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Auditory Distance Coding in Rabbit Midbrain Neurons and
Human Perception: Monaural Amplitude Modulation Depth
as a Cue
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Mechanisms underlying sound source distance localization are not well understood. Here we tested the hypothesis that a novel mecha-
nism can create monaural distance sensitivity: a combination of auditory midbrain neurons’ sensitivity to amplitude modulation (AM)
depth and distance-dependentloss of AM in reverberation. We used virtual auditory space (VAS) methods for sounds at various distances
in anechoic and reverberant environments. Stimulus level was constant across distance. With increasing modulation depth, some rabbit
inferjor colliculus neurons increased firing rates whereas others decreased. These neurons exhibited monotonic relationships between
firing rates and distance for monaurally presented noise when two conditions were met: (1) the sound had AM, and (2) the environment
was reverberant. The firing rates as a function of distance remained approximately constant without AM in either environment and, in an
anechoic condition, even with AM. We corroborated this finding by reproducing the distance sensitivity using a neural model. We also
conducted a human psychophysical study using similar methods. Normal-hearing listeners reported perceived distance in response to
monaural 1 octave 4 kHz noise source sounds presented at distances of 35-200 cm. We found parallels between the rabbit neural and
human responses. In both, sound distance could be discriminated only if the monaural sound in reverberation had AM. These observa-
tions support the hypothesis. When other cues are available (e.g., in binaural hearing), how much the auditory system actually uses the

AM as a distance cue remains to be determined.
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Introduction

Localization of sound source has been extensively studied both
neurally in animals and psychophysically in humans (for review,
see Middlebrooks and Green, 1991; Grothe et al., 2010). How-
ever, localization of sound source distance has been much less
investigated than azimuth and elevation (for review, see Zahorik
et al., 2005; Ahveninen et al., 2014). Localizing the distance of a
sound source is important because avoiding a danger or under-
standing ongoing environmental events often requires recogniz-
ing sound source distances. A sound in a near-field (<1 or 2 m),
peripersonal space (Holmes and Spence, 2004; Dramas et al.,
2008; Guipponi et al., 2013), such as a looming sound (Maier et
al., 2008), is particularly salient because the event may require the
listener’s immediate response (e.g., in a fight-or-flight situation)
(Cannon, 1915). Furthermore, speech communication often
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takes place in such a nearby space in reverberant environments
and benefits from a listener’s ability to localize distances of sound
sources (Shinn-Cunningham et al., 2005).

Humans (Brungart et al, 1999; Zahorik, 2002a; Shinn-
Cunningham et al., 2005; Kop¢o and Shinn-Cunningham, 2011;
Kopco et al., 2012) and animals (Naguib and Wiley, 2001; Ku-
wada et al., 2015) can localize sound distance with varying accu-
racy in different conditions. Particularly, localization of sound
distance is better in reverberant than in anechoic conditions
(Mershon et al., 1989; Nielsen, 1993; Kolarik et al., 2013). When
the distance between a sound source and a listener is varied in a
reverberant environment, the direct signal energy changes,
whereas the reverberant energy remains approximately constant.
This fact led to the suggestion that direct-to-reverberant (D/R)
energy ratio may mediate the ability of the auditory system to
localize sound distance (Mershon and Bowers, 1979; Hartmann,
1983; Bronkhorst and Houtgast, 1999; Zahorik, 2002b; Kim et al.,
2008; Larsen et al., 2008; Kolarik et al., 2013). However, how a
varying D/R ratio may be converted into a distance-representing
neural signal is not known. Here we propose a novel monaural
mechanism whereby such neural coding of sound distance may
be achieved.

Reverberation produces loss of amplitude modulation (AM)
depth (Houtgast and Steeneken, 1985; Zahorik et al., 2012; Kim
et al., 2013; Kuwada et al., 2014), and the modulation loss in-
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creases with distance as the D/R ratio decreases. This is one part of
the proposed mechanism. The other part is that many neurons in
the inferior colliculus (IC) in the midbrain are sensitive to AM
depth; some neurons increase firing rates with AM depth,
whereas others decrease rates (Krishna and Semple, 2000; Joris et
al., 2004; Nelson and Carney, 2007). We hypothesize that a com-
bination of these two parts constitutes a novel mechanism for IC
neurons’ ability to code the distance of sound sources. We tested
this hypothesis both neurally in the unanesthetized rabbit IC and
psychophysically in humans. We address here monaural process-
ing of sound distance because understanding monaural process-
ing is a good initial step toward an eventual understanding of the
more complex binaural processing of sound distance. We present
neural and psychophysical evidence that supports the hypothesis.

Materials and Methods

The neural portion of this study was approved by the University of Con-
necticut Health Center Animal Care Committee and was conducted ac-
cording to the National Institutes of Health guidelines. The human
psychophysics portion of this study was approved by the University of
Louisville Institutional Review Board.

Virtual auditory space and neural recording methods. The procedures
for neural recording in the present study were the same as those reported
by Kuwada et al. (2014). Briefly, extracellular action potentials were re-
corded in the right IC of unanesthetized Dutch-Belted rabbits with
custom-made tungsten-in-glass microelectrodes. We rejected neural re-
sponses if the observed response contained very short interspike intervals
(<0.95 ms) constituting >1% of the total sample (similar to Slee and
Young, 2013).

Head-related impulse responses (HRIRs) were measured with the un-
anesthetized rabbit positioned in an anechoic chamber that met the spec-
ifications of ISO 3745 (1977) and had the inner walls lined with fiberglass
wedges designed to be anechoic for low frequencies down to 110 Hz. The
chamber’s free inner dimensions were 9 X 4 X 4 m. Binaural room
impulse responses (BRIRs) were measured with the rabbit positioned in
a highly reverberant chamber that had hard walls and inner dimensions
6.5 X 5.7 X 5 m. This chamber’s reverberation time (T60), averaged for
1 octave bands centered between 0.25 and 10 kHz and spaced at 1 octave
intervals, was 2.2 s. The procedures for measuring HRIRs were described
previously (Kim et al., 2010). The procedures for measuring BRIRs and
HRIRs shared common elements, such as a point sound source, and a
blocked-meatus method of recording signals with miniature micro-
phones (Knowles FG-3329) embedded in ear-mold tips placed deep in-
side the rabbit’s ear canals. The main difference is that the length of a
logarithmically swept (0.05-49 kHz) chirp source sound was consider-
ably longer, 3.6 s, for BRIRs than for HRIRs, 0.67 s. The reason for this
difference is that the impulse response of a reverberant room decays
much more slowly than the anechoic counterpart. The impulse responses
were measured at 9 distances with an equal spacing on a logarithmic scale
(10, 14, 20, 28, ..., 160 cm), and at 21 azimuths (*150° in 15° steps) all at
0° elevation.

As source signals, we used two types of 1 octave band noise: unmodu-
lated noise and AM noise. The carrier center frequency (CCF) was set at
the neuron’s best frequency. Different noise tokens were used in testing
different neurons. The modulation envelope was either a sinusoid or a
“raised-sine” (Bernstein and Trahiotis, 2010). We express AM depth in
decibels (dB) as follows:

AM_depth_dB = 20 * log,,((AM_depth_%)/100). (1)

At the source, AM depth was 0 dB (i.e., 100%). The modulation fre-
quency was varied logarithmically from 2 to 512 Hz in octave steps. We
kept the modulation frequency lower than 12% of the center frequency of
the carrier noise band. The 12% corresponds to the difference between
the upper cutoff and center frequency of a third octave band filter that
approximates auditory filtering (Moore, 1997). Each source signal con-
sisted of a 1000 ms noise burst (4 ms rise/fall, raised-cosine gate) and an
800 ms silence. VAS stimuli were created by convolving the source signals
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Figure 1.  Schematic drawing of a monaural auditory-brainstem model. AN, Auditory nerve
fiber; ICBE, inferior colliculus band-enhanced neuron; ICBS, inferior colliculus band-suppressed
neuron; IN1,interneuron 1;IN2, interneuron 2. The AN activities were simulated with the model
of Zilany etal. (2014). The present model was adapted from Nelson and Carney (2004) and L.H.
Carney (personal communication).

Table 1. Parameter values of the monaural auditory brainstem model described in
Figure 1°

Synapseno.  Strength  7(ms)  Delay(ms)  Polarity Target  Origin
1 1.6 1.6 NA Exctatory (N AN

2 0.9 2.0 1.0 Inhibitory (N IN1

3 3 1.0 NA Excitatory ~ 1CBE N

4 33 3.0 20 Inhibitory ~ ICBE IN2

5 3 1.0 NA Excitatory ~ 1CBS N

6 5 3.0 20 Inhibitory ~ 1CBS ICBE

“The auditory-nerve (AN) inputs were high-spontaneous-rate fibers simulated using the model of Zilany et al.
(2014). The best frequency was specified for the AN fiber and inherited by higher-level cells. The IC band-enhanced
(BE) cell model was based on the Same-Frequency Inhibitory-Excitatory model of Nelson and Carney (2004) with
parameters based on cell “C” in their Figure 8. The present model is an extension of the Nelson—Carney model in that
itincludes the band-suppressed cell model. Each synaptic activation was represented by an « function with a time
constant, 7. The “delay” value represents the relative delay between excitatory and inhibitory synaptic signals
converging on a common target. BS, Band-suppressed; IN1 and IN2, interneuron 1and 2; NA, not applicable.

with the rabbit’s HRIRs and BRIRs for each sound-source location and
each acoustic environment. These VAS stimuli were delivered monau-
rally to the left ear (contralateral to the recorded IC) through a custom
cone enclosure that housed a Beyer DT-770 earphone coupled to a sound
tube embedded in custom-fitted ear mold to form a closed system. The
sounds were presented to the rabbit using TDT System 3 hardware and
custom software written in MATLAB (MathWorks). From the impulse
responses, we also derived the acoustic modulation transfer function (MTF)
of the system that consists of the rabbit (pinna, head, and body), the sound
source at a specific location, and the environment. The acoustic MTF repre-
sents modulation loss as a function of modulation frequency.

Neural firing rate versus distance functions were measured typically at
the neuron’s best azimuth and at additional azimuths, time permitting.
We converted the absolute firing rate in spikes/s into a normalized firing
rate such that 0% and 100% corresponded to the minimum and maxi-
mum firing rates across all conditions tested for the neuron. Thus, a
100% change of normalized firing rate tended to correspond to a change
between the responses to an unmodulated stimulus and to a fully mod-
ulated (AM depth = 100%) stimulus at a close distance, averaged for the
anechoic and reverberant environments. We normalized firing rate be-
cause it facilitates comparing different neurons, and also comparing the
models with neurons.

Neural modeling. To facilitate the understanding of how the observed
neural distance sensitivity may arise, we used a model for IC neurons that
was adapted from Nelson and Carney (2004) and L.H. Carney et al.
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(personal communication). A schematic neural circuit for the model is
shown in Figure 1. The auditory nerve responses were simulated with the
model of Zilany et al. (2014). The Nelson and Carney (2004) model
achieves band-enhanced rate MTFs by combining the dynamics of fast
excitatory input with a relatively large, slower and delayed inhibitory
input. Inputs with these dynamics and amplitudes are convolved with the
time-varying rates of the cochlear nucleus (CN) inputs to the model IC
neurons. Each excitatory and inhibitory synaptic input was described by an c
function (Jack et al., 1975), with a relative strength (corresponding to the
area of the « function), delay, and time constant (Table 1). The present
model and the L.H. Carney et al. model contain a band-suppressed IC neu-
ron in addition to the band-enhanced IC neuron. The band-suppressed
model cell received a large, slow, and delayed inhibitory input from the
band-enhanced model cell and fast excitatory input from the CN model cell
(Fig. 1). The values of all model parameters are provided in Table 1.

Human psychophysical methods. Six subjects (4 female, 2 male) partic-
ipated in the experiment. All had audiometrically verified normal hear-
ing (pure tone, air-conductive thresholds =25 dB HL from 125 to 8000
Hz). Subject age ranged from 18.1 to 22.5 years (median age, 20.7 years).
Subjects received course credit for participation in the experiment.

Listeners were presented with sounds at different simulated source
distances and asked to estimate the egocentric distance of each sound,
using methods broadly similar to those described by Zahorik (2002a).
Virtual auditory space techniques were used to represent sound field
listening to sources at distances ranging from 0.35 to 2.0 m. The BRIRs
were simulated using techniques described previously (Zahorik, 2009)
and used nonindividualized HRIRs measured from a fixed distance of
1.4 m in anechoic space. Two types of sound fields were simulated: an-
echoic and reverberant (room volume: 500 m *, approximate broadband
T60 = 3s). The source incidence angle was 90° to the listener’s right, at
ear level. The source carrier signal was a 1 octave band of noise with a
CCF of 4 kHz, 2 s in duration (500 ms rise/fall raised-cosine gate). In
certain conditions, sinusoidal AM was imposed on this signal (100% AM
depth) at a frequency of 32 Hz. With the selected CCF and modulation
frequency, loss of AM depth across distance was substantial and system-
atic for the VAS stimuli used for the human study (data not shown).

To limit listener’s use of level cues in performing the distance estima-
tion tasks, two types of level controls were implemented. First, sound
pressure level was equalized for distance by adjusting the gain of the
simulated source to compensate for the 6 dB loss per distance doubling
observed in anechoic space. Additionally, sound pressure level was ran-
domly varied (roved) over = 6 dB from trial to trial. Listeners were also
explicitly instructed to ignore any loudness differences between trials.
The sound was presented monaurally to the ear facing the sound source.
Listeners provided 10 estimates for each target distance (presentation
order randomized).

Results

We evaluated the hypothesis that the following novel mechanism
creates a neural sensitivity to auditory distance: a combination of
a neural sensitivity to AM depth of a sound and distance-
dependent loss of AM depth in reverberation. This concept is
illustrated in Figure 2 with responses of an example IC neuron,
designated as Neuron 1. The solid line of Figure 2A displays nor-
malized firing rate of Neuron 1, under anechoic conditions, versus
modulation frequency (rate MTF). The firing rate of this neuron was
enhanced when the sound was modulated (Fig. 24, solid line) com-
pared with the unmodulated stimulus condition (Fig. 24, “0” on
the y-axis). The enhancement was strong in a band of modulation
frequencies wherein the rate MTF showed a peak. Accordingly, we
refer to this class of neurons as band-enhanced neurons. At the best
modulation frequency, Neuron 1s firing rate increased monotoni-
cally with AM depth (Fig. 2B, solid line).

When the sound-source distance increased in the presence of
reverberation, the firing rate to the modulated sound decreased
(Fig. 2C, solid magenta), whereas that to the unmodulated sound
remained nearly constant at low rates (Fig. 2C, solid blue). To
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Figure 2. A, Normalized firing rate of an example band-enhanced IC neuron (Neuron 1,
BF = 2.5kHz) versus modulation frequency (solid line), and the corresponding response of the
band-enhanced model (dash-dot line) to the same stimuli. SAM modulation depth, 100%. Data
symbols (<> and O) on the y-axis represent the neural and model responses to unmodulated
noise, respectively. For Neuron 1, minimum and maximum rates, 43 and114 spikes/s; for model,
35and 130 spikes/s. B, Normalized firing rates of the neuron and the model versus modulation
depth in dB relative to 100%. Modulation frequency, 64 Hz. C, D, Normalized firing rates of the
neuron and the model versus distance in the reverberant and anechoic environments. Magenta
curves indicate responses to SAM noise, 64 Hz, 100% depth. Blue curves indicate responses to
unmodulated noise.

reveal neural distance sensitivity that is independent of stimulus
level, we kept the stimulus level essentially constant across dis-
tance. In the anechoic condition, the firing rate remained nearly
constant across distance regardless of whether the sound was
modulated (Fig. 2D, solid lines). These results demonstrate that
the neuron’s sensitivity to sound distance required both rever-
beration and AM of the sound.

To ascertain whether a plausible neural circuit may account
for the observed neural sensitivity to sound distance, we used a
model for the AM tuning of IC neurons (see Materials and Meth-
ods; Fig. 1). We set the best frequency of the band-enhanced
model equal to that of Neuron 1 (2.5 kHz) and applied the same
VAS stimuli as those used for Neuron 1. Normalized firing rates
of the model are shown in Figure 2 as dash-dot lines. The model
exhibited similar response features to those of Neuron 1. The
similarity between the model and the neuron’s responses sup-
ports the following: (1) neural distance sensitivity can arise from
a combination of distance-dependent loss of AM depth and the
neural sensitivity to AM depth; and (2) the synaptic mechanisms
(i.e., dynamic interactions between fast excitatory and slow in-
hibitory synaptic potentials) assumed by the model of Figure 1
are a viable hypothesis, as are other models for IC neurons that
exhibit modulation-depth sensitivity (Davis et al., 2010).

The effect of reverberation on a sound depends on the dis-
tance between the sound source and the listener’s ear. One can
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Figure 4.  Linear regression (green) of the normalized firing rate of Neuron 1 versus log-

distance superposed on the actual response. The regression was applied to a region of distances
where the actual response stayed within 10% from the regression line. From this result, we
derived response range, distance range, slope, and correlation coefficient.

predict the neuron’s distance sensitivity from the following: (1)
the distance-dependent acoustic loss of AM depth and (2) neural
sensitivity to AM depth. Such a prediction is provided in Figure 3
for the response of Neuron 1. Figure 3 (green curve) describes
increasing loss of AM depth in the acoustic stimulus across dis-
tance. The AM envelope of the stimulus was extracted by per-
forming the Hilbert transform of the acoustic stimulus signals.
Figure 3 (blue and magenta curves) shows the predicted and
actual responses of Neuron 1, respectively. The prediction repro-
duced the salient feature of the response (i.e., a decrease of re-
sponse with distance).

Our approach to quantifying a neuron’s distance sensitivity is
illustrated in Figure 4 using the responses of the example neuron
in Figures 2 and 3 (Neuron 1). We performed a linear regression
of the normalized firing rate versus log-distance for each neu-
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Figure 5.  Normalized firing rates of four additional example band-enhanced IC neurons

(Neurons 2—5) versus distance in the reverberant and anechoic environments. AM depth, 100%;
modulation frequency, 32 Hz for Neuron 2 and 64 Hz for the rest. Modulation type was raised-
sine with exponent 8 for Neuron 3 and sinusoidal for the rest.

ron’s response to modulated sounds in reverberation (Fig. 4,
green curve). The regression was applied to a region of distances
where the actual response differed by <10% from the regression
line. We chose this procedure because neural responses often
varied systematically over a limited range of distances with satu-
ration outside the range. From this fitted regression line, we de-
rived response range, distance range, slope, and correlation
coefficient between the response and distance (Fig. 4). A good
distance-coding neuron should have a large response range, a
large distance range, and a high correlation between the response
and distance. The example Neuron 1 exhibited these properties
(Fig. 4).

There was variability among band-enhanced IC neurons re-
garding their rate-distance functions as illustrated by four addi-
tional band-enhanced neurons in Figure 5. The four neurons,
with BFs ranging from 1.6 to 10.1 kHz, all showed normalized
firing rates that decreased with distance when the stimulus sound
had AM in reverberation (left column), whereas the responses
remained approximately constant across distance in the anechoic
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Table 2. Measures of rate-distance function for the five example band-enhanced IC
neurons described in Figures 2 and 5

Responserange  Distancerange  Slope
BF (kHz) (%) (doublings) (%/doubling)  Correlation
Neuron2 1.6 64 4.0 =17 —0.995
Neuron 1 25 67 3.2 —-23 —0.991
Neuron 3 3.2 55 3.7 —16 —0.988
Neuron4 4.0 80 4.0 —18 —0.975
Neuron5  10.1 23 3.1 -9 —0.969

condition regardless of whether the sound was amplitude mod-
ulated (right column). The response and distance ranges, slope,
and correlation coefficient of these four neurons along with those
of Neuron 1 are listed in Table 2. The absolute values of the
correlation coefficients of all five neurons were high (>0.96),
indicating that these neurons were able to represent sound dis-
tance. Neuron 5 with the highest BF (10.1 kHz) showed a smaller
response range, a shallower slope, and a lower correlation coeffi-
cient than those of the other neurons. The four neurons with BFs
of 1.6 to 4.0 kHz showed large response ranges (=55%), large
distance ranges (=3.2 doublings), and considerable slopes
(=-16%/doubling).

To visualize how AM depth was degraded in reverberation at
different distances and with different CCFs of 1 octave noise, we
display in Figure 6 the acoustic waveforms that led to the re-
sponses of Neuron 1 to Neuron 5. The columns are ordered such
that CCF increased from left to right. The AM envelope was
clearly visible at 10 cm (Fig. 6, top row) for all five CCFs. How-
ever, the AM envelope became increasingly more obscure as dis-
tance increased beyond 10 cm. The modulation loss tended to
start at closer distances for lower CCF such that the AM envelope
was degraded at 80 cm for CCFs of 1.6 and 2.5 kHz but clear even
at 160 cm for 10.1 kHz. To help discern the dependence of acous-
tic AM depth in reverberation on sound distance and CCF, we
show a color contour plot describing this relationship in Figure 7.
The loss of AM depth was greater at farther distances and lower
CCFs with a nonmonotonic pattern in a region surrounding 160
cm and ~1 kHz showing the greatest loss of AM depth. These
acoustic properties predict that neurons with high BFs (>6.3
kHz) would show lower distance sensitivities than those with
lower BFs. A shallow slope and a small response range of Neuron
5 (BF = 10.1 kHz) is consistent with this prediction. In the an-
echoic condition, AM depth was close to 0 dB (i.e., 100%) for all
distances and CCFs examined (data not shown).

Another class of IC neurons has responses to amplitude mod-
ulated sounds that are opposite to those of band-enhanced neu-
rons. Responses of such a neuron (designated as Neuron 6) are
shown in Figure 8 using the same format as Figure 2. Figure 8A, B
shows firing rate versus modulation frequency and AM depth,
respectively. This neuron’s rate is suppressed by amplitude mod-
ulated sounds as indicated by the fact that the neuron’s response
to the unmodulated noise (Fig. 8 A, B, “$” on the y-axis) is higher
than the rates to the modulated sounds. The suppression was
strong in a band of modulation frequencies wherein the rate MTF
showed a trough. Accordingly, we refer to this class of neurons as
band-suppressed neurons. The neuron’s firing rate decreased
monotonically with AM depth (Fig. 8B, solid line). When the
sound-source distance increased in reverberation, the firing rate
to the modulated sound increased (Fig. 8C, solid magenta),
whereas that to the unmodulated sound remained nearly con-
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stant at low rates (Fig. 8C, solid blue). In the anechoic condition,
the firing rate remained nearly constant across distance regard-
less of whether the sound was modulated (Fig. 8D). As in the
band-enhanced neurons described above, the band-suppressed
neuron in Figure 8 also required reverberation and AM of the
sound for distance sensitivity.

Analogous to the band-enhanced model (Fig. 2), we used a
model for band-suppressed IC neurons for the purpose of ascer-
taining whether a plausible neural circuit may account for the
band-suppressed neuron’s sensitivity to sound. We set the best
frequency of the band-suppressed model equal to that of Neuron
6 (3.2 kHz) and applied the same VAS stimuli as those used for
Neuron 6. The responses of this model are shown in Figure 8 in
dash-dot curves. The model responses exhibit remarkably similar
features to those of Neuron 6. As before, the close similarity be-
tween the model and the neuron’s responses supports the follow-
ing: (1) neural distance sensitivity arises from a combination of
distance-dependentloss of AM depth and the neural sensitivity to
AM depth; and (2) the synaptic mechanisms assumed by the
model of Figure 1 are a viable hypothesis.

As shown in Figure 3 above, one can also predict a band-
suppressed neuron’s distance sensitivity from the following: (1)
the distance-dependent acoustic modulation loss and (2) neural
sensitivity to AM depth. Such a prediction is provided for Neuron
6 in Figure 9, which shows loss of AM depth in the acoustic
stimulus across distance (green), the predicted (blue), and actual
(magenta) responses of Neuron 6. The prediction reproduced the
salient feature of the response (i.e., an increase of response with
distance).

There was variability among rate-distance functions of band-
suppressed IC neurons, analogous to that of the responses of
band-enhanced neurons. This variability is illustrated with re-
sponses of four additional neurons in Figure 10. These four neu-
rons, with BFs ranging from 2.0 to 8.0 kHz, all showed responses
that increased with distance when the stimuli were amplitude-
modulated sounds in reverberation (left column) whereas the
responses remained approximately constant across distance in
the anechoic condition, regardless of whether the sound was
modulated (right column). Measures of rate-distance functions
of the five band-suppressed neurons of Figures 8 and 10 are listed
in Table 3. The correlation coefficients of all five were high
(>0.98). All five neurons showed large response ranges (=61%),
distance ranges =2.1 doublings, and slopes =15%/doubling. Even
with a high BF (8.0 kHz), Neuron 10 showed distance-coding prop-
erties that were comparable with the neurons with lower BFs.

How diverse are the distance-coding properties of IC neu-
rons? This question is addressed using distributions of the four
measures derived from rate-distance functions of our sample of
54 IC neurons (Fig. 11). The neurons were divided into two
groups: low and mid BFs (0.3-6.2 kHz) and high BFs (6.3-16
kHz). For this purpose, we inverted the responses of the band-
enhanced neurons and combined them with those of the band-
suppressed neurons. The mean values of each measure are
indicated by vertical arrows in each panel. The response range of
the low-mid-BF group (Fig. 11A) was higher (71.0 * 15.5%,
mean * SD) than that of the high BF group (mean = 50.1 *
14.1%; Fig. 11E). This difference was statistically significant
(t(s2) = 5.10,p < 0.001; x*(8) = 20.5, p < 0.01). Distributions of
the distance range of the two BF groups (Fig. 11 B, F) were irreg-
ular, and their difference was not significant (p > 0.05). Likewise,
distributions of slope of the two BF groups (Fig. 11C,G) were also
irregular, and their difference was not significant (p > 0.05). The
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VAS acoustic stimulus waveformsin a rabbit's ear with the sound source at various distances in the reverberant environment. The stimuli were amplitude modulated (AM) 1 octave band

noise signals at 5 different CCFs. These stimuli were used to obtain the responses of Neurons 1-5 described in Figures 2 and 5. AM depth, 100%; modulation frequency, 64 Hz, except for CCF of 1.6
kHz (32 Hz). Modulation type was sinusoidal, except for CCF of 3.2 kHz (raised-sine with exponent 8).
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Figure 7.  Color contour plot of acoustic AM depth in dB (with the color scale shown on the
right) versus distance and CCF. Modulation frequency 64 Hz, azimuth —60°, modulation type
sinusoidal. In addition to distance and CCF, AM depth also depends on modulation frequency,
modulation type, azimuth, and reverberant environment.

correlation coefficient between the normalized rate and log-
distance of the low-mid BF group (Fig. 11D) was higher (0.986 *
0.009) than that of the high BF group (0.978 * 0.014; Fig. 11H).
This difference was significant in the ¢ test (fs,) = 2.35, p = 0.02)
but not significant in the x* test (p > 0.05). Overall, the results of
Figure 11 support the view that band-enhanced and -suppressed
IC neurons have varying degrees of ability to represent sound
distance and that distance sensitivities of low-mid BF neurons are
high than those of high BF neurons.

Strong reverberation is associated with a long reverberation
time (T60) (Allen and Berkley, 1979; Beranek, 1986). T60 of an

acoustic environment depends, in general, on sound frequency
(Nielsen, 1993; Zahorik, 2002a). The T60 of the reverberant
chamber of the present study, averaged over the low-mid fre-
quency band and the high-frequency band, were 2.5 s and 1.3 s,
respectively. Furthermore, our acoustic analysis showed that loss
of AM depth was small for high CCFs (Fig. 7). Thus, our finding
that response ranges and correlation coefficients of the high-BF neu-
rons were smaller than the low-mid BF counterparts (see Fig. 13) is
consistent with the acoustics.

How well can IC neurons represent sound source distance
individually and collectively, and what distances can they dis-
criminate? To address these questions, we determined mean and
SD of each neuron’s normalized firing rate across distance and
derived d’ (Green and Swets, 1974) versus distance as follows:

d'(x) = (k(x) = u(x))/(0.5 % (07(x) + *(x))*,  (2)

where x = sound source distance, x, = reference sound source
distance, u = mean of normalized firing rate, and o = SD of
normalized firing rate.

For this purpose, each neuron’s response to two repetitions of
1000 ms noise bursts were divided into six 300 ms epochs by
removing the initial 100 ms portion (to remove onset discharges)
and dividing the remaining 900 ms portion into 300 ms epochs.
Thus, mean and SD of a neurons firing rate at each distance were
derived from the six samples of firing rates.

Additionally, the firing rates of band-enhanced neurons were
inverted and pooled with those of band-suppressed neurons so
that the firing rates of both types of neurons would change in the
same direction across distance. Among our total sample of 54
neurons, 35 neurons showed a correlation coefficient between d’
and log(distance ratio) >0.9 for distance ratios of 1.0, 1.4, and 2.0
with a reference distance of 14 cm, indicating that their responses
varied consistently with log(distance ratio). The functions of d’
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(green) and the rate-AM depth function shown in Figure 8B.
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ulation frequency, 64 Hz for Neuron 10 and 128 Hz for the rest. Modulation type was sinusoidal
for Neuron 9 and raised-sine with exponent 8 for the rest.

Table 3. Measures of rate-distance function for the five example band-suppressed
ICneurons described in Figures 8 and 10

Responserange  Distancerange  Slope
BF (kHz) (%) (doublings) (%/doubling)  Correlation
Neuron7 2.0 94 4.0 25 0.990
Neuron8 2.5 61 4.0 15 0.986
Neuron6 3.2 98 2.2 40 0.994
Neuron9 4.0 70 4.0 21 0.985
Neuron10 8.0 69 2.1 36 0.982

versus log(distance ratio) of the 35 neurons were then fit with
linear regression lines, and we rank-ordered them based on the
slope of the regression line. As the slope and threshold distance
ratio for a constant d’ are inversely related, this rank ordering is
the same as that based on threshold.

The procedure of deriving d’ is illustrated in Figure 12 for two
neurons that exhibited the highest and median slopes of d’ versus
log(distance ratio). The top row shows mean and SD of normal-
ized firing rates as functions of log(distance ratio), in magenta for
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Vertical arrows indicate the mean values. A-D, Low and mid (0.3— 6.2 kHz) BF group: 32 neurons consisting of 18 band-enhanced and 14 band-suppressed. E-H, High BF (6.3—16 kHz) group: 22

neurons consisting of 10 band-enhanced and 12 band-suppressed.

—O—modulated; —O0—unmodulated ey 40 —
o
-~ A highestneuron C  median neuron é
X
o
o - _ L®]
s 05 3—3mB o 30
g 2 p—3—3¢ =
g h
o . . (O]
c [72] 20
& 50 g .
= - -
iel /
———— n
S / et
E ooy I T 2T I | o
< B D c 0
1.0 1.4 2.0 2.8 4.0
° threshold distance ratio
Figure 13.  Distribution of threshold distance ratio (corresponding to d” = 1.09) among 35
neurons. Sound: amplitude modulated 1 octave noise; reference distance: 14 cm.
1.0 1.4 2.0
sound distance ratio results indicate that, when the AM noise is presented monaurally
Figure 12.  Normalized firing rate (==SD), top row, and d’, bottom row, versus log(sound 11 the reverberant environment, individual IC neurons could

distance ratio) for 2 neurons that showed the highest (left) and median (right) slopes of d’
versus log(distance ratio) among a group of 35 neurons. Bottom row, Straight line corresponds
toalinearregression of the data. Inset values indicate threshold distance ratio corresponding to
ad’ of 1.09 (dotted lines). Reference distance: 14 cm.

AM noise and in blue for unmodulated noise. The d' measure
(bottom row) increased with distance ratio when the sound had
AM but remained near zero when the sound was unmodulated.
Discrimination threshold at 71% correct performance in a one-
interval psychophysical test corresponds to d” of 1.09 (Macmillan
and Creelman, 2005). The neurons’ threshold distance ratios,
defined this way, were 1.18 and 1.49 for the AM noise. These

discriminate sound distances with a separation greater than the
thresholds. In contrast, when the noise was unmodulated, d’ val-
ues remained negligible (Fig. 12 B, D, blue), indicating the inabil-
ities of the neurons to discriminate sound distances. Thus, AM is
essential for AM-depth-sensitive IC neurons to discriminate dis-
tances of a monaurally presented 1 octave noise in reverberation.

How diverse are IC neurons regarding their abilities to dis-
criminate sound distances? This information is provided in Fig-
ure 13 in terms of distribution of threshold distance ratios among
the 35 neurons. The most frequently observed threshold distance
ratios were clustered ~ 1.4 with a median threshold distance ratio
of 1.49.
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How may the auditory system combine distance-conveying
information provided by multiple neurons? Specifically, how
may the auditory system combine d’ measures of multiple neu-
rons? The optimal decision theory (Siebert, 1970; Colburn et al.,
2003) assumes independence among the neurons and predicts
the following:

a = (zw;%) | 3)

where d;,,, and d{ correspond to optimally combined d’ and an
individual neuron’s d’, respectively. We used this prediction in
obtaining d,,, based on a varying number of neurons. Figure 14
(left column) describes dg,,, versus log(sound distance ratio)
based on the highest-ranking 1, 4, and 32 neurons of our sample.
Figure 14 (right column) displays the same information in the
region near the crossing of the d,,,, function across the threshold
line (d" 0f 1.09). The results indicate that the discrimination per-
formance improved with increasing number of neurons with the
optimal threshold distance ratio decreasing from 1.18 to 1.06 for
the three cases examined. Further results with more cases of
number of neurons displayed in Figure 15 indicate that the opti-
mal threshold decreased more noticeably when the number of
neurons were few (i.e., 1, 2, and 4) and the threshold decreased
more slowly with log(number of neurons) when the number of
neurons were greater (i.e., 16, and 32).

Are the rabbit IC neurons’ sensitivities to sound source dis-
tance consistent with human listeners’ abilities to localize sound
source distance? To address this question, we measured human
listeners’ perception of sound source distance using VAS imple-
mentation of similar stimuli as used for the rabbit. Human lis-
teners’ responses are illustrated with those of one listener in
Figure 16A, B in the form of perceived distance versus sound
distance on log-log axes. The perceived distance in response to
modulated sound tended to increase with sound distance (Fig.
16A, average response as magenta line), whereas the response to
unmodulated sound tended to be independent of sound distance
(Fig. 16B). We characterized the perceived distance versus sound
distance with a linear regression fit in a log-log plot of the per-
ceived and sound distances (Fig. 16 A, B, green lines). This yielded
the following:
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noise was unmodulated. C, The value of the “a” parameter of modulated sound versus
unmodulated sound for 6 listeners. Star represents average of the listeners. D, Same as C,
except for k in meters on log-log axes.

log,(y) = log,(k) + a*log,(x/2 m) (4)
and
y =k * (x/2 m)?, (5)

where x and y corresponded to sound and perceived distances in
meters, respectively, and (x/2 m), a normalized distance relative
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to 2 m. A similar analysis method has been used in several past
studies of distance perception (e.g., Zahorik, 2002a).

The dimensionless parameter “a” corresponds to the slope,
providing a measure of relative sensitivity of distance perception
independently of an overall scale factor (the vertical position of
the curve in the log-log plot). The intercept, log, (k), corresponds
to an overall scale factor of the perceived distance with the pa-
rameter “k” having units of meters. The “a” and “k” parameters
derived from the responses of six listeners are shown in Figure
16C, D, respectively, for the modulated condition versus the un-
modulated condition. In Figure 16C, D, the average value is
shown with the “star” symbol. The number next to each data
point is an identifier. Listener 1 corresponds to the one repre-
sented in Figure 16A, B. In Figure 16C, except for one listener, the
data points were above the diagonal line, indicating that the value
of “a” was higher (i.e., higher distance sensitivity) in the modu-
lated case than in the unmodulated case. This difference in “a”
was significant in a paired ¢ test (5, = 2.91, p = 0.033). In
contrast, the “k” values fell close the diagonal line. The differ-
ence in log, (k) was not significant in a paired ¢ test (t5, = 0.25,
p = 0.8).

One may wonder how the variability seen among the present
group of 6 listeners compares with what is reported in other
studies of human distance perception. For this purpose, we com-
pared the present study with a larger study that tested perceived
distances of 62 listeners in response to binaurally presented wide-
band VAS sounds (Anderson and Zahorik, 2014). The latter
found SD of “a” to be 0.30, whereas the present study’s counter-
part was smaller, 0.10. When we express the variability of the
intercept of the two studies in the same way as the present study,
SD of log,(k) in the study of Anderson and Zahorik (2014) and
present study were 1.1 and 0.82, respectively. Thus, the variabil-
ities in both the slope and intercept measures of the present study
were smaller than those of the larger study.

To verify that the observed pattern was significant, we per-
formed a two-way repeated-measures ANOVA on the present
human responses with factors of log-transformed sound distance
(6 distances) and stimulus condition (modulated/unmodulated).
The dependent variable in this analysis was log-transformed per-
ceived distance. A statistically significant interaction between dis-
tance and stimulus condition was found (F(s,s, = 2.71, p =
0.043). Follow-up simple-effects testing confirmed that the inter-
action resulted from a significant distance effect for the modu-
lated signal (F5,5 = 7.094, p < 0.001), but not for the
unmodulated signal (Fs,s5 = 0.782, p = 0.573). This finding
supports the view that humans can perceive different distances of
the sound monaurally if the sound has AM but not if the sound
has no AM.

We also analyzed the human listeners’ responses in terms of d’
analogous to the d’ analysis of the neural responses shown above.
Figure 17A shows d’ versus sound distance for Listener 1 with a
reference distance of 35 cm for the modulated sound. Figure 17B
shows average d’ of the 6 listeners (= SEM) versus sound distance
for the modulated sound. The values of d’ (Fig. 17 A, B) generally
increased with distance. In contrast, when the sound was un-
modulated, d’ remained close to zero across sound distance (Fig.
17C,D). A d’ of 1.09 was obtained at a distance ratio of 5.3, a
much higher threshold than the rabbit optimal neural threshold
distance ratio for 32 neurons, 1.06. The optimal neural threshold
represents a model prediction of a lower bound of threshold that
can be achieved when the sampled neurons are independent
(Colburn et al., 2003). Because IC neurons are components of
interconnected neural networks, their responses properties may
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Figure 17. A, One human listener's d” versus sound-source distance for modulated noise

with a reference distance of 35 cm. The d” was derived from the data in Figure 164. B, Same as
A, exceptthatd’ was averaged for 6 listeners. Error bar = SEM across 6 listeners. €, D, Same as
Aand B, respectively, except that the noise was unmodulated.

not be independent. To that extent, the actual threshold achieved
by the sampled neural population would be higher than the pre-
dicted optimal threshold. Furthermore, the optimal decision the-
ory assumes no loss of information. Actual behavioral thresholds
should always be worse than the optimal neural predictions based
on IC neurons because more processing is needed between IC
neurons and behavior and because further processing comes with
loss of information (Blahut, 1987; Sinanovic and Johnson, 2000).
Additional possible explanations for the difference between the
neural and human thresholds include the following: (1) a species
difference (see further comments in Discussion), (2) a distance
estimation task is more difficult than a distance discrimination
task, and (3) only in the human testing, sound pressure level was
randomly varied (roved) over =6 dB from trial to trial. Despite
this difference, the human listeners’ responses exhibit parallels to
those of rabbit neurons (Fig. 12). That is, in both, sound source
distance of a monaurally presented 1 octave noise in reverbera-
tion can be discriminated only if the sound is amplitude
modulated.

Discussion

There were three main findings in this study: (1) Band-enhanced
and band-suppressed IC neurons of the rabbit exhibited mono-
tonic relationships between firing rates and distance of a monau-
rally presented 1 octave band noise when two conditions were
met: (a) the sound had AM, and (b) the environment was rever-
berant. (2) A model comprising excitatory and inhibitory syn-
apses in a neural circuit of the monaural auditory pathway
between the auditory nerve and IC was able to reproduce the AM
and distance coding properties of the two types of IC neurons. (3)
Human distance localization performance to monaural 1 octave
4 kHz sounds showed parallels to the rabbit IC neurons (i.e., in
both) sound distance could be discriminated only if the monau-
ral sound in reverberation had AM. These observations provide
evidence in support of a novel mechanism for monaural distance
coding (i.e., a combination of neural sensitivity to AM depth and
distance-dependent loss of AM depth in reverberation). When
other cues are available (e.g., in binaural hearing), how much the
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auditory system actually uses the AM as a distance cue remains to
be determined.

In order for the proposed mechanism to operate, sounds must
have AM, as is the case for many natural sounds (Singh and
Theunissen, 2003; McDermott and Simoncelli, 2011), including
speech (Shannon et al., 1995), and the AM depth of the source
sound must be known. These requirements would be met when
the source sound is a natural sound familiar to a listener. Neural
sensitivity to AM depth is the other requirement for the proposed
mechanism. Previous studies found that rate MTFs of IC neurons
include bandpass, low-pass, and band-reject types (Krishna and
Semple, 2000; Joris et al., 2004; Nelson and Carney, 2007). The
present band-enhanced neurons correspond to the bandpass
type, and the band-suppressed neurons include the band-reject
and low-pass types. The findings that the rates of band-enhanced
and -suppressed neurons increase and decrease, respectively,
with AM depth fulfills the requirement of the proposed mecha-
nism. Krishna and Semple (2000), and we found that rate MTFs
of some IC neurons have a mixture of enhancement and suppres-
sion in different regions of modulation frequency. We refer to
this as a hybrid type. We found that the vast majority of IC neu-
rons fall into one of the three MTF types: band-enhanced, band-
suppressed, and hybrid. Thus, the proposed distance coding
mechanism can operate in the bulk of neurons.

The literature on neural representation of sound distance is
limited. In a ground-breaking study, Graziano et al. (1999) found
that many neurons in the ventral premotor cortex of the macaque
monkey represented nearby (<30 c¢m) auditory distance by
means of level-independent cue(s). In a study of functional im-
aging of human brain, Kop¢o et al. (2012) found that specific
areas of the brain were activated by sound distance-representing
cues, such as D/R ratio and interaural level difference, that were
independent of level. Neural coding of a looming (i.e., approach-
ing) auditory and multisensory stimulus is a related subject
(Ghazanfar et al., 2002; Hall and Moore, 2003; Guipponi et al.,
2013). Whether/how the above mentioned cortical regions are
interconnected and how they acquire distance sensitivities re-
main to be determined.

In the brainstem, Jones et al. (2013) found that IC neurons
could represent ILDs present in near-field sound distances. How-
ever, that study did not directly address whether IC neurons
could represent sound distance. The present study is the first to
describe a level-independent representation of sound source dis-
tance in subcortical neurons. How information about sound dis-
tance is transmitted from the brainstem auditory pathways to the
distance-sensitive cortical regions remains to be investigated.

How can the auditory system make sense of the outputs of the
band-enhanced and -suppressed neurons that change their firing
rates in opposite directions across distance? This situation is anal-
ogous to two opposing types of neurons in various neural systems
(e.g., on and off cells in the visual system) (Hurvich and Jameson,
1957; Schiller, 1992), and opponent processes in the motivation sys-
tem (Solomon and Corbit, 1974). Like these systems, the combined
activities of the opposing auditory neurons may lead to better repre-
sentation of sound distance. For example, if the enhanced and sup-
pressed midbrain neurons provide excitatory and inhibitory inputs
onto a neuron in the medial geniculate body, such a thalamic neuron
may show increased distance sensitivity. This type of circuit is com-
patible with the observed inhibitory and excitatory colliculo-
geniculate projections (Winer et al., 1996; Oliver, 2005).

Although the model described in Figure 1 reproduced salient
features of IC neurons’ distance sensitivities, one aspect of the
model response was different from the responses of band-
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enhanced IC neurons: that is, the model response to the modu-
lated stimulus in the anechoic condition (Fig. 2D, dash-dot
magenta) was higher than the maximum response in reverbera-
tion (Fig. 2C, dash-dot magenta), whereas the two response mea-
sures in band-enhanced IC neurons were rather similar (Figs.
2C,D, solid magenta, and 5). We anticipate that this discrepancy
between the model and IC neurons may be mitigated if a future
version of the model incorporates dynamic-range adaptation
(e.g., Dean et al., 2005; 2008) because such adaptation tends to
reduce firing rates when a neuron is highly active at all of the
tested conditions, multiple distances in the anechoic condi-
tion in this case.

Our group (Kuwada et al., 2015) tested the rabbit’s binaural
behavioral discrimination of the distance of a sound source using
a one-interval psychophysical procedure and a sound-field stim-
ulation. The source sound was 250 ms bursts (50% duty cycle) of
unmodulated noise. The study found that rabbit’s binaural dis-
crimination threshold distance ratios were ~1.6. These thresh-
olds were somewhat lower than human binaural discrimination
thresholds (~2.3) inferred from distance estimate data for un-
modulated noise from Zahorik (2002a), following the logic de-
scribed by Zahorik (2002b). These findings suggest that rabbits
may have similar or slightly higher distance sensitivities than do
humans.

The findings of binaural distance sensitivity for unmodulated
sounds are in stark contrast to the present findings of monaural
distance insensitivity for unmodulated 1 octave band sounds.
Even without AM, these findings suggest that binaural mecha-
nism(s) can extract sound distance information, whereas mon-
aural mechanism(s) cannot for 1 octave band sounds. The
rabbit’s monaural behavioral distance sensitivity is not available.
Further studies are needed to provide this information.

How well can humans discriminate AM depth? It was found
that, on average, a change of 1.3 dB could be discriminated for a
reference depth of 0 to —13 dB (Ozimek and Sek, 1988; Wakefield
and Viemeister, 1990; Ewert and Dau, 2004). When combined
with the relationship between AM depth and distance, the AM
threshold predicts a threshold distance ratio of 1.7 forad’ of 1.09.
Although this is considerably more sensitive than the observed
threshold distance ratio of 5.3, it nevertheless indicates there is
sufficient change in the AM depth to convey different distances.
The lower than predicted distance sensitivity is not surprising,
however, considering that an estimation/classification task is in-
herently more difficult (i.e., involves greater internal noise) than
a discrimination task and that level was randomly roved in this
study.

Although D/R ratio has been frequently considered to under-
lie sound-distance localization as stated above, the auditory sys-
tem may not be able to separate direct sound from reverberant
sound (Bronkhorst and Houtgast, 1999) when the two compo-
nents are mixed together as is the case in general. Therefore,
several candidate cues that covary with D/R ratio have been sug-
gested as cues for sound distance localization. Monaural candi-
date cues are the early-to-late power ratio (Bronkhorst and
Houtgast, 1999), spectral centroid, and spectral variance (Larsen
etal., 2008). Depth of AM that covaries with D/R ratio and sound
distance, as addressed in the present study, is a novel example of
such a cue. Our findings that rabbit IC neurons and human lis-
teners could not discriminate the distance of monaurally pre-
sented unmodulated 1 octave band noise suggest that the
monaural spectral centroid and spectral variance may have min-
imal contributions to distance processing of such sounds. Our
human finding is consistent with Kop¢o and Shinn-Cunningham
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(2011) who also found poor distance sensitivity for a binaural 5
kHz narrow-band noise. When the stimulus is a monaural wide-
band unmodulated noise, however, spectral centroid and spectral
variance may provide effective distance information as Larsen et
al. (2008) observed good sensitivity to D/R to such a sound. Be-
cause binaural cues, such as interaural coherence, were also
shown to covary with D/R (Larsen et al., 2008; Kuwada et al.,
2012), it is possible that the auditory system may use a combina-
tion of binaural and monaural cues to encode distance, as sug-
gested by Bronkhorst (2002). Further study is needed to
understand the dependence of all D/R-related distance cues, such
as AM depth, on the acoustics of the listening environment.
Along this line, a direct comparison of the performance of bin-
aural versus monaural discrimination of distance of sounds of
various bandwidths, with and without AM, both behaviorally
and neurally, should help advance the understanding of the
mechanisms underlying distance perception.
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