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Abstract

Auditory distance perception and its neuronal mechanisms are poorly understood, mainly because
1) it is difficult to separate distance processing from intensity processing, 2) multiple intensity-
independent distance cues are often available, and 3) the cues are combined in a context-dependent
way. A recent fMRI study identified human auditory cortical area representing intensity-
independent distance for sources presented along the interaural axis (Kopco et al. PNAS, 109,
11019-11024). For these sources, two intensity-independent cues are available, /nteraural level
difference (ILD) and direct-to-reverberant energy ratio (DRR). Thus, the observed activations may
have been contributed by not only distance-related, but also direction-encoding neuron populations
sensitive to ILD. Here, the paradigm from the previous study was used to examine DRR-based
distance representation for sounds originating in front of the listener, where ILD is not available.
In a virtual environment, we performed behavioral and fMRI experiments, combined with
computational analyses to identify the neural representation of distance based on DRR. The
stimuli varied in distance (15-100 cm) while their received intensity was varied randomly and
independently of distance. Behavioral performance showed that intensity-independent distance
discrimination is accurate for frontal stimuli, even though it is worse than for lateral stimuli. fMRI
activations for sounds varying in frontal distance, as compared to varying only in intensity,
increased bilaterally in the posterior banks of Heschl’s gyri, the planum temporale, and posterior
superior temporal gyrus regions. Taken together, these results suggest that posterior human
auditory cortex areas contain neuron populations that are sensitive to distance independent of
intensity and of binaural cues relevant for directional hearing.
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1. Introduction

Information about distance of objects that surround us in the environment is often important.
The auditory modality is special in that it provides such information even for objects that are
occluded or behind the listener (Brungart and Simpson, 2002b; Genzel et al., 2018; Kolarik
etal., 2016; Maier et al., 2004; Neuhoff, 1998; Shinn-Cunningham et al., 2001; Zahorik et
al., 2005). A reliable cue for auditory distance is the overall received stimulus level, which
dominates distance perception of familiar objects and of looming vs. receeding sound
sources (Ghazanfar et al., 2002; Hall and Moore, 2003; Maier and Ghazanfar, 2007; Seifritz
et al., 2002). However, in many situations, the emitted sound level is varying or unknown. In
such cases, auditory distance perception can only rely on intensity-independent cues.

Previous psychoacoustic studies showed that distance perception is possible without the
overall intensity cue, especially when the sources are in the peripersonal space (up to 1-2 m
from the listener), in which the listener can interact with the objects producing the sounds
(Kolarik et al., 2016; Shinn-Cunningham et al., 2000). Nearby intensity-independent
distance judgements might be particularly relevant in social situations in which the listener
concentrates on a nearby speaker in a conversation (Brungart and Simpson, 2002a;
Westermann and Buchholz, 2015) and when the emitted level of surrounding sounds
naturally fluctuates (Bronkhorst and Houtgast, 1999; Maier et al., 2004; Shinn-Cunningham
et al., 2000; Zahorik et al., 2005). Two dominant intensity-independent distance cues were
previously identified. First, in reverberant environments, distance judgements can be made
by comparing the sound received by the ears directly from the source vs. its reflections off
the walls (the direct-to-reverberant energy ratio; DRR) (Hartmann, 1983; Mershon and King,
1975; Zahorik, 2002). Second, for nearby sources located off the midline, intensity-
independent distance judgements can be based on the interaural level difference (ILD)
(Brungart, 1999; Shinn-Cunningham et al., 2005). While the relative contribution of these
two cues to intensity-independent distance perception is currently not known, it is likely that
it is context-dependent, varying with target azimuth, distance, as well as with the availability
of the reverberation cue. For example, based on acoustic analysis and modeling of
behavioral performance in experiments in which azimuth as well as distance was varied,
Kopco et al. (2011) suggested DRR is the main distance cue in reverberation. However, a
similar analysis performed on sources varying in distance for a single direction, along the
interaural axis, suggested that both ILD and DRR cues were used (Kopco et al., 2012).
Further studies are therefore needed to clarify how the intensity-independent distance cues
are combined in various contexts.

Although the fine-grained functional arrangement of human auditory cortices (AC) is not
fully understood, an abundance of human neuroimaging evidence exists of their broader
anatomical subdivisions and functional pathways. According to these studies (Ahveninen et
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al., 2006; Rauschecker, 1997, 1998; Rauschecker and Tian, 2000; Rauschecker et al., 1995),
auditory-spatial feature changes activate most strongly the posterior non-primary AC areas
(i.e., the “where” pathway), including the planum temporale (PT) and posterior superior
temporal gyrus (STG). In contrast, attributes related to the sound-source identity could be
processed predominantly in the more anterior “what” pathway (see, however, also Griffiths
and Warren, 2002). Consistent with the what-where dichotomy;, it has been well documented
that posterior non-primary ACs are strongly activated by horizontal sound direction changes
(Ahveninen et al., 2006; Brunetti et al., 2005; Deouell et al., 2007; Tata and Ward, 2005) and
movement (Krumbholz et al., 2005; Warren et al., 2002). However, neuronal representations
of distance have been studied much less intensively. Our previous fMRI study (Kopco et al.,
2012) provided evidence of neuron populations sensitive to intensity-independent auditory
distance cues in these spatially-sensitive AC areas as well. However, this evidence was
obtained for sources simulated to originate at the side of the head that varied in distance
along the interaural axis, for which both DRR and ILD cues are available. It is thus possible
that the findings are an epiphenomenon of activations of direction-encoding neurons that are
sensitive to ILD (Imig et al., 1990; Johnson and Hautus, 2010; Lehmann et al., 2007; Tardif
et al., 2006; Zimmer et al., 2006), which have been later shown to activate areas overlapping
with the putative distance representations (Higgins et al., 2017; Stecker et al., 2015). Further
studies are, therefore, needed to verify the existence of auditory cortex distance
representations that do not involve cues shared with directional hearing.

Here, one behavioral and one imaging experiment are performed in a virtual auditory
environment. The experiments examined intensity-independent distance perception for
frontal sources, for which no ILD cue is available and distance judgements are expected to
be naturally based on DRR. In the behavioral experiment we verified that intensity-
independent distance perception is possible for the frontal sources in reverberation, and that
performance for frontal sources is worse than for lateral sources for which both ILD and
DRR cues are available. Then, in the imaging experiment, we used a sparse-sampling
adaptation fMRI paradigm to compare responses to frontal sources varying in distance vs.
frontal sources at a fixed distance and varying only in intensity, to identify the AC area
encoding intensity-independent DRR-based distance information.

2. Methods
2.1. Subjects

Fourteen subjects (4 females, ages 20-41 years) with normal hearing (audiometric
thresholds within 20 dB HL) participated in the behavioral experiment. The behavioral
experimental protocol was approved by the P. J. Safarik University (UPJS) Ethical
Committee. A separate sample of 12 right-handed individuals (4 females, ages 22-55 years)
with self-reported normal hearing participated in the imaging experiment. The protocol of
the imaging experiment was approved by the Partners Human Research Committee, the
Institutional Review Board (IRB) of the MGH. All subjects gave a written informed consent
to participate in the study. fMRI data of one imaging subject were excluded due to excessive
head motion during the experiment.
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2.2. Stimuli

The auditory distance stimuli were simulated using a single set of non-individualized
binaural room impulse responses (BRIR) measured on a listener that did not participate in
this study, using procedures and devices that were, unless specified otherwise, identical to
our previous studies (Kopco et al., 2012; Shinn-Cunningham et al., 2005). We measured the
BRIRs in a small carpeted classroom (3.4 m x 3.6 m x 2.9 m height) with hard walls and
acoustic-tile ceiling, using a surface-mount cube speaker (Bose FreeSpace 3 Series I, Bose,
Framingham, MA). The room reverberation times, Tgg, in octave bands centered at 500,
1000, 2000, and 4000 Hz ranged from 480 to 610 ms. Miniature microphones (Knowles
FG-3329c, Knowles Electronics, Itasca, IL) were placed at the blocked entrances of the
listener’s ear canals and the loudspeaker was set to face the listener at various distances
(15,19, 25, 38, 50, 75, or 100 cm) from the center of the listener’ s head at the level of the
listener’ s ears (Fig. 1A). The recordings were made for two directions, either in front of the
listener or on the left-hand side along the interaural axis. Analogously to our previous study
(Kopco et al., 2011), a set of 50 independent noise burst tokens that consisted of 300-ms
white-noise samples filtered at 100-8000 Hz was then convolved with each of the BRIRS to
create standard stimuli for each source distance and direction. An otherwise identical set of
150-ms deviant stimuli was also generated for the fMRI experiments. For each experimental
trial, either two (behavioral experiment, Fig. 1C) or 14 (imaging experiment, Fig. 1D) noise
bursts were randomly selected, scaled depending on the normalization scheme used, and
placed in a series with a fixed stimulus onset asynchrony (SOA), to create the stimulus
sequence. Finally, the fMRI stimuli were filtered to compensate for the headphone transfer
functions by filtering the original stimuli 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. Average received level
was 65 dBA (measured at the left ear of a KEMAR manikin equipped with the DB-100
Zwislocki Coupler and the Etymotic Research ER-11 microphones). The stimuli used in the
experiments mainly differed by the overall stimulus intensity normalization used. In the
behavioral experiment, each noise burst was normalized so that its overall intensity received
at the left ear (which was closer to the lateral simulated sources) was fixed and then
randomly roved over a 12-dB range so that the monaural overall intensity distance cue was
eliminated at both the left and right ears for both frontal and lateral stimuli (Fig. 1C). In the
imaging experiment, two types of stimuli were used. The varying distance stimuli were
normalized such that the presentation intensity was fixed (i.e., the overall intensity cue was
present in these stimuli because the received intensity for the near sources was higher than
the received intensity for the far sources). The varying intensity stimuli were simulated from
the fixed distance of 38 cm and their presentation intensity was varied such that the received
intensity at the ears varied across the same range as for the varying distance stimuli.

2.3. Behavioral experiment

The behavioral experiment was performed in the Perception and Cognition Lab at UPJS.
The subjects were seated in a double-walled sound-proof booth in front of an LCD display
and a keyboard connected to a control computer which ran a Matlab (Mathworks) script
controlling the experiment. The pre-generated stimuli were played through Fireface 800
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sound processor (RME) and Etymotic Research ER-1 insert earphones. Each subject
performed one 1-h-long session consisting of 3 runs with frontal stimuli and 3 with lateral
stimuli in a random order (stimulus direction was fixed within a run; additional 3
experimental runs were performed in each session, data of which are not included in this
analysis). 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). Each trial started
with the word “Listen” appearing on the computer screen, followed after 200 ms by two
noise tokens simulated from two different distances with a 1000 ms SOA. The subject was
asked to indicate whether the second sound source was closer or farther away than the first
source by pressing one of two keys on the keyboard. Feedback was provided after the
response. The experiment was self-paced and the total duration of one trial was, on average,
approximately 5 s.

Imaging experiment

The imaging experiment was performed at the Martinos Center for Biomedical Imaging at
MGH. The subjects participated in one session. With the preparation, training, fitting of
headphones, and structural and functional acquisitions included, the total session duration
was up to about 2 h. The control computer, running a Presentation (Neuro-behavioral
Systems) experimental script, presented the sounds through the Fireface 400 sound
processor (RME), Pyle Pro PCA1 amplifier, and Sensimetrics S14 (Sensimetrics,
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 instructions to the subject in the scanner. A single run
of 96 trials was performed. Each trial consisted of a 10-s stimulus presentation during which
the scanner was silent, followed by 2 s of fMRI image acquisition (Fig. 1D). Trials with two
types of stimuli, varying in distance or varying in intensity, were randomly interleaved. Each
stimulus consisted of a sequence of 14 noise bursts with SOA of 500 ms. The varying-
distance 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 second
occurrence of any of the distances. The varying-intensity sequences contained 14 bursts
simulated from the fixed distance of 38 cm and only varying in their intensity. 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 detect these short-duration
deviants and to respond by a button press whenever they heard one.

2.5. Data acquisition

Whole-head fMRI was acquired at 3T using a 32-channel coil (Siemens TimTrio, Erlagen,
Germany). To circumvent response contamination by scanner noise, we used a sparse-
sampling gradient-echo blood oxygen level dependent (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 (3mm slices, 0.75-mm
gap, 3 x 3 mm? in-plane resolution). The coolant pump was switched off during the
acquisitions. T1-weighted anatomical images were obtained using 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
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sagittal slices with 1 x 1 x 1 mm3 voxels, 256 x 256 mm?2 matrix; flip angle = 7°) for
combining anatomical and functional data.

2.6. Data analysis

2.6.1. Behavioral data—In the distance discrimination behavioral experiment, the
proportion of correct responses was analyzed for each distance pair, direction, repeat and
subject. We then computed the across-subject means and standard errors of the mean of the
data averaged across direction and repeat. To analyze the dependence of discrimination
performance on source-pair distance, a linear regression model was fitted to data grouped by
the number distance intervals between source pairs. A statistical test was performed to
determine whether the slope was significantly different from 0.

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 two stimulus conditions.
Statistical comparisons of the behavioral data were done using repeated measures ANOVAs
(CLEAVE, http://www.ebire.org/hcnlab/software/cleave.html). The percent correct data were
converted to rationalized arcsine units (RAU) (Studebaker, 1985) before submitting them to
ANOVA.

2.6.2. fMRI data—Cortical surface reconstructions and standard-space co-registrations of
each subject’s anatomical data (Dale et al., 1999) and the functional data analyses were
conducted using Freesurfer 5.3. Individual functional volumes were motion corrected,
coregistered with each subject’s structural MRI, intensity normalized, resampled into
standard cortical surface space (Fischl et al., 1999a, 1999b), smoothed using a 2-
dimensional Gaussian kernel with an FWHM of 5 mm, and entered into a general-linear
model (GLM) with the task conditions as explanatory variables. A random-effects inverse-
variance weighted least-squares (WLS) GLM was then conducted at the group level. A
volumetric statistical analysis was conducted to enhance the comparability of our results to
previous studies. In this case, each subjects native voxel data were smoothed with a 3-
dimensional (3D) kernel with a 5 mm FWHM. The resulting contrast effect size estimates
were coregistered to the Montreal Neurological Institute (MNI) 305 standard brain
representation (2 x 2 x 2 mm3 resolution) for a volumetric random-effects WLS-GLM. In
the surface-based analyses, multiple comparisons were controlled for using a cluster-based
Monte Carlo simulation test with 5000 iterations, with an initial cluster-forming threshold p
< 0.01 (two tails). In the 3D group analysis, multiple comparison problems were handled
based on the theory of the global random fields (GRF). All surface-based results are
rendered in the Freesurfer “fsaverage” standard subject cortex representation. The results of
the volumetric group analyses are shown in a 3D rendering produced by using ITK-SNAP
(Yushkevich et al., 2006) and ParaView (Ayachit, 2005), as described in (Madan, 2015).

Finally, we also conducted an a priori region-of-interest (ROI) analysis, which was based on
the cortical surface-based labels that were used in our previous study (Kopco et al., 2012).
One ROI was defined in each hemisphere by combining two anatomical FreeSurfer
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standard-space labels encompassing PT and posterior aspect of STG. To test our hypothesis,
we quantified the activations as contrast effect sizes converted to percent-signal changes
(PSC), which were normalized by the variance of PSC in each surface vertex location of
these labels, before computing the ROI averages in each subject. The resulting activation
magnitude measures were then analyzed at the group level using a non-parametric
randomization test, which adjusts the p-values of each variable for multiple comparisons
(Blair and Karniski, 1993; Manly, 1997).

3. Results

3.1

3.2.

Behavioral experiment

Fig. 2 plots the results of the behavioral distance discrimination experiment. It shows percent
correct distance discrimination as a function of separation between speakers (for individual
speaker pairs, as well as averaged across speaker pairs), separately for the frontal and lateral
directions. Specifically, since the target locations were distributed approximately uniformly
on a logarithmic scale, the distance between speakers in a pair is expressed as a number of
intervals between speakers, such that a separation of one interval corresponds to a pair of
neighboring speakers (e.g., 15-19 cm, 19-25 cm, etc., see Fig. 1A), two intervals correspond
to speaker pairs (e.g., 15-25 cm, 19-35 cm), etc. Thin lines at each separation show the data
for each individual speaker pair as a function of their distance (e.g., at 1-interval separation
there are 6 pairs, 15-19, 19-25, 25-35 cm etc.). No significant effects were observed as a
function of speaker pair location (regression slopes were fitted to data for each source-pair
group; then, two-tailed Student t-test with Bonferroni correction performed on the fitted
slopes found no significant deviation from 0; P > 0.1). So, the data for each interval were
averaged across speaker-pair location (across 6 speaker pairs for 1 interval, across 5 for 2
intervals, etc.) and plotted using thick lines. The results in Fig. 2 show that, as expected, the
listener’ s accuracy improved with increasing distance difference between the two simulated
sound sources (both lines grow with increasing number of intervals). Moreover, the lateral
distance discrimination was much more accurate than the frontal discrimination (solid line
always falls above the corresponding dashed line). Supporting these observations, a repeated
measures ANOVA with the factors of separation (6 levels) and direction (frontal X lateral)
performed on RAU-transformed percent correct data found a significant main effect of
separation (5 g5 = 34.59, p < 0.0001) and direction (£ 13 = 50.16, p < 0.0001), but no
significant interaction (/5 g5 = 1.62, p> 0.16).

Importantly for the current fMRI experiment, the listeners were able to perform intensity-
independent distance discrimination for the frontal sources even at the smallest separation
between the speakers, confirming that our virtual auditory environment was robust and that
the listeners were able to extract intensity-independent distance cues from the stimuli. In
fact, it can be expected that the distance percepts were even more robust in the fMRI
experiment, as the overall level cue was also present there.

fMRI experiment

To assure that the brain activations measured in the fMRI experiment are not contaminated
by fluctuations in attention and alertness during the scanning, subjects were asked to detect
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occasional changes in sound duration that occurred independently of distance or intensity
during both distance and intensity trials. Analyses of hit rates (HR) and reaction times (RT)
were performed. One subject did not perform the task correctly due to misunderstanding the
task and another subject’s data were lost due to malfunction of the response device. For the
remaining 10 subjects, the task difficulty was similar across the different stimulus types
(across-subject average HR of 93.3% and 90.8% and RT of 1164 and 1181 ms, respectively,
for the varying distance and varying intensity conditions), suggesting that any fMRI
activation differences across conditions cannot be attributed to differences in task difficulty
or subject’ s vigilance. Confirming these observations, repeated measures ANOVAS
performed on the HRs and RTs found no significant differences (HR: £ 9 = 6.75, p> 0.31;
RT: FfL9=4.5, p>0.19).

To localize intensity-independent and ILD-independent distance representations, we
compared auditory cortex areas activated during distance vs. intensity changes (Fig. 3).
Specifically, we compared fMRI areas activated to sounds simulated from various distances
(Varying Frontal Distance) vs. sounds varying in intensity only and presented at a fixed
distance of 38 cm (Varying Intensity). In support of our hypothesis, the contrast between the
Varying Frontal Distance and Varying Intensity conditions revealed a significant difference
in both left and right posterior non-primary AC areas (cluster-based MCMC simulation test,
two-tail p< 0.01). In the “fsaverage” brain surface representation, these differences extended
from the posterior bank of Heschl’ s gyrus (HG) to the posterior aspects of superior temporal
gyurs (STG) and planum temporale (PT) (Fig. 3). It is worth noting that this analysis was
two-tailed and the lack of any significant negative effects to Varying Intensity is probably
related to the fact that sound stimuli in the Varying Distance condition included also the
overall intensity cue.

In an additional hypothesis-based fMRI analysis (Fig. 4), a region of interest (ROI) was
defined in each hemisphere by combining two anatomical FreeSurfer standard-space labels,
which encompass PT and posterior aspect of STG. Exactly the same ROIs was used in our
previous study that investigated fMRI activations to distance cues from the side of the head
(Kopco et al., 2012). Consistent with the whole-brain mapping results (Fig. 3), blood oxygen
level dependent (BOLD) percentage signal changes were significantly stronger during
varying distance than varying intensity conditions both in the left-hemisphere (Znitial(10) =
2.5, Pcorrected<0.05) and right-hemisphere (4initial(10) = 3.2, Pcorrected<0.01) ROIs, as tested
with a non-parametric randomization test (Blair and Karniski, 1993; Manly, 1997). The
difference between the two hemispheres, however, remained non-significant.

Finally, to enhance comparability to fMRI studies in volume space, we conducted a whole-
brain analysis in a 3D standard brain (Fig. 5). In the varying distance vs. varying intensity
contrast, a significant activation cluster was identified. The strongest and largest cluster
(GRF cluster p< 0.001, volume 2496 mms3, peak voxel [X, ¥, Zmni-Talairach = [64, =37, 7])
was observed in posterior aspects of right AC, which extended from HG to PT and to the
posterior crest of STG and the upper bank of superior temporal sulcus (STS). In the left
hemisphere, the significant cluster extended from HG to posterior STG and PT (GRF cluster
p<0.01, volume 1712 mm3, peak voxel [x, ¥, ZlmNi-Talairach = [-46, =19, 7]).
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4. Discussion

We examined the intensity-independent neural representation of auditory distance for frontal
sources, for which the representation is not based on ILD. The comparisons of fMRI
activations to the Varying-Frontal-Distance vs. Varying-Intensity-at-Fixed-Fronal-Distance
conditions revealed, in both hemispheres, a significant activation cluster that was centered in
the posterior non-primary ACs. Posterior non-primary areas of human AC have previously
been shown to be activated by other auditory-spatial attributes including sound direction
changes and auditory motion stimuli (Ahveninen et al., 2014; Griffiths and Warren, 2002;
Rauschecker, 2015). Our recent study provided evidence that roughly the same posterior AC
areas also contain neuron populations that are sensitive to changes in source distance
simulated from the side of the listener’s head, for which distance discrimination can be
based on ILD (Kopco et al., 2012). The present results extend these previous studies by
providing novel evidence of intensity-independent distance representations that do not
involve the ILD. Since ILD is a cue that primarily encodes directional information, these
results confirm that the auditory distance area identified in the previous and current studies
encodes source distance independent of its direction (or directional cues), even if the
distance and direction representations are overlapping.

Many previous fMRI and neurophysiological studies of within and beyond auditory cortex
have taken advantage of stimulus-specific adaptation, which results in suppression of
responses to repetitive stimuli that fall within the same receptive field (Grill-Spector et al.,
2006; Jaaskeldinen et al., 2011; Ulanovsky et al., 2003). The idea has been that areas
sensitive to a given stimulus feature can be revealed based on a release from this suppression
after the presentation of successive stimuli that differ along this feature dimension
(Ahveninen et al., 2006; Grill-Spector et al., 2006; Ja&skeldinen et al., 2007). However, this
strategy can be confounded in auditory distance studies as changes in distance are
accompanied by changes in intensity, which in turn results in release from suppression for
various feature detectors, in particular when the stimulus is broadband noise containing an
abundance on spectro-temporal features. Therefore, the current experiment was designed to
contrast conditions with varying distance and received intensity vs. varying only in the
received intensity. The observed significant increase in the activation in PT and posterior
STG is expected to reflect only representation sensitive to distance, as detectors sensitive to
other features are assumed to be equally active in both conditions contrasted here. A
supporting fTMRI experiment performed in the previous study (Kopco et al., 2012) compared
responses to stimuli varying in distance, after normalizing the received intensity, with
responses to stimuli at fixed distance and intensity. A widespread and nonspecific activation
pattern was observed, confirming that such normalization cannot be easily achieved and that
various feature detectors are released from adaptation even for stimuli with “normalized”
intensity. Specifically, the current activation pattern shown in Fig. 4 is much less spread into
PP and PT regions in both hemispheres than the activation pattern from the previous study
(Fig. S3 in Kopco et al., 2012).

The extent of significant activations to Varying Frontal Distance vs. Varying Intensity was
slightly wider than in our previous study, in which the distances were simulated from the
right side of the listener and activations were only observed in the left hemisphere (Kopco et
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al., 2012). Also, in the current study, the activations tended to be larger and more posterior in
the right than the left hemisphere. Due to the inherent limitations of non-invasive
neuroimaging, it is not feasible to discuss whether or not these differences in the size of
activated areas reflect the different stimulation directions and whether there are left/right
asymmetries in the activations to frontal sources. For example, a likely explanation of the
difference between the current and the previous study is in the greater sensitivity offered by
the present AB-blocked analysis vs. the randomized trial-design that was used in the main
experiment in our previous study. The current AB-blocked design seems to have helped
reveal sensitivity to spatial distance cues not only in the posterior non-primary, but also
closer to the core areas of auditory cortex involved in the ascending “where” pathway of the
primate auditory system (Rauschecker and Tian, 2000). Overall, however, comparison of the
current and previous study allows us to conclude that, for frontal sources, distance
representation is bilateral (current study), while for sources presented along the interaural
axis on the right-hand side, the activation is only observed in the left auditory cortical areas
(Kopco et al., 2012).

Consistent with our previous study (Kopco et al., 2012), the centroids of distance-related
activations (Varying Frontal Distance > Varying Intensity) were located in superior temporal
cortex areas posterior to HG, which have been shown to be associated with other aspects of
spatial hearing as well (Ahveninen et al., 2006; Baumgart et al., 1999; Deouell et al., 2007;
Warren and Griffiths, 2003) and which could constitute a more general “computational hub”
for complex acoustic attributes (Griffiths and Warren, 2002). Interestingly, roughly the same
areas showed overlapping activations to individually presented ILD and ITD cues in a recent
fMRI study (Higgins et al., 2017). It is thus possible that the posterior AC areas that were
activated by frontal distance cues include neuron populations that process representations of
the auditory space instead of individual acoustic features only (Higgins et al., 2017;
Paloméki et al., 2005), although these representations may not have an orderly topographical
organization comparable to cortical representations of the visual space (Salminen et al.,
2009; Stecker and Middlebrooks, 2003).

An important question for future studies is whether the present fMRI effects reflect
processing reverberation-related acoustic cues only, or whether they reflect processing of
integrated auditory-spatial representations (for a review, see Ahveninen et al., 2014). The
only distance cue independent of overall level changes that is available from the frontal
direction is the ratio between direct sounds and reflections, i.e, DRR. Previous
psychoacoustic studies suggest that listeners are capable of discriminating source distances
based on this cue alone (Kopco and Shinn-Cunningham, 2011). However, in the present
Varying Frontal Distance condition, the stimuli contained both DRR and intensity-related
distance cues, i.e., all possible available cues. Our previous behavioral studies suggest that in
cases like this, auditory distance-discrimination performance is based on an integrated
representation of source distance cues instead of any individual distance cue alone (level,
ILD, or DRR) (Kopco et al., 2012), consistent with recent fMRI findings regarding
horizontal direction cue processing (Higgins et al., 2017). The areas activated more strongly
to frontal distance changes than intensity changes could thus involve both DRR specific
populations and networks that assemble independent features to a more integrated spatial
representation. Our hypothesis for future studies is that neurons sensitive to DRR alone are
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more prevalent closer to HG and that those sensitive to feature combinations originate
further away from the AC core.

The present study concentrated on frontal-distance representation in the near-head range, to
be comparable to the lateral-direction distance study of Kopco et al. (2012) in which robust
ILD-based distance cues were available only for nearby sources. Therefore, an important
question is how these results generalize to larger distances. Since DRR varies with source
distance at a constant rate independent of distance (Fig. 1B), it can be expected that, for the
frontal-distance judgments based on DRR examined here, the observed distance
representation would generalize to larger distances as well. Importantly, DRR and its
representation would become dominant also for lateral sources at larger distances, for which
ILD becomes unavailable. Therefore, it is expected that the patterns of activation observed
here for nearby sources are generalizable to representations of more distant sources as well.

The current behavioral results showed that intensity-independent distance discrimination
performance is much better for lateral than for frontal sources. This result is consistent with
the hypothesis that ILD contributes to distance judgments for the lateral sources (Kopco et
al., 2012). However, it cannot be considered as a conclusive proof of that suggestion, as the
DRR cue also varies across a smaller range for the frontal sources than for the lateral sources
(in Fig. 1B, frontal DRR varies over approximately 10 dB over the examined range, while
the lateral left-ear DRR varies over approximately 20 dB). Thus, it can be expected that
frontal distance judgements would be worse than lateral distance judgements even if both of
them were based only on DRR (Kopco and Shinn-Cunningham, 2011). Notably, in future
studies, it would be important to use fMRI to examine whether the range of DRR values
available in the lateral directions produces larger and stronger AC responses than the range
of DRR values available from the comparable frontal distances.

A detailed examination of the dependence of frontal DRR on distance shows that the cue
provides very little distance information for the nearest distances examined here (the dashed
DRR lines in Fig. 1B are approximately flat for distances 15-25 cm). Despite that, no
evidence for a deterioration in discrimination for the nearest distance pairs was observed
(thin dashed lines in Fig. 2 are flat). It is likely that other cues, like the acoustic parallax
(Kim et al., 2001), supplemented the reverberation-related distance information for these
sources. Finally, it is important to note that while it is easy to acoustically compute the DRR
of an artificially designed stimulus, it is rather difficult to extract this neurally from a sound
heard in a real environment, as the direct and reverberant portions of the signal overlap in
time (Larsen et al., 2008). Furthermore, there are many reverberation-related cues that
correlate with DRR which might be easier to extract by the brain than DRR. Cues that have
been proposed in previous studies are the early-to-late power ratio (Bronkhorst and
Houtgast, 1999), the interaural coherence (Bronkhorst, 2001), monaural changes in the
spectral centroid or in frequency-to-frequency variability in the signal (Larsen et al., 2008),
and amplitude modulation (Kim et al., 2015; Kolarik et al., 2016), all of which vary
systematically as a function of distance in reverberant environments. Future fMRI studies
can compare neural activation in response to these cues with those in response to varying
distance and varying DRR to identify which of them is likely the cue encoded by listeners’
brains when judging distance in reverberation.
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5. Conclusions

Our results suggest that posterior human auditory cortex areas contain neurons that are
sensitive to distance cues like DRR that are independent of intensity and binaural cues
relevant for directional hearing. The behavioral experiment further demonstrated that these
frontal intensity-independent cues are perceptually relevant for human listeners.

Acknowledgments

This work was supported by the EU H2020-MSCA-RISE-2015 grant no. 691229, the EU RDP projects
TECHNICOM I, ITMS: 26220220182, and TECHNICOM Il, ITMS2014+:313011D23, and the SRDA, project
APVV-0452-12. The imaging studies were also supported by the NIH grants R0O1DC017991, R01DC016915,
R01DC016765, and R21DC014134. Zoltan Szoplak contributed to the behavioral experiment data collection. The
authors declare no competing interests.

References

Ahveninen J, Jaaskeldinen IP, Raij T, Bonmassar G, Devore S, Hdmalainen M, Levédnen S, Lin FH,
Sams M, Shinn-Cunningham BG, Witzel T, Belliveau JW, 2006 Task-modulated “what” and
“where” pathways in human auditory cortex. Proc. Natl. Acad. Sci. U. S. A 103, 14608-14613.
[PubMed: 16983092]

Ahveninen J, Kopco N, Jaaskeldinen IP, 2014 Psychophysics and neuronal bases of sound localization
in humans. Hear. Res 307, 86-97. [PubMed: 23886698]

Ayachit U, 2005 The ParaView Guide: A Parallel Visualization Application. Kitware.

Baumgart F, Gaschler-Markefski B, Woldorff MG, Heinze HJ, Scheich H, 1999 A movement-sensitive
area in auditory cortex. Nature 400, 724-726. [PubMed: 10466721]

Blair RC, Karniski W, 1993 An alternative method for significance testing of waveform difference
potentials. Psychophysiology 30, 518-524. [PubMed: 8416078]

Bronkhorst AW, 2001 Effect of stimulus properties on auditory distance perception in rooms In:
Breebaart DJ, Houtsma AJM, Kohlrausch A, Prijs VF, Schoonhoven R (Eds.), Physiological and
Psychological Bases of Auditory Function. Shaker, Maastricht, The Netherlands, pp. 184-191.

Bronkhorst AW, Houtgast T, 1999 Auditory distance perception in rooms. Nature 397, 517-520.
[PubMed: 10028966]

Brunetti M, Belardinelli P, Caulo M, Del Gratta C, Della Penna S, Ferretti A, Lucci G, Moretti A,
Pizzella V, Tartaro A, Torquati K, Olivetti Belardinelli M, Romani GL, 2005 Human brain activation
during passive listening to sounds from different locations: an fMRI and MEG study. Hum. Brain
Mapp 26, 251 —-261. [PubMed: 15954141]

Brungart DS, 1999 Auditory localization of nearby sources I11: stimulus effects. J. Acoust. Soc. Am
106, 3589-3602. [PubMed: 10615699]

Brungart DS, Simpson BD, 2002a 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. [PubMed:
12186046]

Brungart DS, Simpson BD, 2002b 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. [PubMed:
12186046]

Dale AM, Fischl B, Sereno MI, 1999 Cortical surface-based analysis. I. Segmentation and surface
reconstruction. Neuroimage 9, 179-194. [PubMed: 9931268]

Deouell LY, Heller AS, Malach R, D’Esposito M, Knight RT, 2007 Cerebral responses to change in
spatial location of unattended sounds. Neuron 55, 985-996. [PubMed: 17880900]

Fischl B, Sereno M, Dale A, 1999a Cortical surface-based analysis. Il: inflation, flattening, and a
surface-based coordinate system. Neuroimage 9, 195-207. [PubMed: 9931269]

Fischl B, Sereno MI, Tootell RB, Dale AM, 1999b High-resolution intersubject averaging and a
coordinate system for the cortical surface. Hum. Brain Mapp 8, 272-284. [PubMed: 10619420]

Neuroimage. Author manuscript; available in PMC 2020 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kopco et al.

Page 13

Genzel D, Schutte M, Brimijoin WO, MacNeilage PR, Wiegrebe L, 2018 Psychophysical evidence for
auditory motion parallax. Proc. Natl. Acad. Sci. U. S. A 115, 4264-4269. [PubMed: 29531082]

Ghazanfar AA, Neuhoff JG, Logothetis NK, 2002 Auditory looming perception in rhesus monkeys.
Proc. Natl. Acad. Sci. U. S. A 99, 15755-15757. [PubMed: 12429855]

Griffiths TD, Warren JD, 2002 The planum temporale as a computational hub. Trends Neurosci. 25,
348-353. [PubMed: 12079762]

Grill-Spector K, Henson R, Martin A, 2006 Repetition and the brain: neural models of stimulus-
specific effects. Trends Cogn. Sci 10, 14-23. [PubMed: 16321563]

Hall DA, Moore DR, 2003 Auditory neuroscience: the salience of looming sounds. Curr. Biol 13,
R91-R93. [PubMed: 12573234]

Hartmann WM, 1983 Localization of sound in rooms. J. Acoust. Soc. Am 74, 1380-1391. [PubMed:
6643850]

Higgins NC, McLaughlin SA, Rinne T, Stecker GC, 2017 Evidence for cue-independent spatial
representation in the human auditory cortex during active listening. Proc. Natl. Acad. Sci. U. S. A
114, E7602-E7611. [PubMed: 28827357]

Imig TJ, Irons WA, Samson FR, 1990 Single-unit selectivity to azimuthal direction and sound pressure
level of noise bursts in cat high-frequency primary auditory cortex. J. Neurophysiol 63, 1448—
1466. [PubMed: 2358885]

Jaaskeldinen IP, Ahveninen J, Andermann ML, Belliveau JW, Raij T, Sams M, 2011 Short-term
plasticity as a neural mechanism supporting memory and attentional functions. Brain Res. 1422,
66-81. [PubMed: 21985958]

Jaaskelainen IP, Ahveninen J, Belliveau JW, Raij T, Sams M, 2007 Short-term plasticity in auditory
cognition. Trends Neurosci. 30, 653-661. [PubMed: 17981345]

Johnson BW, Hautus MJ, 2010 Processing of binaural spatial information in human auditory cortex:
neuromagnetic responses to interaural timing and level differences. Neuropsychologia 48, 2610—
2619. [PubMed: 20466010]

Kim H-Y, Suzuki Y, Takane S, Sone T, 2001 Control of auditory distance perception based on the
auditory parallax model. Appl Acoust 62 (3), 245-70.

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. [PubMed: 25834060]

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

Kopco N, Huang S, Belliveau JW, Raij T, Tengshe C, Ahveninen J, 2012 Neuronal representations of
distance in human auditory cortex. Proc. Natl. Acad. Sci. U. S. A 109, 11019-11024. [PubMed:
22699495]

Kopco N, Huang S, Tengshe C, Raij T, Belliveau JW, Ahveninen J, 2011 Behavioral and Neural
Correlates of Auditory Distance Perception. MidWinter Meeting of the Association for Research
in Otolaryngology, Baltimore, MD.

Kopco N, Shinn-Cunningham BG, 2011 Effect of stimulus spectrum on distance perception for nearby
sources. J. Acoust. Soc. Am 130, 1530-1541. [PubMed: 21895092]

Krumbholz K, Schonwiesner M, von Cramon DY, Rubsamen R, Shah NJ, Zilles K, Fink GR, 2005
Representation of interaural temporal information from left and right auditory space in the human
planum temporale and inferior parietal lobe. Cerebr. Cortex 15, 317-324.

Larsen E, lyer N, Lansing CR, Feng AS, 2008 On the minimum audible difference in direct-to-
reverberant energy ratio. J Acoust Soc Am 124, 450-461. [PubMed: 18646989]

Lehmann C, Herdener M, Schneider P, Federspiel A, Bach DR, Esposito F, di Salle F, Scheffler K,
Kretz R, Dierks T, Seifritz E, 2007 Dissociated lateralization of transient and sustained blood
oxygen level-dependent signal components in human primary auditory cortex. Neuroimage 34,
1637-1642. [PubMed: 17175176]

Madan CR, 2015 Creating 3D visualizations of MRI data: a brief guide. F1000Res. 4, 466. [PubMed:
26594340]

Neuroimage. Author manuscript; available in PMC 2020 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kopco et al.

Page 14

Maier JX, Ghazanfar AA, 2007 Looming biases in monkey auditory cortex. J. Neurosci 27, 4093—
4100. [PubMed: 17428987]

Maier JX, Neuhoff JG, Logothetis NK, Ghazanfar AA, 2004 Multisensory integration of looming
signals by rhesus monkeys. Neuron 43, 177-181. [PubMed: 15260954]

Manly BFJ, 1997 Randomization, Bootstrap, and Monte Carlo Methods in Biology, second ed.
Chapman and Hall, London, UK.

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

Neuhoff J, 1998 Perceptual bias for rising tones. Nature 395, 123-124. [PubMed: 9744266]

Palomaki KJ, Tiitinen H, Maakinen V, May PJ, Alku P, 2005 Spatial processing in human auditory
cortex: the effects of 3D, ITD, and ILD stimulation techniques. Brain Res. Cogn. Brain Res 24,
364-379. [PubMed: 16099350]

Rauschecker JP, 1997 Processing of complex sounds in the auditory cortex of cat, monkey, and man.
Acta Otolaryngol - Suppl 532, 34-38. [PubMed: 9442842]

Rauschecker JP, 1998 Cortical processing of complex sounds. Curr. Opin. Neurobiol 8, 516-521.
[PubMed: 9751652]

Rauschecker JP, 2015 Auditory and visual cortex of primates: a comparison of two sensory systems.
Eur. J. Neurosci 41, 579-585. [PubMed: 25728177]

Rauschecker JP, Tian B, 2000 Mechanisms and streams for processing of “what” and “where” in
auditory cortex. Proc. Natl. Acad. Sci. U. S. A 97, 11800-11806. [PubMed: 11050212]

Rauschecker JP, Tian B, Hauser M, 1995 Processing of complex sounds in the macaque nonprimary
auditory cortex. Science 268, 111 —114. [PubMed: 7701330]

Salminen NH, May PJ, Alku P, Tiitinen H, 2009 A population rate code of auditory space in the human
cortex. PLoS One 4, e7600. [PubMed: 19855836]

Seifritz E, Neuhoff JG, Bilecen D, Scheffler K, Mustovic H, Schachinger H, Elefante R, Di Salle F,
2002 Neural processing of auditory looming in the human brain. Curr. Biol 12, 2147-2151.
[PubMed: 12498691]

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. [PubMed: 15957778]
Shinn-Cunningham BG, Santarelli S, Kopco N, 2000 Tori of confusion: binaural localization cues for
sources within reach of a listener. J. Acoust. Soc. Am 107, 1627-1636. [PubMed: 10738816]

Shinn-Cunningham BG, Schickler J, Kopeo N, Litovsky RY, 2001 Spatial unmasking of nearby speech
sources in a simulated anechoic environment. J. Acoust. Soc. Am 110, 1118-1129. [PubMed:
11519579]

Stecker GC, McLaughlin SA, Higgins NC, 2015 Monaural and binaural contributions to interaural-
level-difference sensitivity in human auditory cortex. Neuroimage 120, 456-466. [PubMed:
26163805]

Stecker GC, Middlebrooks JC, 2003 Distributed coding of sound locations in the auditory cortex. Biol.
Cybern 89, 341-349. [PubMed: 14669014]

Studebaker GA, 1985 A “rationalized” arcsine transform. J. Speech Hear. Res 28, 455-462. [PubMed:
4046587]

Tardif E, Murray MM, Meylan R, Spierer L, Clarke S, 2006 The spatio-temporal brain dynamics of
processing and integrating sound localization cues in humans. Brain Res. 1092, 161-176.
[PubMed: 16684510]

Tata MS, Ward LM, 2005 Early phase of spatial mismatch negativity is localized to a posterior
“where” auditory pathway. Exp. Brain Res 167, 481 —486. [PubMed: 16283399]

Ulanovsky N, Las L, Nelken I, 2003 Processing of low-probability sounds by cortical neurons. Nat.
Neurosci 6, 391 —398. [PubMed: 12652303]

Warren JD, Griffiths TD, 2003 Distinct mechanisms for processing spatial sequences and pitch
sequences in the human auditory brain. J. Neurosci 23, 5799-5804. [PubMed: 12843284]

Warren JD, Zielinski BA, Green GG, Rauschecker JP, Griffiths TD, 2002 Perception of sound-source
motion by the human brain. Neuron 34, 139-148. [PubMed: 11931748]

Neuroimage. Author manuscript; available in PMC 2020 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Kopco et al.

Page 15

Westermann A, Buchholz JM, 2015 The effect of spatial separation in distance on the intelligibility of
speech in rooms. J. Acoust. Soc. Am 137, 757-767. [PubMed: 25698010]

Yushkevich PA, Piven J, Hazlett HC, Smith RG, Ho S, Gee JC, Gerig G, 2006 User-guided 3D active
contour segmentation of anatomical structures: significantly improved efficiency and reliability.
Neuroimage 31, 1116-1128. [PubMed: 16545965]

Zahorik P, 2002 Direct-to-reverberant energy ratio sensitivity. J. Acoust. Soc. Am 112, 2110-2117.
[PubMed: 12430822]

Zahorik P, Brungart DS, Bronkhorst AW, 2005 Auditory distance perception in humans: a summary of
past and present research. Acta Acust. United Ac 91, 409-420.

Zimmer U, Lewald J, Erb M, Karnath HO, 2006 Processing of auditory spatial cues in human cortex:
an fMRI study. Neuropsychologia 44, 454-461. [PubMed: 16038950]

Neuroimage. Author manuscript; available in PMC 2020 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Kopco et al. Page 16

A) B)

Frontal DRR ILD
100 B2
Left Right
75 5 —— —— Lateral —— Lateral
g)'g 50 B 30l — ~ Frontal| — - Frontal
0 —
§§ 38 A
25 25 A
E 3
7] 19 ey
B % 20+
5 A s
Lateral §
= N
o od o o g 3 -
= 10t %
C)
Trial 1 Trial 2 R »
— [} o) ——
Eg : B 5 8 . I Negrr
i | = o o = O c €
82| 2 25 B 282
R IDEEE R
6

50 10015 25 50 100

0 2 4 8 15 25
Time [s] Source Distance [cm]
D)

o Standard stimulus \ Deviant stimulus  Simulated distance [cm]

o — _ N \

— z — v -

= Varying - I = fMRI image

[+}] =]

3 Distance 218 — |§| 2] (&][2][8 ][R & 3|22 ( acquisition

© ] — —

o Varying B [ (] fMRI image

o=

2l mensty 31831 B ElenERREEE b

@ T T T T

©o 2 4 6 8 10 12
Time [s]

Fig. 1.

Experimental design. (A) Simulated source locations. Note that only the frontal locations
were used in the fMRI experiment. (B) Mean values of DRR (Left) and ILD (Right) as a
function of distance for the frontal and lateral stimuli used in this study. Values were
computed for the whole broadband stimulus separately for each combination of distance and
direction. Error bars represent SDs across random noise tokens used as stimulus. (C) Timing
of events during trials in the behavioral experiment: The instruction “listen” appeared on the
screen, followed by presentation of two stimuli from different distances. Listeners responded
by indicating whether the second stimulus sounded more or less distant than the first
stimulus. On-screen feedback was provided. Stimulus bar height shows that presentation
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intensity was randomly roved for each stimulus so that received intensity could not be used
as a cue in the distance discrimination task. (D) Timing of stimuli and of image acquisition
during one imaging trial in the fMRI experiment, shown separately for the two stimulus
conditions used in the experiment. Height of the stimulus bars corresponds to the received
stimulus intensity at the listener’s ears. In the varying distance condition, the stimulus
distance changed randomly, whereas the stimulus presentation intensity was fixed (thus, both
the perceived distance and intensity varied). In the varying intensity condition, the stimulus
distance was fixed, whereas the received intensity varied over the same range as in the
varying distance condition. In these conditions, the listener’s task was to detect deviant
stimuli that were shorter than the standard stimuli. No feedback was provided.
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Behavioral distance discrimination responses. The thick lines show across-subject average
accuracy collapsed across simulated source pairs separated by the same number of unit log-
distance intervals, which are specified in the table below the graph (see also Fig. 1A),
separately for the frontal and lateral directions (green vs brown). The accuracy improved as
the simulated source separation (number of intervals) increased, reflecting the robustness of
our virtual 3D stimuli. Thin lines show across-subject average performance separately for
each source-distance pair. Each line represents a grouping on the basis of the number of
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intervals between sources within the pair (table below lists in each column the source pairs
that are separated by the same number of intervals. No systematic upward or downward
trend is visible in performance across source pairs within each group. Overall performance
was better when sounds were simulated laterally along the interaural axis (thick solid green
line), with both ILD and DRR cues available. The subjects were able to discriminate the
distances from the frontal direction (thick dashed brown line). The error bars represent
standard errors of the mean
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Fig. 3.

At?ditory cortex fMRI activations representing intensity-independent distance for stimuli
from straight ahead of the listener. The contrast between fMRI activations to sounds varying
in distance vs. those varying in intensity only is shown in inflated left and right hemisphere
cortex representations. The centroid of activations was located in posterior non-primary AC
areas, overlapping the putative “where” processing stream. The right panel shows the same
surface-based activation estimates rendered atop patches of pial surface curvature
representations.
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Fig. 4.
Hypothesis-based region-of-interest (ROI) analysis of distance-cue related posterior non-

primary auditory cortex activations. A significant increase of posterior auditory cortex ROI
activity was observed during varying distance vs. varying intensity conditions, and more
strongly so in the right hemisphere. The values represent contrast effect size values,
converted to PSC and normalized by the variance of the PSC. The error bars reflect standard
error of mean (SEM). *p < 0.05, **p < 0.01, post-hoc corrected based on (Blair and
Karniski, 1993; Manly, 1997).
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Left hemisphere view Right hemisphere view

Fig. 5.
Volume-based fMRI analysis of activations during varying distance vs. intensity. Significant

activation clusters, corrected for multiple comparisons based on the GRF theory, extend
from HG to PT and posterior aspects of STG in both hemispheres, with the activations being
stronger and statistically more powerful in the right than left hemisphere. The left and
middle panels show the two significant volume clusters embedded into the respective lateral
views of a “glass brain” representation. The right panel depicts the initial cluster-forming
functional activation estimates masked in to the significant clusters, as shown in the slice
including the largest activation voxel.
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