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Abstract

Purpose Perceiving the sound source distance is important in many everyday activities. For sources near the listener, two
dominant intensity-independent cues are available, the direct-to-reverberant energy ratio (DRR) and the interaural level differ-
ence (ILD). Previous studies identified the planum temporale (PT) and posterior superior temporal gyrus (pSTG) as auditory
cortical areas important for distance processing. However, it is not clear whether the identified areas represent integrated
percepts of distance, per se, or the discrete cues based on which it is created. To address this, we combined behavioral and
neuroimaging experiments with advanced computational modeling.

Methods We conducted human behavioral (15 participants with 5 self-reported females) and fMRI experiments (15 par-
ticipants with 5 self-reported females) in a virtual reverberant environment using broadband noise stimuli. The availability
and congruency of the DRR and ILD cues were manipulated to identify cortical areas encoding distance cues vs. distance
percepts.

Results Behavioral results showed that distance percepts were stronger when both cues were available and congruent, con-
firming that both cues are used when listeners judge distance. A univariate fMRI analysis identified areas in the PT + pSTG
as encoding the DRR cue. An ROI-based multi-voxel pattern analysis (MVPA) over the whole PT 4 pSTG region found a
significant difference between Congruent and Incongruent stimuli, likely representing the distance percept.

Conclusion The PT + pSTG region encodes both the distance cues and percepts. However, while the cue encoding is local,
the percepts are encoded in a distributed network.

Keywords Auditory distance perception - FMRI - MVPA - DRR - Neural coding - Auditory cortex

Introduction

In many everyday activities, judging the distance of sound
sources is important [1-5]. Consider, for instance, avoiding
an approaching car outside our field of vision [6, 7] or try-
ing to hear out a nearby talker in a noisy environment [1,
8-10]. Although auditory distance perception is critical in
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such scenarios, its functional mechanisms and neural basis
are not well understood [3, 5, 11, 12].

The main cue for distance perception is often consid-
ered to be the received sound intensity [13]. However,
the intensity with which a sound is emitted is often vari-
able or a priori unknown. In such situations, listeners
naturally use other cues. Multiple intensity-independent
distance cues are often available [3]. Kopco et al. [14]
studied two intensity-independent distance cues. First,
the direct-to-reverberant energy ratio (DRR), which com-
pares the sound energy received at the ears directly from
the source to that reflected off the walls, can be used
to determine the distance for all directions but only in
reverberant environments [15—17]. Second, the interaural
level difference (ILD) [8, 18] can be used in both rever-
berant and anechoic environments, but only for sources
off the midline. These cues are robust particularly when
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the sources are in the peri-personal space (up to 1-2 m
from the listener) where the listener can interact with the
sound sources [3, 19]. In addition to the primary cues of
ILD and DRR, multiple other distance cues are also avail-
able, such as spectrum, binaural parallax, vocal effort,
interaural cross-correlation (IACC) [5] and amplitude
and spectral modulation [20-22]. Importantly, while the
DRR cue is considered as the reverberation-related cue
here, most of the reverberation-related cues mentioned
like frequency-to-frequency variation in the spectrum
[23], amplitude modulation reduction [24], and IACC are
highly correlated and, hence, any of them might be the
actual cue used by the listeners. Thus, we consider DRR
as the representative cue for its convenience and clarity
of computation while being largely agnostic as to which
reverberation-related cue is actually used by the listen-
ers. Finally, even though the mechanism by which the
distance cues are integrated to create a distance percept
has not been established, it is likely that the weight with
which they are combined depends on the target azimuth,
distance, type of stimulus, the presence of room rever-
beration, the type of task (absolute vs. relative localiza-
tion), as well as non-auditory factors. Hence, the cues
are likely combined in a context-dependent way, making
the mechanisms underlying auditory distance perception
difficult to unentangle [25-28].

Some of the distance cues are shared between distance
and other spatial dimensions. Specifically, the ILD is also
a horizontal cue, which for frontal sources varies primarily
with their azimuth, while for lateral nearby sources it var-
ies primarily with distance [19]. Also, monaural spectral
changes, which are the primary elevation cue, can also
provide monaural azimuthal information, as well as dis-
tance information in reverberation [29]. Important for the
current study, the monaural spectral distance cue highly
correlates with DRR; therefore, it can be thought of as
one of the reverberation-related cues included when DRR
is considered [23, 24]. The current study focuses only on
distance perception of nearby sources along the interaural
axes, where the ILD and DRR cues strongly vary with
distance.

Considering how the intensity-independent distance cues
are combined, Kop¢o and Shinn-Cunningham [30] pro-
posed that DRR is the primary distance cue in reverbera-
tion, based on acoustic analysis and modeling of behavioral
performance in an experiment in which azimuth as well as
distance were manipulated. However, a later analysis carried
out on data for sources at various distances in a single direc-
tion along the interaural axis indicated the employment of
both ILD and DRR cues [14], while later it has been shown
that, for frontal stimuli, the distance judgements are indeed
primarily based on the DRR [31]. This study focuses only
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on DRR (as a representative reverberation-related cue) and
ILD, aiming to understand how these intensity-independent
distance cues are encoded and integrated to create intensity-
independent distance percepts. !

The neural basis of auditory spatial perception is under-
stood less than its psychophysics. In human neuroimaging
studies, only relatively broad anatomical divisions have been
found, such as that between the anterior “what” vs. posterior
“where” pathways [32-36]. A majority of the spatial neuroim-
aging studies focused on the encoding of the horizontal sound
location (i.e., of the location percept) or on the encoding of
the binaural cues that underlie it [37-44]. Activations were
found primarily in the posterior auditory “where” pathway,
which includes the non-primary auditory cortex regions pla-
num temporale (PT) and posterior superior temporal gyrus
(pSTG) [45, 46]. Kopco et al. [14] performed an fMRI study
to identify the brain representation of distance independ-
ent of intensity for nearby stimuli varying in distance along
the interaural axis. They identified a distance representing
region in the pSTG and PT of the hemifield contralateral to
the stimulation, likely encoding distance primarily based on
ILD and DRR. Using similar methods and stimuli presented
in the frontal direction, Kopco et al. [31] examined distance
representations that do not involve the ILD cue used also for
horizontal localization. They found the AC region encoding
DRR-based distance information, encompassing bilaterally
the posterior banks of Heschl’s gyri, PT, and pSTG. These
findings imply that neuronal populations sensitive to distance
independent of intensity exist in the posterior auditory cortex.
Still, the question of whether those identified brain regions
represent the distance percept per se or one of the acoustic
distance cues, e.g., ILD or DRR, needs to be answered.

The studies of Kopco et al. [14, 31] used univariate fMRI
analysis to identify the individual voxels encoding distance
information. Multi-voxel pattern analysis (MVPA) [47, 48]
looks at the information distributed across groups of vox-
els, where the activation levels of each voxel alone may be
less informative. As a result, they are sensitive to distributed
encoding of information that is likely common in the brain.

! Eliminating the intensity cue is challenging. Several recent distance
studies tried to achieve this by systematically manipulating the emit-
ted level to equalize the received level (e.g. [29, 84],). However, since
the rate at which intensity changes with distance varies at the two ears
for sources off the midline, it is in general impossible to simultane-
ously equalize the received level at both ears. Moreover, the received
level of the direct portion and of the reverberation vary systematically
with distance after such equalization, thus providing a distance cue.
Finally, loudness constancy mechanisms allow people to estimate
the emitted sound level in reverberation and perceive that it is being
manipulated [85], thus overcoming the effect of equalization. Hence,
to eliminate any chance of providing the listeners with any intensity
cues, the current behavioral experiment used roving to eliminate all
level cues after approximately equalizing the level at the center of the
head [56].
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Previous studies [42, 48-51] have been successful in using
multivariate methods to identify the neural correlates of
various perceptual effects inaccessible to the standard uni-
variate methods. In the current study, we use univariate and
multivariate methods to identify both local encoding and
encoding in distributed networks.

We performed one behavioral and one imaging experi-
ment in a virtual reverberant environment for nearby sources
along the interaural axis. We manipulated the Binaural
Room Impulse Responses (BRIRs) [52] used to synthesize
stimuli so that they provide different amounts of distance
information. Specifically, we modified the original BRIRs,
in which DRR and ILD varied with distance congruently,
to create stimuli in which the cues varied incongruently,
and stimuli in which only the ILD cue was available while
the DRR value was fixed independent of distance. In the
behavioral experiment, distance discrimination performance
was measured for stimuli with Congruent, Incongruent, and
Fixed-DRR cues. It was expected that if both cues are used,
then presenting the cues incongruently would result in a
weakening of the distance percept compared to congruent
presentation, and Fixed-DRR performance would be better
than Incongruent and worse than Congruent performance. In
the imaging experiment, we used a sparse-sampling adapta-
tion fMRI paradigm [32] to measure activations evoked by
the same three types of stimuli. The conditions with Con-
gruent and Incongruent cues were key for distinguishing
between representations of the cues vs. the representations
of the distance percept itself. Specifically, if a brain region
is activated for Congruent but not for Incongruent cues, then
it was expected to represent the distance percept, as both
cues were available in both conditions. On the other hand, a
region that is activated by both Congruent and Incongruent
cues is more likely to represent one or both cues. A com-
parison of the Fixed-DRR responses to Congruent or Incon-
gruent responses was expected to primarily indicate regions
encoding DRR, as this cue was not available in the Fixed-
DRR stimuli. The emitted stimulus intensity was fixed in the
imaging experiment, consistent with previous studies [14,
31]. 2 All stimuli were presented from the left to complement

2 One important factor limiting the studies of the neural mechanisms
of auditory distance processing is that it is challenging to distin-
guish between the contributions of distance and intensity process-
ing [14]. When the stimulus intensity varies with distance, physi-
ological detectors receptive to a range of stimulus features may be
activated. Although neurons in these conditions are sensitive to a
specific feature at low stimulus intensities, they frequently react in a
nonspecific way to loud stimuli. These nonspecific reactions are most
typically observed when the stimulus is a broadband noise [86, 87]
which is frequently used in investigations of auditory spatial percep-
tion. Kopco et al. [14] solved this problem by comparing responses
to stimuli varying in distance and intensity to those only varying in
intensity. The same approach is used here in the imaging experiment.

previous results [14] which only used stimuli on the right.
Univariate and multivariate analysis of the fMRI data was
used to identify both local and distributed neural encoding
of the cues/percepts.

Methods

Experimental procedures and equipment used in this study
were similar to our previous studies [8, 14, 31] unless speci-
fied otherwise.

Participants

Fifteen participants (5 self-reported as females, ages
21-43 years) with normal hearing (audiometric thresholds
within 20 dB) participated in the behavioral experiment.
A separate sample of 15 right-handed participants (5 self-
reported as females, ages 22—55 years) with self-reported
normal hearing participated in the fMRI experiment. Using
the Tukey’s outlier detection test on the across-condition
average data from the behavioral experiment, two partici-
pants were identified as outliers and excluded from further
analysis (their performance was above that of the remain-
ing participants, and both were lab members with extensive
prior experience with psychoacoustic experiments). Simi-
larly, two participants were excluded from the fMRI experi-
ment (one fell asleep during the experiment and one had
excessive head movements).

Ethics Approval

The behavioral experiments were approved by the P. J.
Safarik University (UPJS) Ethical Committee. The imaging
experiments were approved by the Partners Human Research
Committee, the MGH Institutional Review Board. All par-
ticipants gave written informed consent.

Stimuli

The auditory distance stimuli were generated using a single
set of non-individualized BRIRs measured on an individual
not participating in the current study using methods identi-
cal to Shinn-Cunningham et al. [8]. The BRIRs were meas-
ured in a small-sized carpeted room (reverberation times
T, ranging from 480 to 610 ms in octave bands centered at
500, 1000, 2000, and 4000 Hz) using a surface-mount cube
speaker (Bose FreeSpace 3 Series II, Bose, Framingham,
MA). Miniature microphones (Knowles FG-3329c, Itasca,
IL) were placed at the blocked entrances of the listener’s
ear canals, and the loudspeaker was positioned at distances
of 15, 19, 25, 38, 50, 75, or 100 cm from the center of the
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Fig. 1 Experimental design. A
Cue manipulation in the three
stimulus conditions. In the
Congruent condition, the cues 30 |
ILD and DRR varied congru-
ently with distance. In the
Incongruent condition, the DRR
cue values were reversed with
respect to distance at both ears.
In the Fixed-DRR condition,

the DRR cue values were fixed
at the values corresponding to a

>

Congruent
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Mean Value [dB]

Left-ear DRR
---------- Right-ear DRR
—— ILD

Incongruent Fixed-DRR

distance of 38 cm. B Simulated 15 25 50 100

source locations along the
interaural axis (left side of the
listener). C Design of trials in B
the behavioral experiment: The

instruction “Listen” appeared
on the screen, followed by the [ﬂ [ﬂ [ﬂ [ﬂ [ﬂ
presentation of two stimuli from 100 75 50 38 25 19 15
different distances at random
levels. Listeners responded by
indicating whether the second
stimulus was closer or more dis-
tant than the first stimulus. On- D
screen feedback was provided in

some conditions. D Design of a

single imaging trial in the fMRI
experiment, shown separately 3
for the three stimulus conditions

(as shown in A). The height of 38
the stimulus bars corresponds

to the distance simulated by the
respective cue value. In these
conditions, the listener’s task
was to detect deviant stimuli
that were shorter than the
standard stimuli. No feedback
was provided. A Quiet stimulus
condition was also included (not
shown)

100

Congruent

100
| Incongruent

38 -

100

Simulated target distance [cm]

Fixed-DRR
38

listener’s head at the level of the listener’s ears (Fig. 1B) on
the listener’s left-hand side along the inter-aural axis.

The recorded BRIRs were altered to generate the three
types of stimuli (Fig. 1A). The unaltered BRIRs were used
for the Congruent stimuli in which both DRR and ILD
varied congruently with distance. For the Incongruent and
Fixed-DRR stimuli, the BRIRs were split before the arrival
of the first reflection to separate the Direct (D) and Rever-
berant (R) portions. The R portion was then scaled sepa-
rately at each ear so that the broadband DRR of the modified
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stimuli was either constant at the value corresponding to
38 cm (for the Fixed-DRR stimuli) or matched the DRR of a
“reflected” distance (for the Incongruent stimuli)—e.g., the
15 cm stimulus would have the DRR of the 100 cm stimu-
lus, etc. Finally, the overall RMS level was scaled to match
that of the original stimuli. Since the frequency spectrum of
the R portion does not have a strong distance dependence,
and since ILD was not modified, there was no need for any
frequency-dependent processing.
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A set of 50 independent noise burst tokens of 300-ms
white-noise samples, bandpass-filtered by zeroing the off-
frequency components (i.e., applying a rectangular win-
dow in the frequency domain) in the frequency domain at
100-8000 Hz, was convolved with each of the BRIRs to
generate standard stimuli for each source distance. For the
fMRI experiments, an identical set of 150-ms deviant stimuli
were also created. For each experimental trial, either two
(behavioral experiment, Fig. 1C) or 14 (imaging experiment,
Fig. 1D) noise bursts were randomly selected, scaled (see
below), and placed in a series with a fixed stimulus onset
asynchrony (SOA), to create the stimulus sequence. The only
difference between the behavioral and imaging experiments
was in the intensity normalization used in the scaling step. In
the behavioral experiment, each noise burst was normalized
so that its overall intensity received at the left (closer) ear
was fixed and then randomly roved over a 12-dB range so
that the monaural overall intensity distance cue was elimi-
nated at both ears (Fig. 1C). In the fMRI experiment, the
stimulus presentation level was fixed, congruent with ILD.
Finally, the fMRI stimuli were filtered to compensate for the
headphone transfer functions by filtering the original stim-
uli using headphone-specific equalization filters provided
with the Sensimetrics S14 headphones by the manufacturer.
All stimuli were pre-generated offline at a sampling rate of
44.1 kHz. The average received level was 65 dBA (meas-
ured at the left ear of a KEMAR manikin equipped with
the DB-100 Zwislocki Coupler and the Etymotic Research
ER-11 microphones).

Behavioral Experiment

The behavioral experiment was performed in the Perception
and Cognition Lab at UPJ S. The participants were seated
in a double-walled sound-proof booth in front of an LCD
display and a keyboard connected to a control computer,
placed outside the booth, running a Matlab script to control
the experiment. Fireface 800 sound processor (RME) and
Etymotic Research ER-1 insert earbuds were used to play the
pre-generated stimuli. Each participant completed a single,
one-hour session that included two runs with the 3 stimulus
types in a random order. Each run consisted of 84 trials,
corresponding to 4 repetitions of 21 randomly ordered trials
(one trial for each combination of 2 out of the 7 distances).
The phrase “Listen” appeared on the computer screen to
begin each trial, which was then followed after 200 ms by
two noise tokens that were simulated to come from two
different distances and had a SOA of 1000 ms (Fig. 1C).
The participant was instructed to identify which of the two
sounds was nearer by pressing one of two keyboard keys
(“1” or “2”). Feedback for Congruent and Fixed-DRR con-
ditions was given following the response. The experiment
was self-paced, and each trial lasted, on average, 5 s. The

experiment started with a practice session consisting of one
Congruent run, performed before the experimental runs.

Imaging Experiment

The imaging experiment was performed at the Martinos
Center for Biomedical Imaging at MGH. The participants
participated in one 2-h session, consisting of preparation,
training, fitting of headphones, and structural and functional
acquisitions. The control computer, running a Presentation
(Neurobehavioral Systems) experimental script, presented
the sounds through the Fireface 400 sound processor (RME),
Pyle Pro PCA1 amplifier, and Sensimetrics S14 (Sensi-
metrics, Gloucester, MA) MRI-compatible headphones.
Responses were collected via MRI-compatible five-key
universal serial bus (USB) keyboard. A video projector was
attached to the control computer and projected the instruc-
tions to the participant in the scanner. Two runs of 96 trials
were performed. Each trial consisted of a 10-s stimulus pres-
entation during which the scanner was silent, followed by 2 s
of fMRI image acquisition (Fig. 1D). Trials with Congru-
ent, Incongruent, Fixed-DRR, and Quiet (no-sound) stimuli
were randomly interleaved. Each non-quiet stimulus was a
sequence of 14 noise bursts that had a 500 ms SOA.

The sequences contained two noise bursts for each of the
seven distances, ordered pseudo-randomly such that each
distance was present at least once before the repetition of
any of the distances. In 50% of the sequences, one randomly
chosen burst out of the 14 bursts was replaced by a 150-ms
deviant. The listener’s task during the fMRI session was to
identify the deviants by pressing a button on the keyboard.
This choice was made on purpose to remain consistent with
our previous studies [14, 31] and to prevent participants
from focusing on perceived distance. Otherwise, participants
might have exerted more effort in conditions where distance
was harder to perceive, and this increased attention/effort
could have altered the neural response—reflecting effort
rather than the neural coding of distance, which we aimed
to avoid. Using a 3T 32-channel coil, whole-head fMRI was
obtained (Siemens TimTrio, Erlangen, Germany). We used a
sparse-sampling gradient-echo blood oxygen level depend-
ent (BOLD) sequence (TR/TE =12,000/30 ms, 9.82 s silent
period between acquisitions, flip angle 90°, FOV 192 mm)
with 36 axial slices aligned along the anterior—posterior
commissure line (3-mm slices, 0.75-mm gap, 3 x 3 mm? in-
plane resolution). The coolant pump was turned off while the
acquisitions were being made. A multi-echo MPRAGE pulse
sequence (TR=2510 ms; 4 echoes with TEs =1.64 ms,
3.5 ms, 5.36 ms, 7.22 ms; 176 sagittal slices with 1x1x 1
mm? voxels, 256 X256 mm [2] matrix; flip angle =7°) was
used to combine anatomical and functional data to produce
T1-weighted anatomical images.
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Data Analysis
Behavioral Data

In the distance discrimination behavioral experiment, the
proportion of correct responses P was measured for each
stimulus condition, distance pair, and participant. To esti-
mate each participant’s distance sensitivity across all dis-
tance pairs in a given condition, a simple decision theory
model [14] was used, modified to estimate the nominal sen-
sitivity index d?,, defined as the sensitivity for discriminating
the distance of two sources with a log-distance separation
of 1 (i.e., distance ratio of 2.72). *The model predicts P for
two sources at distances of s; and s, as a function of the sen-
sitivity d' for a given distance ratio [53]: For the model, the
goodness of fit is reported as the average of the coefficient
of determination R?> computed for individual participant fits:

d/
2 —2
Pc / e dt, where d’ = dj,.|Ins, —Ins|.
—00

_ L
Var
d'=d),.|Ins, — Ins,|
In the duration discrimination task performed during
the imaging experiment, the response was classified as a
hit (correct detection) if it occurred within 2.5 s after the
deviant onset. We determined the hit rates (HR) and reaction
times (RT) to correctly detected targets and compared the
group averages of these measures across the three stimulus
conditions.

Statistical comparisons of the behavioral data were done
using repeated measures ANOVAs after checking for nor-
mality and sphericity using CLEAVE [54] and MATLAB.
The reported statistical values were corrected for potential
violations of sphericity using the Greenhouse—Geisser epsi-
lon, followed by post hoc pairwise comparisons with Bon-
ferroni correction. The effect sizes are reported as well.

fMRI Data

Cortical surface reconstructions and data were preprocessed
in native space without smoothing and per session using
Freesurfer 5.3. Further, the individual functional volumes
were motion corrected and used as an input for the first-level
volumetric statistical analysis using FSL. The task condi-
tions were entered into a first-level general-linear model
(GLM) as explanatory variables. The resulting contrast

3 Note that in the Incongruent condition, in which no “correct”
response is defined, the responses could follow the DRR or the ILD
cue and the dj, expresses the extent to which a given participant fol-
lowed his/her preferred cue consistently (i.e., only absolute values
were considered).
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effect size estimates were co-registered to the Montreal Neu-
rological Institute (MNI) 152 standard brain representation
(2% 2 %2 mm? resolution) for a volumetric univariate GLM
group analysis. The group univariate GLM analysis was per-
formed using the Functional Magnetic Resonance Imaging
of the Brain’s (FMRIB) Local Analysis of Mixed Effects 1
(FLAMEL1) approach. The results of the volumetric group
analyses were visualized using FSL.

MVPA Analysis

We used the split-half correlation [48] MVPA as imple-
mented in the MVPA toolbox CoSMoMVPA [47]. We
considered a priori regions-of-interest (ROI) PT + pSTG,
which were based on the cortical labels that were used in
our previous study [14]. One ROI was defined in each hemi-
sphere by combining two anatomical FreeSurfer standard-
space labels encompassing the PT and posterior aspects of
the STG, which were individually resampled to each par-
ticipant’s native functional space for the MVPA. In each
participant, we first split the data into two halves (i.e., Run-1
as the first half and Run-2 as the second half) and estimated
the response for each non-quiet category, voxel, and half
separately. This analysis tests the hypothesis that the corre-
lation between pattern vectors, obtained from the cope/beta
statistics of each voxel in the ROI, is more consistent across
the same-condition run pairs vs. the different-run pairs (e.g.,
that correlations for [Run-1 and Run-2 for Congruent sound
condition] and [Run-1 and Run-2 of Incongruent sound con-
dition] are more consistent than correlations for [Run-1 of
Congruent and Run-2 of Incongruent sound condition] and
[Run-1 of Incongruent, Run-2 of Congruent sound condi-
tion]). Three 2 X 2 correlation matrices were produced as
a result of the correlation between each pattern in one half
and each pattern in the other (one for each sound condi-
tion pair). A Fisher transformation was applied to normalize
the correlations. The values in these correlation matrices
were weighted either positively or negatively depending on
whether they are on the diagonal (matching condition across
the two halves) or not. This resulted in a weighted correla-
tion matrix. The presence of target-specific information in
the patterns is indicated if the sum for contrast pairs in this
matrix is positive. For the group results, the non-parametric
Wilcoxon test was run on the matrix sum values obtained
for each participant and corrected for multiple comparisons.

Results
Behavioral Experiment

Figure 2A—C shows, for each condition, the percent correct
discrimination performance as a function of separation in
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Fig.2 A, B, C Behavioral distance discrimination responses for the
three stimulus conditions. The black line shows across-participant
average accuracy collapsed across simulated source pairs separated
by the same number of unit log-distance intervals. The purple line
represents the averages of individual participant’s accuracy predic-
tions on the basis of participant’s individual estimates of nominal
distance sensitivity (d)). Grey error bars show across-participant
average performance separately for each source-distance pair. They
are grouped on the basis of the number of intervals between sources
within the pair. Table below panel A lists in each column the source
pairs that are separated by the same number intervals; separation
ranges from 1 interval (all possible pairs of adjacent sources) to

each distance pair, either averaged across the speaker pairs
corresponding to the same interval (thick black line) or
separately for each speaker pair (thin grey line). The data
show that performance improved systematically with sepa-
ration, while no systematic trend of dependence on spe-
cific speaker pair was observed, consistent with our previ-
ous studies. In addition, the across-participant average of
individual model fits for each condition is shown in pur-
ple, in which the fitted values of d}, are shown in panel D.
The across-participant average goodness of fit (R?) values
of the model are 0.37, 0.14, 0.19 for conditions Congruent,
Incongruent and Fixed-DRR, respectively, mostly domi-
nated by the noise in the individual participant data (as
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D Discrimination sensitivity (lefthand y-axis) and percent correct
accuracy for a nominal distance ratio of 2.72 (right-hand axes) for the
three stimulus conditions in the behavioral experiment. The across-
participants sensitivity index d), was estimated from responses in all
21 distance pairs in a given condition using a simple decision theory
model. Black circles represent individual participants. Black error
bars represent SEM. Horizontal lines and asterisks link conditions
with performance significantly different in pairwise t-tests after Bon-
ferroni correction (* for p <0.05; ** for p <0.01; *** for p <0.005)

the average data and model are very close to each other).
Figure 2D shows the intensity-independent distance dis-
crimination sensitivity for the three stimulus conditions
of the behavioral experiment, obtained from the fits in
Fig. 2A—C. The nominal sensitivity index d, was lower
in the Incongruent than in Congruent condition (1.79 vs.
3.36), while falling between the Congruent and Incongru-
ent conditions for the Fixed-DRR condition (2.59). Con-
firming this, a repeated measures ANOVA found a sig-
nificant main effect of condition (F,,,=6.83, p=0.004;
7’6 =0.2; Mauchley’s test: ¥*(2)=0.21, p=0.89), followed
by post hoc pairwise comparisons with Bonferroni cor-
rection with significant differences for all three condition
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pairs. These results are consistent with the hypothesis
that both DRR and ILD are used as intensity-independent
distance cues, contributing significantly to the distance
percept, when both are available. Specifically, decreased
performance in the Fixed-DRR condition compared to the
Congruent condition means that the Fixed-DRR cue in this
condition made the discrimination more difficult. Most
important for the current study, the Incongruent stimuli
were discriminated much less accurately than the Congru-
ent stimuli. 4

fMRI Experiment

Behavioral and fMRI data were collected during the fMRI
experiment. First, the behavioral results are presented, fol-
lowed by two fMRI data analyses. The behavior was moni-
tored to assure that the fMRI data were not contaminated
by fluctuations in attention and alertness during the scan-
ning. The behavioral task was to identify duration deviants
that appeared randomly during the fMRI trials. An analysis
of reaction times (RT) and hit rates (HR) was performed.
The task difficulty was approximately equal across all con-
ditions (across-participant average HRs of 77.56 +21.8%,
82.69 +22.4%, and 83.97 +24.3% and RTs of 1224+ 101,
1267 + 128, and 1263 + 72 ms, respectively, for the Con-
gruent, Incongruent, and Fixed-DRR conditions). Repeated
measures ANOVAs performed on the RAU transformed
[55] HRs and RTs found no significant differences (HR:
Fy,,=226, p>0.1; *=0.15 RT: F,,,=2.51, p>0.1;
7*=0.17).

To identify cortical areas involved in distance-related
processing at the level of individual voxels, we performed a
volume-based fMRI univariate analysis of the brain activa-
tions in response to the three stimulus conditions (Fig. 3).
For the contrast of Congruent vs. Incongruent conditions,
there were no significant activation clusters (Fig. 3A), sug-
gesting that the distance percepts are not encoded at the level
of individual voxels, as these two conditions were identical
in terms of the available cues while only differing in the cue
congruency and, hence, the strength of the distance percept
they evoke. For the contrast of Congruent vs. Fixed-DRR
(Fig. 3B), a significant activation cluster containing 390
voxels and a peak at the {x, y, 2}, coordinates of {60,

* Note that some of that difference might have come from the fact
that no feedback was provided in the Incongruent condition. How-
ever, given that there was a difference between Fixed-DRR and Con-
gruent conditions, both of which used feedback, the most parsimoni-
ous explanation consistent across all the conditions is that both cues
were always used by the participants and the Incongruent condition
produced a weaker distance percept even though the individual dis-
tance cues of ILD and DRR varied over identical ranges across the
two conditions.
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—36, 12} and Z=3.29 was formed in the right hemisphere,
contralateral to the stimulus direction (cluster-based MCMC
simulation test, two-tailed p <0.01). Similarly, for the con-
trast of Incongruent vs. Fixed-DRR conditions (Fig. 3C), a
significant activation cluster with 544 voxels and a peak at
the coordinates of {x, y, 2}y = {60, =22, 10} and Z=3.39
was created in the right hemisphere (cluster-based MCMC
simulation test, two-tailed p <0.01). In the brain volume rep-
resentation, these differences extended from the posterior
bank of Heschl’s gyrus (HG) to the posterior aspects of the
superior temporal gyrus (STG) and planum temporale (PT).
Since both of these contrasts differed primarily in the avail-
ability of the DRR cue, it can be concluded that, at the level
of individual voxels, the activated areas encode primarily
the DRR cue.

To identify distributed patterns of activation, we per-
formed an MVPA analysis of the fMRI data on ROIs encom-
passing the posterior superior temporal gyrus (pSTG) and
planum temporale (PT) either in a single hemisphere (left or
right) or across both hemispheres (Fig. 4A). Figure 4B shows
the differences between z-transformed correlations for same-
condition run pairs vs. different-condition run pairs for each
condition contrast (triplets of bars) and different hemispheres
(the bars within a triplet correspond to the right, right-and-
left combined, and left hemispheres). The left-most bar in
Fig. 4B shows a significant difference between Congruent
and Incongruent conditions in the right hemisphere (Wil-
coxon test, w=_88, p=0.0006, effect size=0.93), the only
contrast that was identified as significant. This result sug-
gests that the distance percepts are encoded in a distributed
pattern of activation either across the pSTG + PT contralat-
eral to the stimulus direction or across the right-hemisphere
pSTG+PT. Given that a previous similar study using stimuli
on the right-hand side observed activation in the left-hem-
isphere pSTG + PT [14], the contralateral activation alter-
native appears more parsimonious. Notably for the current
study, the right hemisphere is the same hemisphere in which
the univariate analysis identified a cluster of voxels encoding
the DRR cue (Fig. 3). On the other hand, no significant effect
was observed when the Incongruent vs. Fixed-DRR or the
Congruent vs. Fixed-DRR conditions were compared (right-
hand and middle triplet of bars, respectively). This result
highlights the complementarity of the MVPA and univariate
analysis approaches, as these are the comparisons for which
the univariate analysis found significant clusters (Fig. 3).

Finally, a direct comparison of the MVPA and behavioral
results (Fig. 2D) shows that the neural and behavioral results
are mostly consistent, as both analyses find the Congruent
vs. Incongruent contrast to be the strongest one, while the
remaining two contrasts are weaker. However, while behav-
iorally even the remaining two contrasts indicate a signifi-
cant difference in distance sensitivity, in MVPA they do
not, possibly due to more noise in the imaging data. Thus,
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Fig.3 Volume-based (MNI152)
fMRI thresholded activation
images for different stimu-

lus condition pairs (clusters
determined by Z>2.3 and a
(corrected) cluster significance
threshold of p <0.05 [88]). A
Congruent vs. Incongruent. B
Congruent vs. Fixed-DRR. C
Incongruent vs. Fixed-DRR.
The left panels show the signifi-
cant volume clusters in the right
hemisphere contralateral to the
stimulus direction that extend
from the PT to the posterior
STG embedded into the respec-
tive lateral views of a “glass
brain” representation. Right
panels show horizontal plane at
Zynt coordinate including the
largest activation voxel follow-
ing the radiological convention

these results partially support the assumption that the MVPA
reflects the behaviorally measured strength of the distance
percept.

Discussion

We performed behavioral and neuroimaging experiments
to identify the cortical areas encoding intensity-inde-
pendent distance cues vs. distance percepts. In a virtual

{Zhw =112}
PT

= {60,-36,12}

MNI

Peak voxel {x,y,z},

’

’

Peak voxel {x,y,z},,, = {60,-22,10}

Right hemisphere view

reverberant environment, we manipulated the availability
and congruency of the DRR and ILD cues for nearby stim-
uli simulated along the left-hand interaural axis. Behav-
ioral results showed that distance percepts were stronger
when both cues were available and congruent, supporting
the hypothesis that both cues are used when listeners judge
the distance of these stimuli. A univariate fMRI analysis
identified areas in PT 4+ pSTG likely encoding the DRR
cue or one of its reverberation-dependent correlates, while
a ROI-based MVPA over the whole PT 4+ pSTG region
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Fig.4 Split-half correlation A
multi-voxel pattern analysis
(MVPA). The MVPA was
performed in ROIs covering
right and left PT +pSTG shown
in Panel A. These ROIs were
defined in each participant’s
cortical surface reconstruction
(based on the anatomical MRI)
and then resampled back to their
native 3D fMRI volumes. The
sum of differences in z-trans-
formed correlations between
data from different runs for

the three condition contrasts is
shown in Panel B. (* represents

Right hemisphere (R) Left hemisphere (L)

& /

posterior STG + PT posterior STG + PT

p<0.05 in Wilcoxon test after B
pos hoc Bonferroni correction 0.2
for multiple comparisons) n=13
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found a distributed activation likely representing the inte-
grated percept of distance. The observed activations corre-
sponding to the cue and the percept were largely overlap-
ping, concentrated in the hemisphere contralateral to the
stimulus direction. This result suggests that hierarchical
processing of auditory spatial information is occurring in
this computational hub.

The current behavioral results provide direct evidence
that, for lateral nearby sources in reverberation, both DRR
(or its correlates) and ILD are used for intensity-independent
relative distance discrimination. Previous studies suggested
that ILD is the only intensity-independent distance cue for
such sources in anechoic space [56, 57], while DRR might
be the only cue used in reverberation [30]. Later studies sug-
gested that, while DRR is the main intensity-independent
cue for frontal sources in reverberation [31], both DRR
and ILD might be used for lateral sources [14]. The current
behavioral results are the first ones to provide direct evi-
dence that both DRR and ILD are used by the listeners when
the overall level is roved. However, it is still not clear which
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of the cues is weighted more or whether the relative contri-
bution depends on factors like the reverberation level of the
environment [58]. Moreover, the current study did not meas-
ure sensitivity in the DRR-only condition, which might be
necessary to determine whether the relative cue weighting is
optimal when both cues are available [59]. Similarly, the cur-
rent study only focused on near distances where ILD is avail-
able. It can be expected that, at larger distances, performance
would be dominated by the reverberation-related cues like
DRR and the current DRR vs. ILD manipulation would not
be possible. Also, the results might be different if the task
was absolute, not relative, localization as the cue weighting
might be different in that context. Finally, since feedback
was provided in some conditions in the current study, it is
theoretically possible that the participants’ responses were
based on learning the cue-to-response mapping without
actually eliciting the distance percept, or that the missing
feedback decreased sensitivity in the Incongruent condi-
tion [60]. Overall, as these factors are unlikely to drive any
of the main effects described here, the results support the
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conclusion that intensity-independent distance perception
is robust for nearby lateral reverberant stimuli, in particular
when relative distance discrimination, as opposed to abso-
lute localization [30, 56, 57], is considered. This is because,
while an absolute mapping from DRR or ILD to distance is
room-dependent, the relative difference evaluation (larger
DRR or ILD corresponding to a smaller distance) performed
in a discrimination task is room-independent. Important for
the current fMRI experiments, they also provide evidence
that the auditory intensity-independent distance percepts
are weaker when the cues are incongruent, corresponding
to more spatially diffuse auditory objects in this condition.

The unimodal volumetric fMRI analysis identified an
area in the right hemisphere extending from PT to pSTG
sensitive to the DRR distance cue, while no voxels sensi-
tive to the distance percepts were identified. This result
suggests that the previous studies reporting cortical areas
sensitive to intensity-independent distance variations [14,
31] most likely identified areas sensitive to the reverber-
ation-related cue(s) like DRR, rather than the distance
percept, as a unimodal fMRI analysis with similar stimuli
to those used here were employed in those previous stud-
ies. Taking the current and previous studies together, it
can be concluded that reverberation-related cues like DRR
are encoded in the PT + pSTG region contralateral to the
stimulus direction for the lateral sources, while the activa-
tion is bilateral for frontal sources. In addition, this area
is also likely to encode the binaural ILD and ITD cues
important for horizontal localization or motion process-
ing [32, 46, 49, 61]. However, it is important to note that
while DRR was the acoustic cue manipulated in this study,
it is not likely that this cue per se is the one extracted by
the cortical processing, as deconvolving the BRIR from
the received stimuli would be necessary to compute DRR
directly [62]. Instead, it is more likely that one of the corre-
late acoustic cues that vary with DRR is actually extracted
in the brain, including early to late energy in the stimulus
[63], interaural cross-correlation [58], amplitude modula-
tion [22], spectral modulation [29], or temporal fluctua-
tions in the binaural cues [64] or frequency-to-frequency
fluctuations in the stimulus [8, 30].

In contrast to the unimodal fMRI results, ROI-based
MYVPA over the whole PT + pSTG region showed differential
activation patterns in the Congruent vs. Incongruent condi-
tions, supporting the hypothesis that the distance percepts
are encoded in a distributed network that is only detectable
when multiple voxels in the ROI are analyzed simultane-
ously [48, 49, 51]. Since the significant activation patterns
were primarily observed in the right hemisphere, contralat-
eral to the stimulus direction and overlapping with the uni-
modally identified DRR-sensitive regions, these results show
that the PT 4 pSTG region encodes both the distance cues

and percepts. This result is consistent with analogous evi-
dence for sensitivity to integrated horizontal spatial percepts
based on ILD and ITD cues [49], and suggests that both
cue extraction and cue-independent spatial processing (i.e.,
encoding of the percept) occur hierarchically in this region.
However, while the cue encoding is non-distributed, the per-
cepts are encoded in a distributed network.

In general, the current findings support the idea that the
PT and pSTG function as spatial computational hubs [46]
that encode both spatial percepts and auditory cues. How-
ever, the details of how the different spatial cues or different
integrated spatial representations of the egocentric dimen-
sions are encoded are still largely unknown [65-67]. Future
studies, ideally with more participants, need to examine
both the distance representation for different environmen-
tal conditions (anechoic vs. reverberant [68—71], nearby
vs. far sources [72-75], frontal vs. lateral sources [76], as
well as for different types of stimuli that might use different
cues [29, 77]) and the integrated representation of auditory
space in all 3 dimensions. Additionally, the auditory system
is highly adaptive, and different cues may govern distance
perception in different acoustic environments [78]. Moreo-
ver, there is evidence that different auditory objects might be
encoded already at the level of primary auditory cortex [21,
791, which might imply that the same cortical regions can
subserve different functions for different objects depending
on the context of the current task.

A limitation of the current study is that the intensity and
ILD were always congruent in the current fMRI experi-
ment. While it is assumed based on our previous result [14]
that the intensity effect is subtracted out in the contrasts,
the resulting congruency of ILD and intensity might have
affected some of the current results. Similarly, the behavioral
study only measured distance discrimination that could, in
principle, have been accomplished by detecting changes in
the cues without having a subjective externalized distance
percept [80]. However, the stimuli contained natural distance
cues and hence it is unlikely that the percept would not be
evoked. Finally, previous evidence suggests that different
activation patterns are observed in active vs passive listening
[49, 81]. In the current fMRI experiments, the listeners were
not involved in an active localization task, which might have
resulted in weaker distance percepts or reduced responses
to the stimuli. More studies are therefore needed to investi-
gate how individual spatial features are processed across the
hierarchy of auditory pathways in humans.

This study aimed to adhere to the Sex and Gender Equity
in Research (SAGER) guidelines [82, 83]. However, due to
inherent challenges and small sample sizes, it was not pos-
sible to follow all the guidelines. This is a limitation as the
data set might be skewed by sex or race.
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Conclusions

Our results suggest that posterior human auditory cortex
areas contain neural populations that are sensitive both
to distance cues like DRR and the integrated percepts of
auditory distance independent of intensity. The behavioral
experiment further demonstrated that intensity-independent
distance cues DRR and ILD are both perceptually relevant
for human listeners and nearby sources located off the medial
plane.

Acknowledgements Zoltan Szoplak contributed to the behavior experi-
ment data collection. We thank the editors and reviewers of a previous
version of the manuscript for their insightful and constructive com-
ments. No Al was used for either manuscript preparation or research
purposes.

Author Contribution KKD: conceptualization, formal analysis, data
curation, investigation, methodology, software, validation, writing—
original draft, writing—review and editing, and visualization; SH: data
curation and investigation; SR: data curation and investigation; JA: con-
ceptualization, methodology, formal analysis, investigation, visualiza-
tion, writing—review and editing, supervision, project administration,
and funding acquisition; NK: conceptualization, methodology, formal
analysis, investigation, visualization, writing—review and editing,
supervision, project administration, and funding acquisition.

Funding This work was supported by the EU HORIZON-MSCA-
2022-SE-01 grant No. 101129903 and APVV projects APVV-23-0054
and SK-AT-23-0002. Additional support was provided by the NIH grants
RO1DC016915, ROIDCO016765, RO1DC017991, and P41EB030006.
Open Access funding provided by The Ministry of Education, Science,
Research and Sport of the Slovak Republic in cooperation with Centre
for Scientific and Technical Information of the Slovak Republic.

Data Availability The data will be made available upon request.

Code Availability The code will be made available upon request.

Declarations
Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Brungart DS, Simpson BD (2002) The effects of spatial separation
in distance on the informational and energetic masking of a nearby
speech signal. J Acoust Soc Am 112:664-676

@ Springer

11.

12.

13.

14.

15.

16.

17.

19.

20.

21.

22.

23.

Genzel D, Schutte M, Owen Brimijoin W, MacNeilage PR,
Wiegrebe L (2018) Psychophysical evidence for auditory motion
parallax. Proc Natl Acad Sci U S A 115:4264-4269

Kolarik AJ, Moore BCJ, Zahorik P, Cirstea S, Pardhan S (2016)
Auditory distance perception in humans: a review of cues, devel-
opment, neuronal bases, and effects of sensory loss. Atten Percept
Psychophys 78:373-395

Shinn-Cunningham BG, Mraz L, Kopco N (2001) Effect of rever-
beration on spatial unmasking for nearby speech sources. J Acoust
Soc Am 109:2468

Zahorik P, Brungart DS, Bronkhorst AW (2005) Auditory distance
perception in humans: A summary of past and present research.
Acta Acustica 91:409-420. https://repository.tno.nl/SingleDoc?
find=UID%200258e01b-1126-4289-8d8b-b9cc394¢c55d8

Maier JX, Neuhoff JG, Logothetis NK, Ghazanfar AA (2004)
Multisensory integration of looming signals by rhesus monkeys.
Neuron 43:177-181

Neuhoff J (1998) Perceptual bias for rising tones. Nature
395:123-124

Shinn-Cunningham BG, Kopco N, Martin TJ (2005) Localizing
nearby sound sources in a classroom: binaural room impulse
responses. J Acoust Soc Am 117:3100-3115

Shinn-Cunningham BG, Schickler J, Kopco N, Litovsky R (2001)
Spatial unmasking of nearby speech sources in a simulated ane-
choic environment. J Acoust Soc Am 110:1118-1129
Westermann A, Buchholz JM, Org J, Buchholz M (2015) The
effect of spatial separation in distance on the intelligibility of
speech in rooms. J Acoust Soc Am 137:757-767

Blauert J (1996) Spatial hearing - revised edition: the psycho-
physics of human sound localization. Cambridge, MA: MIT
Press

Coleman PD (1963) An analysis of cues to auditory depth per-
ception in free space. Psychol Bull 60:302-315

Warren RM (1999) Auditory perception: a new analysis and
synthesis. Cambridge University Press, Cambridge, UK
Kopco N et al (2012) Neuronal representations of dis-
tance in human auditory cortex. Proc Natl Acad Sci USA
109:11019-11024

Hartmann WM (1983) Localization of sound in rooms. J Acoust
Soc Am 74:1380-1391

Mershon DH, King LE (1975) Intensity and reverberation as
factors in the auditory perception of egocentric distance. Per-
cept Psychophys 18:409-415

Zahorik P (2002) Direct-to-reverberant energy ratio sensitivity.
J Acoust Soc Am 112:2110-2117

. Brungart D (1999) Auditory parallax effects in the HRTF for

nearby sources. In: Proceedings of 1999 IEEE workshop on appli-
cations of signal processing to audio and acoustics, New Paltz,
NY, pp 171-174. https://ieeexplore.ieee.org/document/810877
Shinn-Cunningham BG, Santarelli S, Kopco N (2000) Tori of
confusion: binaural cues for sources within reach of a listener.
J Acoust Soc Am 107:1627-1636

Adriani M et al (2003) Sound recognition and localization in
man: specialized cortical networks and effects of acute circum-
scribed lesions. Exp Brain Res 153:591-604

Nelken I (2004) Processing of complex stimuli and natural
scenes in the auditory cortex. Curr Opin Neurobiol 14:474—480
Kim DO, Zahorik P, Carney LH, Bishop BB, Kuwada S (2015)
Auditory distance coding in rabbit midbrain neurons and human
perception: monaural amplitude modulation depth as a cue. J
Neurosci 35:5360-5372

Larsen A, Mcllhagga W, Baert J, Bundesen C (2003) Seeing or
hearing? Perceptual independence, modality confusions, and
crossmodal congruity effects with focused and divided atten-
tion. Percept Psychophys 65:568-574


http://creativecommons.org/licenses/by/4.0/
https://repository.tno.nl/SingleDoc?find=UID%200258e01b-1126-4289-8d8b-b9cc394c55d8
https://repository.tno.nl/SingleDoc?find=UID%200258e01b-1126-4289-8d8b-b9cc394c55d8
https://ieeexplore.ieee.org/document/810877

Neuronal Representation of Auditory Distance Percepts vs. Cues in Human Auditory Cortex

313

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Kim HY, Suzuki Y, Takane S, Sone T (2001) Control of audi-
tory distance perception based on the auditory parallax model.
Appl Acoust 62:245-270

Ghazanfar AA, Neuhoff JG, Logothetis NK (2002) Auditory
looming perception in rhesus monkeys. Proc Natl Acad Sci USA
99:15755-15757

Hall DA, Moore DR (2003) Auditory neuroscience: the salience
of looming sounds. Curr Biol 13:R91-R93

Maier JX, Ghazanfar AA (2007) Looming biases in monkey
auditory cortex. J Neurosci 27:4093-4100

Seifritz E et al (2002) Neural processing of auditory looming in
the human brain. Curr Biol 12:2147-2151

Prud’homme L, Lavandier M (2020) Do we need two ears to
perceive the distance of a virtual frontal sound source? J Acoust
Soc Am 148:1614-1623

Kopc¢o N, Shinn-Cunningham BG (2011) Effect of stimulus
spectrum on distance perception for nearby sources. J Acoust
Soc Am 130:1530-1541

Kopco N, Doreswamy KK, Huang S, Rossi S, Ahveninen J
(2020) Cortical auditory distance representation based on
direct-to-reverberant energy ratio. Neuroimage 208:116436
Ahveninen J et al (2006) Task-modulated ‘what’ and ‘where’
pathways in human auditory cortex. Proc Natl Acad Sci U S A
103:14608-14613

Rauschecker JP (1998) Cortical processing of complex sounds.
Curr Opin Neurobiol 8:516-521

Rauschecker JP (2009) Processing of complex sounds in the audi-
tory cortex of cat, monkey, and man. Acta Oto-Laryngol. https://
doi.org/10.3109/00016489709126142

Rauschecker JP, Tian B, Hauser M (1995) Processing of com-
plex sounds in the macaque nonprimary auditory cortex. Science
268:111-114

Rauschecker JP, Tian B (2000) Mechanisms and streams for pro-
cessing of “what” and “where” in auditory cortex. Proc Natl Acad
SciU S A 97:11800-11806

Grothe B, Pecka M, McAlpine D (2010) Mechanisms of sound
localization in mammals. Physiol Rev 90:983-1012

Haywood NR, McAlpine D (2020) Estimating the perceptual
weighting of interaural time difference cues in amplitude modu-
lated binaural beats. J Acoust Soc Am 148:EL185-EL189
McAlpine D (2004) Neural sensitivity to periodicity in the inferior
colliculus: evidence for the role of cochlear distortions. J Neuro-
physiol 92:1295-1311

McAlpine D, Haywood N, Undurraga J, Marquardt T (2016)
Objective measures of neural processing of interaural time dif-
ferences. Adv Exp Med Biol 8§94:197-205

Salminen NH, Jones SJ, Christianson GB, Marquardt T, McAlpine
D (2018) A common periodic representation of interaural time
differences in mammalian cortex. Neuroimage 167:95-103
Stecker CG, McLaughlin SA, Higgins NC (2015) Monaural and
binaural contributions to interaural-level-difference sensitivity in
human auditory cortex. Neuroimage 120:456-466

Thompson SK et al (2006) Representation of interaural time
delay in the human auditory midbrain. Nature Neuroscience
9(9):1096-1098

Undurraga JA, Haywood NR, Marquardt T, McAlpine D (2016)
Neural representation of interaural time differences in humans—
an objective measure that matches behavioural performance.
JARO J Assoc Res Otolaryngol 17:591-607

Krumbholz K et al (2005) Representation of interaural tempo-
ral information from left and right auditory space in the human
planum temporale and inferior parietal lobe. Cereb Cortex
15:317-324

Griffiths TD, Warren JD (2002) The planum temporale as a com-
putational hub. Trends Neurosci 25:348-353

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Oosterhof NN, Connolly AC, Haxby JV (2016) CoSMoMVPA:
multi-modal multivariate pattern analysis of neuroimaging data
in matlab/GNU octave. Front Neuroinform 10:27

Haxby JV et al (2001) Distributed and overlapping representa-
tions of faces and objects in ventral temporal cortex. Science
1979(293):2425-2430

Higgins NC, McLaughlin SA, Rinne T, Stecker GC (2017) Evi-
dence for cue-independent spatial representation in the human
auditory cortex during active listening. Proc Natl Acad Sci U S A
114:E7602-E7611

Cox DD, Savoy RL (2003) Functional magnetic resonance imag-
ing (fMRI) ‘brain reading’: detecting and classifying distributed
patterns of fMRI activity in human visual cortex. Neuroimage
19:261-270

Connolly AC et al (2012) The representation of biological classes
in the human brain. J Neurosci 32:2608-2618
Shinn-Cunningham BG, Santarelli S, Kopco N (2000) Distance
perception of nearby sources in reverberant and anechoic listen-
ing conditions: Binaural vs. monaural cues. In: 23rd mid-winter
meeting of the Association for Research in Otolaryngology 88,
St. Petersburg Beach, FL

Durlach NI, Braida LD (1969) Intensity perception: 1. Preliminary
theory of intensity resolution. Journal of the Acoustical Society of
America, 46(2, Pt. 2), 372-383.https://doi.org/10.1121/1.1911699
Herron TC (2005) Language exploratory analysis of variance with
enhancements

Studebaker GA (1985) A ‘rationalized’ arcsine transform. J
Speech Hear Res 28:455-462

Brungart DS, Durlach NI, Rabinowitz WM (1999) Auditory
localization of nearby sources. II. Localization of a broadband
source. J Acoust Soc Am 106(4 Pt 1):1956-68. https://pubs.aip.
org/asal/jasa/article-abstract/106/4/1956/556634/Auditory-local
ization-of-nearby-sources-II?redirectedFrom=fulltext
Brungart DS (1995) Effects of reverberation cues on distance
identification in virtual audio displays. J Acoust Soc Am
97:3278

Larsen E, Iyer N, Lansing CR, Feng AS (2008) On the minimum
audible difference in direct-to-reverberant energy ratio. J Acoust
Soc Am 124:450-461

Alais D, Burr D (2004) No direction-specific bimodal facilita-
tion for audiovisual motion detection. Brain Res Cogn Brain Res
19:185-194

Aberg KC, Herzog MH (2012) Different types of feedback
change decision criterion and sensitivity differently in percep-
tual learning. J Vis 12:3-3

Rauschecker JP (2015) Auditory and visual cortex of primates: a
comparison of two sensory systems. Eur J Neurosci 41:579-585
Rakerd B, Hartmann WM, McCaskey TL (1999) Identification
and localization of sound sources in the median sagittal plane.
J Acoust Soc Am 106:2812-2820

Bronkhorst AW, Houtgast T (1999) Auditory distance percep-
tion in rooms. Nature 397:517-520

Catic J, Santurette S, Buchholtz J (2013) The effect of interau-
ral-level-difference fluctuations on the externalization of sound.
J Acoust Soc Am 134:1232-1241

McAlpine D, Jiang D, Palmer AR (2001) A neural code for
low-frequency sound localization in mammals. Nat Neurosci
4:396-401

McAlpine D, Grothe B (2003) Sound localization and delay
lines—do mammals fit the model? Trends Neurosci 26:347-350
Stecker GC, Middlebrooks JC (2003) Distributed coding of
sound locations in the auditory cortex. Biol Cybern 89:341-349
Santarelli S (2000) Auditory localization of nearby sources in
anechoic and reverberant environments. Cognitive and Neural
Systems, Boston, MA

@ Springer


https://doi.org/10.3109/00016489709126142
https://doi.org/10.3109/00016489709126142
https://doi.org/10.1121/1.1911699
https://pubs.aip.org/asa/jasa/article-abstract/106/4/1956/556634/Auditory-localization-of-nearby-sources-II?redirectedFrom=fulltext
https://pubs.aip.org/asa/jasa/article-abstract/106/4/1956/556634/Auditory-localization-of-nearby-sources-II?redirectedFrom=fulltext
https://pubs.aip.org/asa/jasa/article-abstract/106/4/1956/556634/Auditory-localization-of-nearby-sources-II?redirectedFrom=fulltext

314 K. Doreswamy et al.
69. Santarelli S, Kopco N, Shinn-Cunningham BG (1999) Localiza- 81. Deouell LY, Heller AS, Malach R, D’Esposito M, Knight RT
tion of near-field sources in a reverberant room. In: 22nd mid- (2007) Cerebral responses to change in spatial location of unat-
winter meeting of the Association for Research in Otolaryngol- tended sounds. Neuron 55:985-996
ogy 26, St. Petersburg Beach, FL. 82. Van Epps H, Astudillo O, Del Pozo Martin Y, Marsh J (2022) The
70. Kopco N, Santarelli S, Best V, Shinn-Cunningham BG (2007) Sex and Gender Equity in Research (SAGER) guidelines: imple-
Simulating distance cues in virtual reverberant environments. mentation and checklist development. European Science Editing
In: 19th international congress on acoustics, Madrid, Spain 48:¢86910
71. Santarelli S, Kopco N, Shinn-Cunningham BG, Brungart DS 83. Heidari S, Babor TF, De Castro P, Tort S, Curno M (2024) Pub-
(1999) Near-field localization in echoic rooms. J Acoust Soc lisher Correction: Sex and Gender Equity in Research: rationale
Am 105:1024 for the SAGER guidelines and recommended use. Res Integr Peer
72. Zahorik P, Brungart DS, Bronkhorst AW (205) Auditory dis- Rev 9(1):15
tance perception in humans: a summary of past and present 84. Arend JM, Liesefeld HR, Pérschmann C (2021) On the influence
research. Acta Acustica united with Acustica 91:409-420. of non-individual binaural cues and the impact of level normaliza-
73. Brungart DS, Rabinowitz WR (1996) Auditory localization in tion on auditory distance estimation of nearby sound sources. Acta
the near field. In: Third international conference on auditory Acust 5:10
display, Palo Alto, CA 85. Zahorik P, Wightman FL (2001) Loudness constancy with varying
74. Brungart DS, Rabinowitz WM (1999) Auditory localization of sound source distance. Nat Neurosci 4:78-83
nearby sources I: head-related transfer functions. J Acoust Soc 86. Ernst SMA, Verhey JL, Uppenkamp S (2008) Spatial dissociation
Am 106:1465-1479 of changes of level and signal-to-noise ratio in auditory cortex for
75. Brungart DS (2001) Preliminary model of auditory distance tones in noise. Neuroimage 43:321-328
perception for nearby sources. Computational Models of Audi- 87. Sigalovsky IS, Melcher JR (2006) Effects of sound level on fMRI
tory Function 312. IOS Press activation in human brainstem, thalamic and cortical centers. Hear
76. Kopco N, Doreswamy KK, Huang S, Rossi S, Ahveninen J Res 215:67-76
(2020) Cortical auditory distance representation based on 88. Worsley KJ (2001) Statistical analysis of activation images. In:

7.

78.

79.

80.

direct-toreverberant energy ratio. Neuroimage 208:116436
Brungart DS (1999) Auditory localization of nearby sources.
II1. Stimulus effects. J Acoust Soc Am 106(6):3589-602
Tsironis A, Vlahou E, Kontou P, Bagos P, Kopco N (2024) Adap-
tation to reverberation for speech perception: a systematic review.
Trends Hear 28:23312165241273399

Nelken I, Fishbach A, Las L, Ulanovsky N, Farkas D (2003) Pri-
mary auditory cortex of cats: feature detection or something else?
Biol Cybern 89:397-406

Best V, Baumgartner R, Lavandier M, Majdak P, Kopco N (2020)
Sound externalization: a review of recent research. Trends Hear.
https://doi.org/10.1177/2331216520948390

@ Springer

Jezzard P et al (eds) Functional magnetic resonance imaging: an
introduction to methods. Oxford: Oxford Academic. https://doi.
org/10.1093/ACPROF:0S0/9780192630711.003.0014

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1177/2331216520948390
https://doi.org/10.1093/ACPROF:OSO/9780192630711.003.0014
https://doi.org/10.1093/ACPROF:OSO/9780192630711.003.0014

	Neuronal Representation of Auditory Distance Percepts vs. Cues in Human Auditory Cortex
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusion 

	Introduction
	Methods
	Participants
	Ethics Approval
	Stimuli
	Behavioral Experiment
	Imaging Experiment
	Data Analysis
	Behavioral Data
	fMRI Data
	MVPA Analysis


	Results
	Behavioral Experiment
	fMRI Experiment

	Discussion
	Conclusions
	Acknowledgements 
	References


