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The interaction of sound waves with the human pinna introduces high-frequency notches
(5-10kHz) in the stimulus spectrum that are thought to be useful for vertical sound
localization. A common view is that these notches are encoded as rate profiles in the
auditory nerve (AN). Here, we review previously published psychoacoustical evidence
in humans and computermodel simulations of inner hair cell responses to noises with
and without high-frequency spectral notches that dispute this view. We also present new
recordings from guinea pig AN and “ideal observer” analyses of these recordings that
suggest that discrimination between noises with and without high-frequency spectral
notches is probably based on the information carried in the temporal pattern of AN
discharges. The exact nature of the neural code involved remains nevertheless uncertain:
computer model simulations suggest that high-frequency spectral notches are encoded in
spike timing patterns that may be operant in the 4-7 kHz frequency regime, while “ideal
observer” analysis of experimental neural responses suggest that an effective cue for
high-frequency spectral discrimination may be based on sampling rates of spike arrivals of
AN fibers using non-overlapping time binwidths of between 4 and 9 ms. Neural responses
show that sensitivity to high-frequency notches is greatest for fibers with low and medium
spontaneous rates than for fibers with high spontaneous rates. Based on this evidence,
we conjecture that intersubject variability at high-frequency spectral notch detection and,
consequently, at vertical sound localization may partly reflect individual differences in the
available number of functional medium- and low-spontaneous-rate fibers.

Midinchen, Munich, Germany
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INTRODUCTION

The ridges and cavities of the outer ear alter the spectra of sounds
that enter the ear canal, mainly (but not only) attenuating energy
at high frequencies, such that notches are introduced into the
spectra (Shaw and Teranishi, 1968; Lopez-Poveda and Meddis,
1996). These notches are thought useful for judging the vertical
location of sound sources (Hebrank and Wright, 1974; Butler
and Belendiuk, 1977; Butler and Humanski, 1992; Carlile et al.,
2005). In particular, the human pinna introduces a notch whose
center frequency increases gradually from around 6.5 to 10kHz
as the vertical location of the sound source moves from —40°
to +60° relative to the horizontal plane (for a review see, e.g.,
Lopez-Poveda, 1996). The bandwidth (BW) of this notch at its
5-dB-down frequencies ranges from ~1kHz at —40° elevation
to ~4kHz at +10° elevation (Shaw and Teranishi, 1968; Chapter
4 in Lopez-Poveda, 1996). The ability to use these notches for
localizing sounds must depend ultimately on the quality of their
representation in the auditory nerve (AN), as the nerve is the only
path of transmission of acoustic information from the peripheral
to the central auditory system! Understanding the nature of the

190-95% of the population of spiral ganglion neurons comprise type I
cells. These are connected to the inner hair cells and encode most auditory

neuronal code underlying the representation of high-frequency
spectral notches is therefore pertinent to understanding how
sound elevation is perceived. The aim of the present study is to
review existing evidence and shed new light on the nature of this
code.

The spectrum of a sound may be encoded in the AN activity
in at least two ways: in the average discharge rate across fibers
tuned to different frequencies (a rate profile), and/or in the timing
of spikes from fibers tuned to different frequencies. These two
mechanisms, however, may not be available for encoding all the
temporal and spectral characteristics of a sound. AN fibers can
fire in synchrony with a particular phase of the stimulus wave-
form, a property called “phase-locking,” and this enables them to
encode the periodicities of the stimulus waveform in the timing of
their spikes. However, as the stimulus frequency increases beyond
several kHz, and its period becomes comparable to the variabil-
ity of synaptic transmission, the jitter of ensuing spike timings
degrades the quality of the spectral information. This limits the

information. The rest 5-10% of the population consist of type II afferents
that are connected to outer hair cells. Their role in auditory coding remains
unclear but they are likely involved in the regulation of the operating point
of the “cochlear amplifier” (Pickles, 1988; Jagger and Housley, 2003; Ashmore
et al., 2010).

www.frontiersin.org

May 2014 | Volume 8 | Article 112 | 1


http://www.frontiersin.org/Neuroscience/editorialboard
http://www.frontiersin.org/Neuroscience/editorialboard
http://www.frontiersin.org/Neuroscience/editorialboard
http://www.frontiersin.org/Neuroscience/about
http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org/journal/10.3389/fnins.2014.00112/abstract
http://community.frontiersin.org/people/u/127835
http://community.frontiersin.org/people/u/47722
http://community.frontiersin.org/people/u/81850
mailto:alvespinto.ana@gmail.com
http://www.frontiersin.org
http://www.frontiersin.org/Auditory_Cognitive_Neuroscience/archive

Alves-Pinto et al.

Perception and coding of spectral notches

range of stimulus frequencies that can be encoded in the spik-
ing times of individual fibers (Johnson, 1980; Palmer and Russell,
1986). In other words, this makes the encoding of high-frequency
components in the phase-locking of individual fibers ineffec-
tive (Delgutte and Kiang, 1984a; Rice et al., 1995; Lopez-Poveda,
2005). Phase locking starts to roll-off at roughly 2 kHz. The fre-
quency beyond which its degradation significantly impacts on
spike statistics varies across species, being generally acknowledged
to lie at 4 kHz for the guinea-pig (Palmer and Russell, 1986). If a
similar 4 kHz phase-locking limit ocurred for humans (and this
issue is currently being debated, e.g., Moore and Sek, 2009), then
one might presume that the high-frequency spectral notches in
the 4-9 kHz range must be encoded via firing rate profiles (Poon
and Brugge, 1993; Rice et al., 1995). Here, we present strong
evidence that undermines this view.

The question of how high frequency spectral notches are
encoded in the AN can be approached by simply testing the
hypothesis that they are encoded as AN rate profiles. If this
were the case, then the internal, AN representation, and conse-
quently the perception, of high-frequency spectral notches should
deteriorate at high sound levels due, firstly, to the broaden-
ing of the fibers’ frequency response at high levels (Rose et al.,
1971), and, secondly, to the saturation of the discharge rate of
the majority (~61%) of AN fibers (Rose et al., 1971; Sachs
and Abbas, 1974; Evans and Palmer, 1980). While the remain-
ing fibers have wider dynamic ranges (~50-60dB; Sachs and
Abbas, 1974; Evans and Palmer, 1980), only a small proportion
of them remain unsaturated at high levels (Palmer and Evans,
1980).

We have previously tested the hypothesis that the internal rep-
resentation of high-frequency spectral notches deteriorates with
increasing sound level in a series of psychoacoustical and compu-
tational modeling studies. The results of these studies, reviewed
here in the section ‘Human psychophysics’ and ‘Computational
simulation of inner hair cell receptor potentials evoked by flat-
spectrum and notch noises’ respectively, did not support the
rate-profile code and rather pointed to alternative codes. The
section ‘Analysis of AN responses to flat-spectrum and notch
noises’ presents new data and analyses pertaining to AN activ-
ity elicited by stimuli identical to those used in our previous
studies. This new set of physiological data also undermines
the rate-profile code and rather suggests that the information
required for discriminating between noises with different high-
frequency spectra is carried in a temporal code. The combined
evidence from this series of related psychoacoustical, computa-
tional modeling, and physiological studies will be discussed in
the last section in terms of its implications for spatial hearing
and for the across-listener variability in auditory-based spatial
skills.

HUMAN PSYCHOPHYSICS

PSYCHOACOUSTICAL DISCRIMINATION BETWEEN FLAT-SPECTRUM
AND NOTCH NOISES

Localization of impulsive sounds in the medial sagittal plane by
human listeners deteriorates with increasing sound level up to
about 70 dB SPL (Hartmann and Rakerd, 1993). This localization

ability is believed to be mediated by the perception of
high-frequency spectral notches generated by the filtering action
of the human pinna (Hebrank and Wright, 1974; Butler and
Belendiuk, 1977; Butler and Humanski, 1992; Carlile et al., 2005).
Assuming that the perception of high-frequency spectral features
is based on analyzing the AN rate profile then, as with verti-
cal sound localization, the detection of high-frequency spectral
notches should become increasingly more difficult as the sound
level increases due to the saturation of the fiber firing rates. This
hypothesis was tested psychoacoustically in humans by measuring
the threshold notch depth necessary to discriminate between a
flat-spectrum broadband noise and a similar noise with a spec-
tral notch centered at 8 kHz (Figure 1A) at increasing noise levels,
from 32 to 100 dB SPL (Alves-Pinto and Lopez-Poveda, 2005). If
the hypothesis were true, then notch detection thresholds should
increase, i.e., discrimination should become increasingly more
difficult, with increasing noise level, as a result of the deterioration
of the AN rate-profile representation of the spectral notch at high
levels.

Surprisingly, however, threshold notch depth varied non-
monotonically with level for most, but not all, listeners, increas-
ing up to about 70-80dB SPL and decreasing for higher levels
(Figure 1B). The non-monotonic effect, when present, was com-
parable for notch BWs of 1, 2, and 4kHz (see Figure 6 of
Alves-Pinto and Lopez-Poveda, 2005), and for stimulus durations
of 20 and 200 ms (see Figure 8 of Alves-Pinto and Lopez-Poveda,
2005), even though notch depth thresholds were generally higher
for narrower notches and shorter stimuli. Stimulus rise times (2,
10, or 30ms) did not affect notch depth thresholds at any of
the levels tested (see Figure 7 of Alves-Pinto and Lopez-Poveda,
2005). These observations suggest that the non-monotonic shape
of the threshold notch depth vs. level function is independent of
stimulus duration and of the number of AN fibers that “see” a dif-
ference in energy between the two stimuli, that is, the fibers’ with
CFs within the notch frequency band.

Hence, the initial hypothesis of a monotonic increase in notch
detection thresholds with increasing level was not supported
by the experimental results, which rather suggested that the
notch must be better represented internally at levels above and
below around 70-80 dB SPL than at these mid-levels. This result
prompted further research aimed at investigating the quality of
the internal representation of the spectra of flat-spectrum and
notch noises at increasing sound levels using diverse approaches:
first, by comparing psychoacoustical masking patterns evoked
by the two noises; second, by comparing computer simulations
of the peripheral auditory system response to the two noises;
and lastly, by analyses of direct AN fiber responses to the two
noises.

PSYCHOACOUSTICAL MASKING-PATTERN REPRESENTATION OF
HIGH-FREQUENCY SPECTRAL NOTCHES

The quality of the rate-profile representation of flat-spectrum
and notch noises was assessed psychoacoustically by measuring
the forward-masking patterns of the two noises (Alves-Pinto and
Lopez-Poveda, 2008). A masking pattern is a graphical represen-
tation of the detection thresholds of masked probe tones as a
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FIGURE 1 | Human psychophysics. (A) Schematic description of the
waveforms and spectra of the flat-spectrum (“Standard Noise”) and notch
(“Target Noise") noises used in the noise discrimination experiment. The
notch depth (AL) was defined as the difference in dB between the
spectrum level in the notch and the reference spectrum level of the noise
in the notch side bands. 3L represents the reduction in spectrum level
applied to the standard noise in order to make its overall level equal to
that of the target noise. Also indicated are the values of stimulus duration,
stimulus on/off time and the notch bandwidth (BW) tested in the
experiments (adapted from Alves-Pinto and Lopez-Poveda, 2005). (B)
Individual threshold notch depths for discriminating between the standard
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and target noises (panel A) as a function of overall stimulus level. The
notch bandwidth was 2kHz and the notch depth is in dB re the spectrum
level in the notch side bands. Each symbol/color illustrates the results for a
different listener (adapted from Alves-Pinto and Lopez-Poveda, 2005). (C)
Differences between the masking patterns of the flat-spectrum and notch
noise (notch—flat) at increasing masker levels averaged across listeners.
Each panel illustrates the results for a different masker level, as indicated
in the top-right corner of the panel. Error bars represent one standard
deviation from the mean difference. Dotted lines illustrate the difference
between the spectra of the two noises (adapted from Figure 8 of
Alves-Pinto and Lopez-Poveda, 2008).

function of probe frequency. Psychoacoustical forward masking
is thought to reflect (to a large extent) the incomplete recovery
of AN fibers from previous stimulation and/or the persistence of
neural (post-AN) activity (Oxenham, 2001; Meddis and O’Mard,
2005). Whatever the case, detection of a low-level tonal probe is
likely mediated by the average discharge rate evoked by the probe
in AN fibers with CFs similar to the frequency of the probe. When
the probe is preceded by a masker sound, this rate almost cer-
tainly changes depending on the activity evoked by the masker in
those same fibers (Harris and Dallos, 1979; Meddis and O’Mard,
2005). Hence, the activity evoked by the flat-spectrum noise on

AN fibers with CFs within the notch band would be likely differ-
ent from that evoked by the notch noise. This difference should
be reflected as a difference in masked probe detection thresh-
olds and, consequently, in the masking patterns produced by
the two noises. Furthermore, by presenting the probe after the
masker any potential interactions between the two stimuli (e.g.,
suppression, distortion, or beating effects) are minimized, thus
favoring forward masking to psychoacoustically assess the quality
of the internal representation of the two noises.

The forward masking pattern of the flat-spectrum/notch
noises were obtained by measuring the masked threshold of
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detection of pure tones with frequencies covering the spectral
region of the notch. They were measured for low (50 dB SPL),
medium (70 and 80 dB SPL), and high (90 dB SPL) masker over-
all levels, to allow comparison with the non-monotonic effect of
level in the main discrimination task (Figure 1B). The quality of
the internal representation of the spectral notch was inferred from
the difference between the masking patterns of the flat-spectrum
and notch noises.

The spectral notch was clearly visible in the difference mask-
ing patterns at 50dB SPL, less obvious at 70 and 80dB SPL,
and barely visible at 90dB SPL (Figure 1C). The fact that the
two masking patterns became more similar as the level increased
from 50 to 80dB SPL is consistent with the increase in dis-
crimination threshold notch depth over the same level range
(Figure 1B). Above 80 dB SPL, however, the difference between
the two masking patterns continued to decrease (Figure 1C,
upper panel) even though notch detection became easier (i.e.,
threshold notch depth generally decreased above around 80 dB
SPL, Figure 1B). Insofar as a masking pattern is regarded as
the psychoacoustical correlate of a neural excitation pattern, this
result suggests that discrimination between the flat-spectrum and
notch noises is, at least above 80dB SPL, unlikely based on
comparisons of the AN rate-profile representations of the noise
spectra.

COMPUTATIONAL SIMULATION OF INNER HAIR CELL
RECEPTOR POTENTIALS EVOKED BY FLAT-SPECTRUM AND
NOTCH NOISES

The quality of the internal AN representation of high-frequency
spectral notches must be limited by the signal processing that
takes place before the AN. The inner hair cell (IHC) receptor
potential is the driving potential of AN fibers’ activity and there-
fore sets a limit on the quality of the representation of spectral
information in the AN. It is possible, for example, that the exci-
tation pattern representation of the stimulus spectrum degrades
at high sound levels because saturation already occurs at the level
of the IHC receptor potential (e.g., Russell and Sellick, 1978). For
this reason, the quality of the representation of high-frequency
spectral notches was assessed pre-AN by using a computational
model of receptor potential signals generated by a bank of IHCs in
response to flat-spectrum and notch noises (Lopez-Poveda et al.,
2008). Assessing the quality of the representation high-frequency
notches at the level of the receptor potential is advantageous also
because the receptor potential is a deterministic, continuous sig-
nal that is easier to analyze than stochastic, discrete signals like
AN spike trains.

The model included realistic cochlear mechanical level-
dependent gain and tuning and a realistic [HC model (see Lopez-
Poveda et al., 2008 for details). The model was evaluated in the
time domain in response to both a flat-spectrum broadband noise
and a noise with a 15-dB deep, 2-kHz wide, rectangular spectral
notch centered at 7 kHz. The levels of the two noises were identi-
cal to those used in the psychoacoustical spectral discrimination
task. The model output was a collection of receptor potential
waveforms for a bank of IHCs with different CFs. The recep-
tor potential waveforms were analyzed in two different ways:
first, by plotting the root-mean-square (rms) receptor potential

amplitude of each IHC as a function of the cell’s CF—an exci-
tation pattern representation (Figure 2A). This representation is
akin to the AN rate profile representation of the stimulus spec-
trum, since the average discharge rate of an AN fiber is thought to
be proportional to the rms receptor potential of its corresponding
IHC (Cheatham and Dallos, 2001). The second analysis method
involved: (1) applying a fast Fourier transform (FFT) to the recep-
tor potential waveform of each IHC in the bank; and (2) adding
all the resulting spectra, one per IHGC, in the frequency domain
to obtain a population receptor potential FFT representation of the
stimulus spectrum (Figure 2C). This population response spec-
trum roughly reflects the total magnitude of phase-correlated
response of the whole IHC population. In the real ear, each IHC
would be actually innervated by several AN fibers, all of which
would be driven by a common IHC receptor potential wave-
form. The FFT of an individual IHC receptor potential waveform
represents an upper boundary to the temporal periodicities that
could be encoded by the group of AN fibers innervating that IHC
in their aggregated spike times. Likewise, the aggregated recep-
tor potential FFTs for all IHCs represent an upper boundary to
the periodicities that could be encoded by the population AN,
hence providing a representation akin to the phase-locking rep-
resentations in the AN (further details in Lopez-Poveda et al,,
2008).

The results of the simulations showed that the quality
of the THC excitation pattern representation of the spectral
notch (blue line in Figure 2A) degraded gradually with increas-
ing stimulus intensity, a result clearly visible in the differ-
ence excitation patterns (Figure 2B). Differences between the
two excitation patterns occurred for IHCs with CFs within or
around the notch band only, with the largest difference occur-
ring for the lowest intensity (40dB SPL). By contrast, differ-
ences in the simulated IHC population receptor potential FFTs
were smaller at mid intensities, around 60-80dB SPL, than
at lower and higher intensities (Figures 2C,D). Interestingly,
significant differences occurred for frequencies outside the
notch frequency band, particularly at the highest intensities
(Figure 2D).

If psychoacoustical discrimination between the flat-spectrum
and notch noise were determined by differences between the IHC
representations of the flat-spectrum and notch noise spectra, then
the simulations suggested that discrimination based on the excita-
tion pattern should be increasingly more difficult with increasing
level (Figure 2B), whilst discrimination based on the popula-
tion receptor potential FFT should be easier below and above
70 dB SPL (Figure 2D). Only the latter is qualitatively consistent
with the non-monotonic shape of the psychoacoustical threshold
notch depth vs. level functions (Figure 1B).

What is the origin of the non-monotonic effect of level in the
population receptor potential FFT? This issue was addressed by
Lopez-Poveda et al. (2008). In short, they suggested that the grad-
ual decrease in notch sensitivity up to 60-80 dB PSL is due to the
cochlear mechanical compression whilst the improvement at high
levels seemed to be due to IHC nonlinearities: at high sound lev-
els, the flat-spectrum noise saturates the population IHC receptor
potential more than does the notch noise and this would alter the
spike patterns of AN fibers innervating a saturated IHC relative to
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FIGURE 2 | Computational simulation of inner hair cell receptor across CFs and intensities. The numbers next to each trace indicate
potentials. Simulated IHC responses to broadband noises with a flat stimulus intensity in dB SPL. (C) Spectra of the IHC receptor potential
spectrum and with a 2-kHz wide, 15-dB spectral notch centered at 7 kHz. representation of the two noises for the same stimulus levels as in (A).
The noise duration was longer than that used in the psychoacoustical Each curve depicts the frequency-wise summed spectra of individual IHC
experiments (0.5 vs. 0.2s) to obtain “smoother” responses. (A) IHC receptor potential spectra (see main text). (D) Difference receptor potential
excitation pattern representation of the flat-spectrum (red) and notch FFT (in dB) normalized to the maximum value across frequencies and
noises (blue). Each curve illustrates the average (rms) receptor potential of intensities. In (B,D), the curves have been arbitrarily displaced vertically for
each IHC as a function of the cell's CF, for a different stimulus level, from convenience. Vertical dotted lines in (B,D) indicate the notch frequency
40 to 100dB SPL, as indicated by the numbers next to each trace. (B) band. The middle panels illustrate zoomed views of panels (A,C) over the
Difference excitation patterns (in dB) normalized to the maximum value frequency range of the spectral notch.

those innervating a non-saturated IHC (see Lopez-Poveda et al.,
2008 for a detailed explanation).

Even though the model may not perfectly simulate the
human IHC response (Lopez-Poveda et al., 2008), the simula-
tions suggested two important aspects about the nature of the
code underlying the psychoacoustical discrimination between
flat-spectrum and notch noises. First, that the quality of the IHC
excitation pattern representation of the spectral notch decreased
gradually with increasing sound level (Figure2B) means that
the quality of the AN rate profile must necessarily decrease with
increasing intensity, regardless of the type of AN fiber. This under-
mines the suggestion that the peak in the behavioral threshold
notch depth vs. level function (Figure 1B) reflects the transition

between the dynamic ranges of AN fibers with low and high
thresholds, according to which the notch would be encoded in
the activity of low-threshold (or high-spontaneous rate, HSR)
fibers at low to mid-levels and on that of high-threshold (or low-
spontaneous rate, LSR) fibers at high noise levels (Alves-Pinto
et al., 2005).

Second, the similarity between the effects of intensity on
the difference IHC receptor potential FFT (Figure 2D) and the
threshold notch depths for spectral discrimination (Figure 1B)
suggests that high-frequency spectral discrimination could be
based on comparisons of internal representations of the spectra
obtained by precise analysis of the timing of AN spikes. The
actual mechanism that would allow the central auditory system
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to extract such a representation is uncertain (see below), but
the model simulations suggested that it could be similar in
effect to a Fourier transform of the spike trains (Young and
Sachs, 1979). This would imply that useful frequency informa-
tion is actually encoded in the timing of AN discharges even
at stimulus frequencies at which phase-locking is significantly
diminished (>4kHz; Palmer and Russell, 1986). A similar con-
jecture has been put forward by a modeling study on the limits of
human auditory perception of single tones (Heinz et al., 2001).
Heinz et al. suggested that psychoacoustical frequency differ-
ence limens are consistent with frequency information being
encoded in the discharge times of AN fibers for frequencies
up to 10kHz. This has been supported by recent physiologi-
cal studies that have shown that detectable phase-locking can
occur for frequencies as high as 14kHz (Recio-Spinoso et al,
2005).

Inspired by this, further insight about the neuronal code
responsible for the internal representation of high-frequency
spectral notches and for the main psychoacoustical discrimina-
tion results was sought by directly measuring the activity of AN
fibers in response to the flat-spectrum and notch noises used in
the psychoacoustical and simulation experiments. These new data
are described in the following section.

ANALYSIS OF AUDITORY NERVE RESPONSES TO
FLAT-SPECTRUM AND NOTCH NOISES

RATIONALE

The quality of the internal representation of the high-frequency
spectral notch at the level of the AN was assessed physiologi-
cally by directly recording the activity of guinea-pig AN fibers
in response to stimuli like those used in the main psychoacous-
tical study. Following the evidence from the psychoacoustical and
simulation studies (reviewed above), analyses of neuronal activ-
ity included an evaluation of the representation of the spectral
notch in the average rate profile, but also in the temporal pattern
of ANfiber discharges. For the latter, we could not apply the FFT
analysis that we had used to analyze IHC receptor potential sim-
ulations because of (1) the discrete nature of the AN spike trains,
(2) the short duration of the recording interval (110 ms), and (3)
the limited number of recorded AN units. Instead, we used an
“ideal observer” analysis (see below).

METHODS

Physiological recordings

Recordings from AN fibers of anaesthetized guinea pig were made
using the methods described in Palmer et al. (1986). Data were
collected from 163 fibers (from 18 animals) with CFs between
0.9 and 19kHz, a CF range sufficient to cover the relevant spec-
tral content of the stimulus. Fifty three of the 163 fibers had
spontaneous rates less than 18 spikes/s, i.e., had low-to-medium
spontaneous rates, a proportion consistent with the distribution
of the different types of fibers in the guinea pig in terms of
spontaneous rate and threshold levels (Yates, 1991).

Stimuli
AN fibers were stimulated with bursts of broadband (0.02—
16 kHz) noise similar to those used in the psychoacoustical and

simulation experiments. Two types of noises were used: one had
a flat spectrum; the other was similar except for a frequency
region centered at 7 kHz where it had a rectangular spectral notch
(Figure 1A). The spectrum level in the notch band was 0 (i.e.,
flat spectrum), 3, 6, 9, 15, 21, or 27 dB below the spectrum
level outside the notch band. Notch BWs of 2 and 4kHz were
used. Stimuli were presented for overall levels ranging from 40
to 100 dB SPL in 10-dB steps. Noise bursts had a total duration of
110 ms, including a 10-ms rise time; no fall ramp was applied. A
different stimulus condition, defined by the notch depth and the
overall sound level of the stimulus, was presented every 880 ms.
Conditions were presented in random order.

The noise bursts were generated as described in the related
behavioral study (Alves-Pinto and Lopez-Poveda, 2005). A sin-
gle noise token was generated in the digital domain for each notch
depth and used for repeated measures of AN responses at all levels
(i.e., the noise was “frozen”). The noise bursts used in the present
study were shorter (110 ms vs. 220 ms) and the notch center fre-
quency was lower (7 kHz vs. 8 kHz) than those used in the related
psychoacoustical study. Despite these differences, the fundamen-
tal characteristics of the stimuli remained the same: in both cases
the notch frequency band was beyond the cut-off frequency of
phase-locking (~4 kHz according to Palmer and Russell, 1986),
and the stimulus duration was longer than the fast-adaptation
period of AN fibers (~30 ms according to Westerman and Smith,
1984).

Rate profile analysis of auditory nerve responses

In this analysis a subpopulation of 106 fibers, for which at least 5
and typically 10 complete spike trains were recorded for all stim-
ulus conditions tested, was used. The mean discharge rate was
calculated over the whole stimulus duration (110 ms). Raw rate
profiles are uninformative of the spectral content of the stimu-
lus due to the large across-fiber variability in spontaneous and
saturated rates (Rice et al., 1995). To account for the rate variabil-
ity across fibers, normalized rate profiles (varying from 0 to 1)
were used instead. The normalization was done as follows (Rice
et al., 1995): Rporm = (R — SR)/(Rmax— SR), where R is the aver-
age discharge rate of the fiber, SR its spontaneous rate, and Ryax
its maximum discharge rate. Here, SR and Rp,,x were estimated
as the average discharge rates for a flat-spectrum noise stimulus
of 40 and 100 dB SPL, respectively. Due to the small number of
fibers with low-to-medium spontaneous rates (31 fibers only),
reliable rate profiles for separate fiber type groups could not be
obtained. Instead, the whole unit sample was used to properly
sample the frequency range of interest in a rate profile. In the
related behavioral task (Psychoacoustical discrimination between
flat-spectrum and notch noises), subjects were asked to discrim-
inate between a flat-spectrum noise and a noise with a spectral
notch. Therefore, difference rate profiles for the two stimuli were
also calculated as they provide a more relevant neural correlate of
psychoacoustical performance than do normalized rate profiles.
All rate profiles were smoothed by applying a running average
calculated over 1/3rd-octave-band intervals.

“Ideal observer” analysis of auditory nerve responses
The psychoacoustical threshold notch depth for discriminating
between a flat-spectrum and a notch noise, Aa, was predicted
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from the responses collected for the sample of AN fibers accord-
ing to the following equation (Siebert, 1970; Heinz et al,

2001):
_ T ar; (¢, o) 2 w02
Au_{zi:/o ri(t,a)[ da } oo w

where t denotes time, T denotes the stimulus duration, and
ri(t,a) the instantaneous discharge rate of the i-th fiber in
response to the stimulus with notch depth «. The term in square
brackets determines the change in instantaneous discharge rate
ri(t, o) of the i-th fiber at a given time instant, ¢, as a result of
a change, da, in the stimulus condition. This term is squared
to make positive and negative changes equally relevant. This
change is then divided by the fiber’s “instantaneous” discharge
rate r;(t, o), a sort of “normalization” procedure that takes into
account the fiber’s particular physiological characteristics. This
is important because, for example, whilst a change of 1 spike/s
may be meaningless for an HSR fiber, it may represent a huge
change for a LSR fiber whose average discharge rate can be
below 1 spike/s. The relative change in discharge rate is summed
[integral in Equation (1)] throughout the stimulus duration, 7,
providing a measure of the overall sensitivity of this i-th fiber
to a change da in the stimulus. These individual sensitivities
are then summed across fibers to obtain a measure of the abil-
ity of the sample of fibers to indicate a change in the stimulus
conditions through a change in discharge rate of any of the
fibers.

Given the discrete nature of the recorded AN responses and the
limited number of stimulus conditions tested, a discrete version of
the above equation was adopted for the current analysis:

nbins —05

Ao = [Z ZS“‘} (2a)
i k=1

where s; kis the sensitivity of the i-th fiber over the k-th time bin

and is defined as follows:

1 |:ri (Aty, 0) — 1; (Aty, 3)
Sik =

2

ri (At 0) 3-0 } Ak (20)
where k is the index for the time bins considered in the analysis.
The “instantaneous” discharge rate is replaced in Equation (2b)
by the average discharge rate within a time interval (time bin) of
duration At. r;(Aty, 0) is then the average discharge rate in the
k-th time bin in response to the flat-spectrum noise (notch depth
= 0dB), and r;(tx, 3) the average discharge rate in response to
the 3-dB-deep notch noise. This was the smallest notch depth for
which AN responses were recorded, and so it was assumed anal-
ogous to the incremental change da of the stimulus parameter in
Equation (1). Hence, the relative change in average discharge rate
in each time bin, between responses to flat-spectrum and 3-dB-
deep notch noises, was calculated for each fiber and added across
time bins and across fibers.

Figure 3 illustrates example post-stimulus time histograms
elicited by the flat-spectrum noise (filled bars) and the 3-dB notch

noise (open bars) for two individual fibers: an HSR fiber (blue
bars; CF = 3.6 Hz) and an LSR fiber (red bars; CF = 6.9 Hz)
fiber. The discharge rate scale is on the left y-axis. Each stim-
ulus typically elicits different discharge rates in each time bin
(Figure 3A). This difference in discharge rate is the basis for the
sensitivity of that single fiber to the two different stimuli. The
sensitivity in each time bin was calculated using Equation (2b)
and is represented by the blue squares (HSR) and red triangles
(LSR) in Figures 3A,B (referred to the log-scale on the right y-
axis). When similar discharge rates are evoked by the two stimuli
the fiber is unable to distinguish between the two simply based
on the rate difference information, and consequently its sensitiv-
ity becomes zero (missing symbols in some bins in Figure 3A).
Summation of all these sensitivities across bins yields an over-
all measure of sensitivity at a given level for that individual fiber
and consequently to an individual sensitivity (or its inverse, a dis-
crimination threshold estimate) vs. level function for that fiber
(Figures 3C,D). The sensitivity also depends on the binwidth
[Equation (2b)]. Assessing the discharge rate using longer time
bins (Figure 3B; responses are for the same two fibers represented
in Figure 3A, only the binwidth for computation of the discharge
rate is different) produces different patterns of discharge and
consequently produces different sensitivities and discrimination
thresholds (Figures 3C,D; notice the different scales in the right
y-axis).

It becomes evident that this analysis is designed to detect the
maximum relative change in discharge rate available throughout
the stimulus duration and throughout the population of fibers
and that it optimizes the information that each fiber can convey
in its response toward the detection of a change in the stimulus,
hence the term “ideal observer” analysis. The information car-
ried in the variance of firing rate in each time bin counts and, in
this sense, this “ideal observer” analysis contrasts with the average
rate profile analysis that disregards any rate fluctuations in time
and considers only the information conveyed in the overall dis-
charge rate of the fibers assessed throughout the whole stimulus
duration.

Equation (1) was derived on assumption that the occurrence of
AN spikes follows a Poisson distribution, that is, that spikes occur
at times that are independent of each other. Furthermore, in using
Equation (1) to predict psychoacoustical discrimination thresh-
olds, the implicit assumption is made that the listener can make
optimal use of every bit of information available in the activity
of the population of fibers, as explained above. Although neither
of these two assumptions apply here (Siebert, 1965, 1968, 1970),
we assumed that the error in using Equation (2) for predict-
ing the psychoacoustical thresholds is comparable for all sound
levels, and hence that Equation (2) serves to qualitatively pre-
dict how threshold notch depths change with sound level, as
reported in the related psychoacoustical study (Alves-Pinto and
Lopez-Poveda, 2005).

Aa was computed for different time bin durations, At, from
0.333 to 110 ms. For Ats that were not submultiples of the stim-
ulus duration, the last bin, that had a different duration from
the other bins, was eliminated from the sum in Equation (2a).
Eliminated bins were no longer than 2 ms. When At is set to the
stimulus duration, the resulting Aa corresponds to performance
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Level (dB SPL)

FIGURE 3 | Auditory nerve data: example post-stimulus time histograms
(PSTHs; scale on the left y-axis) and related sensitivity (scale on the right
y-axis) for one HSR fiber (blue bars and squares: CF = 3.6 Hz, SR = 111
spikes/s, 10 repeats/stimulus) and one LSR fiber (red bars and triangles:
CF = 6.9Hz, SR = 11.2 spikes/s, 10 repeats/stimulus). (A) PSTHs calculated
for time binwidths of 8 ms. (B) PSTHSs calculated for a binwidth of 27 ms. In
each panel, filled and open blue bars illustrate the PSTHs for the HSR fiber
when stimulated with a flat-spectrum and 3-dB-deep notch noise, respectively.
Filled and open red bars illustrate corresponding PSTHSs for the LSR fiber. Each
row illustrates results for a different stimulus level as indicated by the bold
numbers on the right part of the figure (in dB SPL). Also represented in each
panel is the fiber's sensitivity in each time bin (log-scale on the right y-axis) for
each of the two fibers (blue squares for the HSR fiber; red triangles for the LSR
fiber; one symbol per bin). Sensitivity was calculated using Equation (2b) and

A Binwidth = 8 ms Binwidth = 27 ms
400 <01 400 0.1
300 ..\--—R loo1 300 100
200 - ‘
100 1 0.001 100 0.001
400 400 — 0.1
10.1
300 300 920
10.01
200
100 10.001 449 0.001
400 - 300 0.1
10.1
300}
loor 200 80
200
100 0.001 100 0.001
(/2]
—~—
O 400 300 0.1
[y 10.1 >
= 300} .
o loor 200 70 >
o S -
~ 200 b
[
""“' 100 10.001 100 0.001 g
[\ (/7]
400 - 300 0.1
g 101
= 300t
©
P Joo1 200 60
8 200
E 100 Il I.Lﬂ IL J10.001 100 0.001
0o aherfat .. D heradB 0 a o
Sr, sr,3-
300+ ] msr+?sr,flat O msr+lsr,3-dB {1 ‘\‘
® hsr,sens 200 50
200k A msr+lsr,sens 0.1
100 1001 100 0.001
10.001
400 - 300 1
11
300 - 200 0:
10.1
200} 40
10.01 100 0.001
MML b B Lo |
0
o0 ll "0 - - 004 006 03 0"1 4 0 002 004 006 008 01
: RO ) : Time (s
c Time (s) . (s)
10 T T 10
4
2
'S 10 10"
=
2 -1 A 2
S 10 10
(/2]
10° ' : - ' ; 10°
40 50 60 70 80 90 100 40 60 80 100

Level (dB SPL)

yields a measure of a fiber’s ability to discriminate between the two stimuli
through a change in the discharge rate evoked by them, in different time bins.
Missing symbols indicate bins for which the two stimuli elicited identical
discharge rates, hence sensitivity became zero. (C) Overall sensitivity as a
function of stimulus level for each of the fibers represented in panel (A). Overall
sensitivity for a given level was obtained by summing all the sensitivities across
all bins for that level [Equation (2a)], represented by the symbols in the
corresponding panel (A). Blue squares and red triangles illustrate the sensitivity
vs. level function for the HSR and LSR fibers, respectively. (D) The same as in C
but for time binwidths of 27 ms. Overall sensitivity for each fiber was obtained
by summing all the sensitivities at the corresponding level in panel (B). The
results presented in all panels are based on the responses of the same two AN
fibers. For each fiber, different sensitivities within each time bin (panels A,B)
produce different sensitivity vs. level functions (panels C,D).
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based on a rate-profile code only. Ao becomes unrealistically
equal to zero when the discharge rate of any fiber is equal to zero
for any bin (no bar for the 3-dB notch noise at some of the time
bins in Figure 3A). To prevent this artifactual result, a small, arbi-
trary constant of 0.1 spikes/s was added to the measured discharge
rate in all bins of all fibers. The actual value of this constant did
not alter results significantly. The results presented are based on
the results of the group of 163 fibers for which at least 5 and
typically 10 repeats were recorded for a flat-spectrum noise and
for a notch depth of 3dB at each of the different sound levels
tested.

RESULTS

AN rate profiles do not explain psychoacoustical noise
discrimination as a function of level

First, we tested whether psychoacoustical spectral discrimination
could be accounted for using only the AN rate-profile represen-
tation of the stimulus spectrum. A simple visual analysis of both
normalized and difference rate profiles (Figures 4A,B) revealed
a lower discharge rate for those fibers with CFs around the fre-
quency band of the notch, with deeper notches eliciting lower
discharge rates at mid-levels. This would suggest that AN rate-
profile comparisons constitute a reasonable physiological basis
for psychoacoustical discrimination of high-frequency spectra.
However, a closer look disproves this suggestion: the absolute
rate difference was largest for overall levels around 60—80 dB SPL.
This implies that discrimination should be easiest around these
levels, in clear contrast with the actual psychoacoustical results
(Figure 1B). Noticeably, the notch is still observed in the differ-
ence rate profiles at very high levels (upper panels in Figure 4B),
provided that the notch is sufficiently deep (notch depth > 9 dB).
While at first sight this may seem inconsistent with the dete-
rioration of the rate-profile representation of the notch due to
the broadening of fibers’ tuning, rate profiles are “noisy” and
indeed the discrimination information available in the rate pro-
file decreases gradually with increasing level beyond 80 dB SPL, as
shown in the next section.

Population d’ estimates based on rate profiles are inconsistent with
psychoacoustical threshold notch depth vs. level functions

The above conclusion was confirmed by a signal-detection-theory
d-prime (d') analysis of the physiological responses (Green and
Swets, 1966; Shackleton et al., 2003). The “internal decision vari-
able” in the psychoacoustical task was assumed to be proportional
to the difference in firing rate between the flat-spectrum and
notch conditions, assessed relative to the intrinsic variability in
AN activity (the same stimulus token was used for all measure-
ments for a given condition; hence, the variability in the responses
arises exclusively from the stochastic nature of AN firing). A
d' for the population of AN fibers was calculated for all con-
ditions as the square root of the sum of the squared-d’ values
for individual AN fibers (Viemeister, 1988). This population d’
was compared with the psychoacoustical thresholds previously
measured using a 3-alternative, forced-choice paradigm (Alves-
Pinto and Lopez-Poveda, 2005). The relation between the AN
population-d’ and the psychoacoustical threshold estimates did
not need to be direct because, for example, as it is calculated, the
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FIGURE 4 | Auditory nerve data: rate profiles for different overall noise
levels and for different notch depths. (A) Normalized rate profiles. Each
curve is for a different notch depth (in dB), as indicated by the inset. (B)
Difference between the rate profiles for the flat-spectrum and the notched
noises. The numbers in the inset denote notch depths in dB re spectrum
level of the notch side bands. Vertical dashed lines illustrate the frequency
band of the spectral notch.

population-d’ increases with the number of fibers in the sample.
Nevertheless, the population-d’ provides a reasonable way of
assessing, at least qualitatively, the expected perceptual perfor-
mance based on intrinsically variable AN rate-profile information
as a function of stimulus level.

The results (Figure 5) confirmed the insight gained from the
visual analysis of the rate profiles (Figure 4) in terms of the effect
of level. AN population-d’ values were highest (hence discrim-
ination thresholds would be lowest), at levels around 70-80 dB
SPL for virtually all notch depths (Figure 5), in clear contradic-
tion with the perceptual results (Figure 1B), which suggested that
d’ should be lowest around 80 dB SPL. In agreement with the evi-
dence from the psychoacoustical and computer simulation stud-
ies (reviewed above), it can be, therefore, concluded that discrim-
ination between auditory stimuli with different high-frequency
spectral characteristics cannot be based on comparisons of their
corresponding AN rate-profile representations.
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FIGURE 5 | Auditory nerve data: population d’ as a function of the
noise overall level. The numbers in the inset indicate notch depths in dB
re spectrum level of the notch side bands.

Predicted performance based on the analysis of auditory nerve
responses by an “ideal observer”

The “ideal observer” analysis (Siebert, 1970; Heinz et al., 2001)
is based on comparisons of discharge rates evoked by the two
different stimuli (in this case a flat-spectrum noise and a noise
with a 3-dB notch) computed in short non-overlapping time bins
(Figure 3). This comparison between discharge rates was made
for each single fiber and for each time bin of the fiber’s PSTH
(Figures 3A,B). Differences in discharge rate elicited by the two
stimuli (filled vs. open bars in Figure 3A) vary across time bins
with the sensitivity in each bin contributing additively to the
overall sensitivity of each single fiber to the two stimuli (sym-
bols in Figures 3A,B). By sensitivity we mean the ability of a
fiber to discriminate between the flat-spectrum and the notch
noises based on differences in discharge rate in each time bin
elicited by the two stimuli [Equation (2b)]. This means that short-
term differences in discharge rates evoked by the two stimuli, or
equivalently, that temporal information, may also contribute dis-
crimination information. Of course, different degrees of temporal
information may be gained by sampling the instantaneous dis-
charge rate in non-overlapping time bins of different durations;
the shorter the time bin, the more precise the timing informa-
tion, the greater the discrimination capability of the system, and
the lower the discrimination thresholds. This was indeed found
to be the case. For any given sound level, the predicted threshold
notch depths decreased with shortening the sampling time bin
(Figure 6). In absolute terms, however, the predicted thresholds
were about two orders of magnitude lower than the behavioral
ones (Figure 6). This mismatch likely reflects the pooling of infor-
mation that occurs as different auditory inputs converge into
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FIGURE 6 | Auditory nerve data: psychoacoustically observed
notch-depth thresholds vs. “ideal observer” predictions from neural
data. Psychoacoustical (red squares, right ordinate axis) thresholds as a
function of noise level for an example listener (S1; Figure 1B). Predicted
thresholds (open symbols, left ordinate axis) were obtained using an “ideal
observer” type of analysis of physiological AN responses [Equations (2a)
and (2b)]. Different curves illustrate predicted thresholds when AN activity
is analyzed over non-overlapping time binwidths of different durations, as
indicated by the numbers next to each trace (in ms; adapted from Figure 1
of Lopez-Poveda et al., 2007).

higher nuclei in the auditory system. It may also reflect differences
in cochlear processing between humans and guinea pigs, and/or
that humans do not operate as optimal spectral discriminators, as
others have suggested (Siebert, 1965, 1968, 1970; Delgutte, 1996;
Heinz et al., 2001). Otherwise observed (psychoacoustical) and
predicted (neural) absolute thresholds should match.

Monitoring nerve activity in shorter time bins of 4-9 ms predicted
the level effect observed psychoacoustically
Remarkably, the shape of the predicted threshold notch depth vs.
level functions varied greatly depending on the time binwidth.
Only for time binwidths within the range from 4 to 9 ms were
the predicted functions non-monotonic with a peak at or around
80 dB SPL, thus resembling the shape of most psychoacoustical
functions (Figure 1B, and open red squares in Figure 6). This
suggests that an effective cue for high-frequency spectral discrim-
ination may be based on sampling rates of spike arrivals of AN
fibers using non-overlapping time binwidths of between 4 and
9 ms (Figure 6).

To confirm this optimal analysis time binwidth, Kendall’s t
non-parametric correlation coefficient (Press et al., 1992) was
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used to quantify the degree of correlation between the shapes
of the predicted functions for different time binwidths and the
observed functions for each one of five listeners (S1-S5, for
which discrimination between flat-spectrum and a 2-kHz wide
notch noise was tested) considered in the psychoacoustical study
(Figure 1B). The actual degree of correlation varied considerably
across listeners (not shown), but the highest correlations always
occurred for a time binwidths between 7 and 9 ms. The mean
value across subjects was approximately 8 ms (Figure 7D).

The notch depth threshold values predicted by the “ideal
observer” analysis of AN fiber responses shown in Figure 6 were
derived from the responses of the population of 163 AN fibers
to the flat-spectrum and 3-dB notch noises. Analysis of indi-
vidual fiber’s sensitivity as a function of CF revealed that not
all fibers contributed equally to the overall population sensi-
tivity (Figure 7). Individual sensitivities for a binwidth of 8 ms
showed that fibers with CF away from the notch band can con-
tribute significantly to the population sensitivity (Figure7A).
Furthermore, the sub-populations of fibers with the highest sen-
sitivities, therefore determinant to the discrimination threshold,
also varied depending upon the analysis binwidth (compare
Figures 7A-C).

The “ideal observer” analysis for a time binwidth equal to
the stimulus duration (110 ms) disregards any temporal infor-
mation. Hence, it was another way of testing the rate-profile
code hypothesis. The shape of the associated predicted func-
tion (diamonds in Figure 6) clearly differed from that of the
psychoacoustical function (red squares in Figure 6). Threshold
notch depths were smallest for low-level sounds and gradually
increased with increasing the sound level. Not surprisingly this
shape resembles the curve that would be obtained by inverting
the population-d’ vs. level function for a notch depth of 3 dB
(Figure 5). Therefore, this analysis also indicates that the rate-
profile is unlikely to provide the basis for high-frequency spectral
discrimination.

Selective use of different fiber types does not account for the
psychoacoustical discrimination as a function of level

The possibility exists that the non-monotonic shape of the behav-
ioral threshold notch depth vs. level functions could reflect the
existence of only two fiber types with different thresholds and
dynamic ranges in the human AN, with the peak in the behav-
ioral function occurring at the transition sound level between
the dynamic ranges of the HSR and LSR fibers (Alves-Pinto and
Lopez-Poveda, 2005). This mechanism has been put forward as
one way that the AN handles information over a much wider
range of sound levels than the dynamic range of its individual
fibers; that is, as a solution for the dynamic range problem of
hearing (Viemeister, 1988; Delgutte, 1996).

This conjecture was tested here by applying the “ideal
observer” analysis to two groups of AN fibers, with units clas-
sified according to spontaneous rate as HSR or LSR+MSR
when their spontaneous rate was higher or lower than 18
spikes/s, respectively (Liberman, 1978). The resulting HSR and
LSR+MSR groups contained 110 and 53 fibers, respectively.
The mean optimal time binwidth of 8 ms (Figure7D) was
used.

Predicted threshold notch depth vs. level functions differed
for the two groups (Figure 8). Nevertheless, predicted thresh-
olds at low sound levels were lower for the LSR+MSR group
than for the HSR group. This means that LSR+MSR fibers
are more sensitive to spectral changes at low sound levels than
are HSR fibers. Most important is, perhaps, that the predicted
functions were almost identical for the LSR+MSR group and
for the combined HSR+LSR+MSR sample, and that both their
shapes were highly correlated with the shape of the percep-
tual discrimination functions (Figure 1B). This suggests that
LSR+MSR fibers may be more significant to high-frequency
spectral discrimination than are HSR fibers at all sound lev-
els tested. This result indicates that the non-monotonic shape
of the behavioral discrimination functions is unlikely to reflect
a transition between the dynamic ranges of the two fiber

types.

The effect of stimulus duration

In the psychoacoustical discrimination study, it was observed
that threshold notch depths for discrimination were on average
2.5 times larger for a short (20-ms duration) than for a long
(220 ms) stimulus, and that this ratio was approximately constant
across sound levels (Alves-Pinto and Lopez-Poveda, 2005). In
other words, the effect of level was independent of stimulus dura-
tion. The ideal observer analysis was therefore used to predict the
behavioral thresholds for stimulus durations of 110 and 20 ms.
A time binwidth of 5ms was used in this case for convenience
because it is a submultiple of these two stimulus durations.

The resulting predicted thresholds were higher for the short
than for the long stimulus (Figure9). Moreover, the ratio
between the two values (red squares in Figure9) was simi-
lar across levels and on average equal to 2.8. These results
match well with those from the main psychoacoustical study
(Alves-Pinto and Lopez-Poveda, 2005). This match reveals that
the “ideal observer” analysis provides a reasonable account of
the behavioral discrimination thresholds based on the relative
neural information available for the short and long stimuli.
In the context of the present analysis, we would suggest that
higher thresholds resulted from having fewer time bins in which
to assess differences between the neural responses to the two
stimuli.

DISCUSSION OF EXPERIMENTAL NEURAL FINDINGS

We have shown that psychoacoustical discrimination between
auditory broadband stimuli with and without high-frequency
spectral notches is uncorrelated with the differences in the over-
all AN rate-profile representations of their spectra. Although the
spectral notch is visible in the rate-profile for all sound lev-
els above 50 dB SPL provided it is sufficiently deep (Figure 4B),
the effect of level on the quality of that neuronal representa-
tion does not match, and therefore is unlikely to explain, the
effect of level in the behavioral notch discrimination thresh-
olds. Altogether, the present neural results are inconsistent with
the view that high-frequency spectral features are encoded in
the AN average-rate profile (e.g., Rice et al., 1995), and support
the inferences made from the related human masking patterns
(Figure 1C) and computational modeling studies (Figure 2). The
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FIGURE 7 | Auditory nerve data: individual AN fiber sensitivity as a
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illustrated by blue squares and red triangles, respectively. Sensitivity was
calculated for three different time binwidths: 8 ms (A), 27 ms (B), and 110 ms
(C). Notice the different sensitivity scales used for the different binwidths.
Stimulus level increases from the bottom to the top panel as indicated by the
numbers on the right side of the figure (in units of dB SPL). Individual
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sensitivity values varied with stimulus level and with binwidth, with the
highest sensitivity values occurring for different subgroups of fibers for
different levels and binwidths. (D) Kendall's Tau non-parametric correlation
between the shape of individual behavioral notch-depth thresholds

(Figure 1B) and “ideal observer” neural predictions for different analysis time
binwidths (black symbols in Figure 6). The figure illustrates the mean
correlation coefficient values across five participants (Figure 1B).
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FIGURE 9 | Auditory nerve data: threshold notch depth vs. level
functions predicted by an “ideal-observer” analysis of neural
responses for noise bursts with different duration: 20 ms (diamonds)
and 110 ms (circles). Red squares (right ordinate axis) illustrate the ratio
between predicted thresholds for the long and short stimuli.

present AN results support a combined rate-time code instead.
The nature of the code is uncertain, but the present analy-
sis suggests that information decoding requires sampling the
discharge rate of the fiber population in time binwidths of

approximately between 4 and 9 ms. Unfortunately the num-
ber of stimulus repeats used here for the physiological experi-
ments was insufficient to draw reliable conclusions and further
experimental evidence is still necessary to confirm the present
conclusions, to dismiss the rate profile as the only encod-
ing strategy for high frequency features, and to elucidate the
nature of the rate-time code underlying high-frequency spectral
discrimination.

Differences in neuronal processing between humans and
guinea pigs may have contributed to the mismatch between the
psychoacoustical and the neural results in terms of level depen-
dence of rate-profile derived discrimination thresholds. Also the
anesthetic may have had an effect on neuronal responses. Both
of these factors would have however also affected the correspon-
dence between psychoacoustic and neural results based on the
“ideal-observer” analysis. Nevertheless, the idea that some form
of temporal code may be used for high-frequency spectral dis-
crimination is not new and agrees with evidence from other
independent studies in a number of aspects. It has been put
forward, for example, to explain the limits of human auditory fre-
quency discrimination for single tones (Heinz et al., 2001) and
for the sensitivity to the spectral fine-structure of sounds in the
high-frequency range (> 4kHz; e.g., Moore and Sek, 2009). The
results presented here support this principle. Furthermore, the
present neural results extend the validity of the principle to spec-
tral discrimination of broadband aperiodic stimuli (which is a
more natural type of auditory task than pure tone discrimination)
and reveal the existence of an optimal decoding time binwidth
of 8 ms.

What is the nature of the temporal code? We have no defi-
nite answer, only conjectures. Any AN fiber is effectively driven
by a half-wave rectified, low-pass filtered version of the basilar
membrane response waveform at its corresponding place in the
cochlea. With broadband noise stimulation, this response can
be described as a randomly amplitude-modulated carrier with a
carrier frequency near the fiber’s CE. The range of modulation fre-
quencies is limited by the BW of the cochlear filter (Louage et al.,
2004) or the cut-off of phase locking. The BW of basilar mem-
brane responses increases with increasing sound level (Robles and
Ruggero, 2001). Therefore, the range of modulation frequencies
as well as the phase of the basilar membrane response wave-
form both depend on sound level. AN fibers can phase-lock to
the envelope of basilar membrane excitation even at high levels,
when their discharge rate is at saturation (Cooper et al., 1993).
Given that fibers with CFs near the notch frequency surely “see”
a different level than those with CFs well away from it, it is there-
fore, possible that spectral discrimination be based on detecting
either the range of modulation frequencies or the phase differ-
ences implicit in AN spike trains (or both). In other words, the
auditory system might be treating a spectral discrimination task
as an envelope discrimination task; the envelope being that of the
signals coming from different cochlear channels. An envelope-
based discrimination code would be consistent with the found
optimal time binwidth of 4-9 ms.

That said, however, any difference in the envelopes evoked by
the flat-spectrum and notch noises should show up in the aggre-
gated FFTs of the simulated IHC receptor potential waveforms;
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that is, they should show up in Figures 2C,D. Admittedly, some
differences between the FFTs for the two noises did indeed occur
for frequencies below 100 Hz (not shown in Figures 2C or 2D)
but they were almost negligible and much smaller than the dif-
ferences in the notch frequency band highlighted in Figure 2D.
Insofar as Figure 2C represents an upper limit to the periodic-
ities that can be represented via phase locking in the AN-fiber
population by the “volley principle” (Wever, 1949), Figure 2C
suggests that the fine-time structure of AN activity would be
a stronger cue for high-frequency spectral notch discrimination
than the information available through synchronized responses
to the envelopes. Unfortunately, gathering spectral information
from the timings of spikes for spectral components around 7 kHz
would require analyzing spike trains with very short binwidths,
of 0.14 ms, and to avoid artifactual results [i.e., very high sen-
sitivity due to close-to-zero discharge rate, Equations (1) and
(2b)], this would require having many more repeats for each fiber
than we have measured. For this reason, we could not confirm or
reject this hypothesis using the available data. In summary, fur-
ther experimental evidence is still necessary to clarify the nature
of the temporal code.

The present neural results support the “multiple-looks” model
for auditory long-term temporal integration: the decrease in
threshold with increases in the stimulus duration. Such tem-
poral integration does not actually involve integrating stimu-
lus energy (or correspondingly accumulating nerve spikes) over
time, but is more consistent with a model whereby “multiple-
looks” of the output envelopes from auditory filters are taken
in non-overlapping time windows of about 5-10 ms of duration
(Viemeister and Wakefield, 1991). The “looks” would be stored
in memory and accessed selectively for further processing and
decision making. This model was proposed to account for behav-
ioral observations, but has lacked physiological support to date.
The present physiological results are consistent with such a model
and even the range of optimal time binwidths found here (4-
9 ms) matches the duration of the time windows proposed in the
“multiple-looks” model.

The present physiological results are also consistent with expla-
nations proposed for the so-called “dynamic range problem”
of hearing. This refers to the apparent mismatch between the
wide range of sound levels over which good intensity discrimi-
nation can be shown and the dynamic range of most AN fibers
(Viemeister, 1988; Delgutte, 1996; Moore, 2003). Several differ-
ent mechanisms are likely to contribute, but none of them seems
to be critical or to fully explain the various behavioral results
(Delgutte, 1996). Some models indicate that an appropriate com-
bination of information from only a few AN fibers can account
for intensity discrimination thresholds, even at high intensities
(Delgutte, 1987; Viemeister, 1988). Further, they indicate that
the activity of LSR fibers determines behavioral performance at
high sound levels (Viemeister, 1988). The present study concerns
a different perceptual task, but the results provide experimental
support to those ideas. Here it was observed that only a handful of
highly-sensitive fibers sufficed to produce the observed improve-
ment in discrimination at very high sound levels (> 80 dB SPL)
(Figures 1B, 6). Furthermore, the subpopulation of LSR+MSR
fibers appears to convey enough information to account for most

of the psychoacoustical thresholds (Figures 7, 8). Interestingly,
this was true over the whole range of sound levels that were used.

Some questions remain. First, the “ideal observer” predic-
tions showed that performance could improve substantially if
the discharge rate of AN fibers were sampled in time binwidths
shorter than 8 ms (Figure 6). This is true even allowing for the
fact that humans do not operate as optimal discriminators, hence
the two-order-of-magnitude difference between psychoacoustical
and predicted thresholds. That is, it seems as though humans are
not using all the information available in the AN. On the other
hand, the value of 8-ms for the optimal time binwidth does not
seem coincidental. It matches well with the conclusions from the
“multiple-looks” model. Furthermore, there is also indirect evi-
dence that visual information is processed in time windows of
comparable durations (Van Rullen and Thorpe, 2001). The ques-
tion is what does it mean? One possibility is that it relates to the
time constant of cochlear nucleus neurons specialized in spectral-
notch or spectral-edge detection (Reiss et al., 1995; Zheng and
Voigt, 2006).

Second, the amount of perceptually-relevant information for
high-frequency spectral discrimination was shown to be less for
sound levels around 80 dB SPL than for lower or higher levels.
This still needs explaining. The results presented here demon-
strate that it is unrelated to having two fiber populations with
different thresholds and dynamic ranges. It is possible that spec-
tral representation of the notch in the BM excitation pattern
may be compromised at mid-levels due to cochlear mechanical
compression (see Lopez-Poveda et al., 2008).

POTENTIAL IMPLICATIONS FOR UNDERSTANDING
ACROSS-LISTENER VARIABILITY IN SOUND LOCALIZATION
SPECTRAL-NOTCH CUES VARY ACROSS LISTENERS
It has been long thought that high-frequency spectral notches in
the head-related transfer function (HRTF) are important cues for
human (vertical) sound localization (e.g., Butler and Belendiuk,
1977; Butler and Humanski, 1992). On the other hand, the depth
and the BW of HRTF notches vary widely across listeners [(see,
for instance, Shaw (1982) or Chapter 3 in Lopez-Poveda, 1996)],
probably reflecting differences in ears’ shape and size across lis-
teners (Lopez-Poveda and Meddis, 1996). Furthermore, we have
shown that notch depth at discrimination threshold varies widely
across listeners (Figure 1B) and depends on the notch BW as
well on stimulus level and duration (Alves-Pinto and Lopez-
Poveda, 2005). Assuming that behavioral discrimination between
flat-spectrum and notch noises is based on the quality of the inter-
nal representation of the notches, then, in light of the present
evidence, sound localization accuracy should vary across listen-
ers, should be more precise for long than for short stimuli and
for levels below 60-70dB SPL than for levels around 70-80 dB
SPL and this is indeed the case (Hartmann and Rakerd, 1993;
Macpherson and Middlebrooks, 2000; Vliegen and Van Opstal,
2004; Macpherson and Sabin, 2013). Furthermore, vertical local-
ization accuracy should improve for levels higher than about
80 dB SPL, although this remains to be tested.

In any case, the ability of listeners to actually use high-
frequency HRTF notches as sound localization cues must depend
on a complex combination of their level of performance in notch
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detection tasks, the shape of their ears, and the characteristics of
the stimulus (duration and level).

POTENTIAL VARIABILITY ASSOCIATED TO NEURAL ENCODING OF
SPECTRAL FEATURES

Performance in high-frequency notch detection tasks, and hence
in spatial localization involving detection of these spectral fea-
tures, will ultimately depend on the quality of the representation
of the spectral notch in the AN. The evidence provided here sug-
gests that high-frequency spectral information may be encoded
in the temporal pattern of AN discharges, analyzed over time bin-
widths 4-9 ms long. Studies on the temporal aspects of spectral
processing in sound localization also reported that information
about the spectrum level of a cochlear filter can only be reliably
obtained when the signal from that filter is integrated over a time
window of about 5ms (Jin, 2001), a duration similar to that esti-
mated from the “ideal observer” analysis of AN fibers” responses
(Figure 7D).

Spectral notch encoding based on the temporal patterns of
discharge of AN fibers is likely to be more susceptible to variabil-
ity than encoding based on the long-term average discharge rate.
Spikes occur stochastically in time and spike counts for constant
stimuli are likely to vary from time bin to time bin. Variations in
the number of spikes have a larger effect in a small than in a larger
time window, making any changes that are not stimulus related to
more strongly affect the quality of the information encoded in the
spike pattern. This higher susceptibility to variability could partly
contribute to the large variability in the detection of spectral
notches across listeners observed here.

Finally, discrimination thresholds derived from the “ideal
observer” analysis of responses of LSR and MSR fibers were com-
parable to those derived using all fibers, including HSR fibers
(Figure 8). This suggests that LSR and MSR fibers, despite their
being a smaller population, are more sensitive to high-frequency
spectral differences than are HSR fibers at all levels and so that
LSR and MSR fibers could be key for detecting high-frequency
spectral notches. Furthermore, it suggests that high-frequency
notch discrimination would be probably impaired by damage
and/or loss of these more sensitive fibers. According to a recent
report (Furman et al., 2013), noise exposure selectively damages
LSR fibers without altering audiometric thresholds. It has been
suggested that this significantly impairs hearing in noise (Lopez-
Poveda and Barrios, 2013). It is possible, therefore, that differ-
ent audiometrically normal listeners may suffer from different
degrees of (hidden) LSR fiber loss, depending on their individ-
ual histories of noise exposure and/or genetic sensitivity to noise,
which would lead to variable performance in spectral discrimina-
tion tasks and, consequently, to variable performance in spatial
localization involving the detection of high-frequency spectral
notches. Further research is required to test this conjecture.

CONCLUSIONS

For most listeners, high-frequency spectral notch detection
becomes gradually more difficult with increasing level up to
70-80dB SPL and improves at higher levels. However, across-
listener variability is high and depends both on the stimulus
characteristics (duration and level) and on the notch BW.

Psychoacoustical, modeling, and physiological results consis-
tently suggest that the non-monotonic effect of level on notch
detection is inconsistent with the notch being encoded in the rate
profile of AN fibers only and support, instead, that the temporal
pattern of AN discharges monitored in time binwidths of 4-9 ms
of duration conveys encoding relevant information. Physiological
data suggest that LSR fibers are key to notch encoding.

The present evidence suggests that high-frequency spectral
notch detection, and consequently, also vertical sound local-
ization accuracy, requires information carried in the tempo-
ral characteristics of AN activity, particularly, by the avail-
able number of low and medium spontaneous rate fibers. The
number of fibers likely varies substantially across individuals,
which might contribute to across-listener variability in sound
localization.
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