFs at the notch boundaries. Indeed,
activity of the latter may be less suppressed when the notch is present than when
it is absent, hence their rate may be higher than that of other fibers with CFs
well away (in frequency) from the notch. As has been previously suggested (e.g.
[12]), this serves to enhance the notch boundaries. The influence of these fibers
on threshold notch depths has not been considered in the present study.

Suppression plays an important role for encoding not only high-frequency
spectral features but also low-frequency features. Specifically, suppression linked
to LSR fibers is essential for encoding the spectrum of vowels (of both their
formants and troughs). As noted by [11], "...under conditions where HSR rate
representation is degraded by saturation effects, LSR fibers are able to sustain
a differential response to formants and troughs because their trough-driven dis-
charge rates are suppressed by off-BF energy in the surrounding formants."

The fact that the interpretation given to psychophysical results agrees with
the results derived from physiological responses of only two AN fibers does
not contradict the conclusion of Alves-Pinto and Lopez-Poveda ([1]) that high-
frequency spectral notches are probably represented in the AN rate profile, that
is in the activity of a larger group of fibers. A global d’ based on a popula-
tion of fibers would probably yield physiological threshold notch depths that are
closer to the behavioral data. More data are currently being collected to test
this hypothesis.

Finally, it should be noted that the d’ values for the LSR. fiber are generally
larger than those for the HSR fiber. This suggests that LSR. fibers are more sen-
sitive than HSR fibers to changes in the spectrum, which may compensate for
the scarcity of LSR fibers. Having said that, it remains unclear (to us at least)
whether discriminability benefits more from having few fibers producing large
d’ values than from having many fibers producing smaller d’ values or vice versa.

4.1 Implications for the Design of Bio-inspired Speech Processors

It has been shown that HSR fibers by themselves can not explain the improve-
ment in spectral discrimination performance observed at levels higher than 70-80
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dB SPL. Furthermore, it has been discussed that such improvement probably
occurs as the result of suppression acting upon LSR fibers, which have higher
thresholds and wider dynamic ranges. This imposes minimum requirements for
the speech processors of artificial intelligence systems that aim to mimic human
performance at spectral discrimination tasks, namely they must reproduce the
effects of both HSR and LSR fibers as well as AN suppression effects.

There already exist computational models that simulate these properties of
the peripheral auditory system (e.g., [17-19]). They, therefore, constitute a good
starting point for building bio-inspired speech processors for artificial intelligence
systems with human-like hearing capabilities.

5 Conclusions

The main conclusion is that the combined sensitivity of HSR and LSR AN fibers
to the presence of a high-frequency spectral notch is a non-monotonic function
of stimulus level. The good correlation between the psychophysical data and the
present. analysis of auditory nerve responses to flat-spectrum and notch noise
stimuli suggests that spectral discrimination depends directly on information
conveyed by the difference rate profile rather than on the quality of the individual
rate profiles.
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